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Preface

Mass spectrometry involves the study of ions in the vapor phase. This analyt-
ical method has a number of features and advantages that make it an
extremely valuable tool for the identification and structural elucidation of
organic molecules—including synthetic polymers:

(i) The amount of sample needed is small; for direct analysis, a micro-
gram or less of material is normally sufficient.

(ii) The molar mass of the material can be obtained directly by meas-
uring the mass of the molecular ion or a “quasimolecular ion”
containing the intact molecule.

(iii) Molecular structures can be elucidated by examining molar masses,
ion fragmentation patterns, and atomic compositions determined
by mass spectrometry.

(iv) Mixtures can be analyzed by using “soft” desorption/ionization
methods and hyphenated techniques (such as GC/MS, LC/MS,
and MS/MS).

Mass spectrometric (MS) methods are routinely used to characterize a wide
variety of biopolymers, such as proteins, polysaccharides, and nucleic acids.
Nevertheless, despite its advantages, mass spectrometry has been underuti-
lized in the past for studying synthetic polymer systems. It is fair to say that,
until recently, polymer scientists have been rather unfamiliar with the advances
made in the field of mass spectrometry.

However, mass spectrometry in recent years has rapidly become an indis-
pensable tool in polymer analysis, and modern MS today complements in
many ways the structural data provided by NMR and IR methods. Contem-
porary MS of polymers is emerging as a revolutionary discipline. It is capable
of changing the analytical protocols established for years for the molecular
and structural analysis of macromolecules.

Some of the most significant applications of modern MS to synthetic poly-
mers are (a) chemical structure and end-group analysis, (b) direct measure-
ment of molar mass and molar mass distribution, (c) copolymer composition
and sequence distribution, and (d) detection and identification of impurities
and additives in polymeric materials. 

In view of the recent developments in this area, a book such as Mass Spec-
trometry of Polymers appears opportune. Even more, in our opinion there is
an acute need for a state-of-the-art book that summarizes the progress
recently made. No books currently exist that deal systematically with the
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whole subject. Therefore we present here an effort to summarize the current
status of the use of mass spectrometry in polymer characterization.

The Distinctiveness of MS

A basic question one might ask is “why pursue mass spectral techniques for
analysis of higher-molar mass polymers?”1 After all, a number of “classical”
methods are available that have proved very successful at analyzing poly-
mers (e.g., gel permeation chromatography, vapor pressure osmometry, laser
light scattering, magnetic resonance, infrared and ultraviolet/visible spec-
troscopies). In light of this success, what does mass spectrometry have to
offer?

It turns out that there are important reasons to pursue polymer MS devel-
opments other than scientific curiosity and desire for methodological
improvements.1 Classical techniques, for example, are always averaging
methods; i.e., they measure the average properties of a mixture of oligomers
and thus do not examine individual molecules. Furthermore, classical tech-
niques do not normally yield information on the different types of oligomers
that may be present, nor do they distinguish and identify impurities and
additives in polymer samples. Copolymers and blends will often not be
distinguished as to polymer type. Finally, most classical methods do not
provide absolute, direct molar-mass distributions for polymers; instead they
rely on calibrations made using accepted standards. Mass spectrometry
clearly has great potential to examine individual oligomers/components in
polymeric systems, and this can add much information to complement and
extend the “classical” methods.

Historical Background

In order to analyze any material by mass spectrometry, the sample must first
be vaporized (or desorbed) and ionized in the instrument’s vacuum system.
Since polymers are generally nonvolatile, many mass spectral methods have
involved degradation of the polymeric material prior to analysis of the more
volatile fragments. Two traditional methods to examine polymers have been
flash-pyrolysis GC/MS and direct pyrolysis in the ion source of the instrument.

In recent years, however, there has been a marked tendency toward the
use of direct MS techniques. While a continued effort to introduce mass
spectrometry as a major technique for the structural analysis of polymers
has been made over the past three decades, MS analysis did not have a great
impact upon the polymer community until the past five years or so. During
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this period outstanding progress has been made in the application of MS to
some crucial problems involving the characterization of synthetic polymers. 

Developments in two general areas have spurred this progress. Sector and
quadrupole mass analyzers, the traditional methods of separation of ions in
mass spectrometry, have recently been complemented by the development
of powerful Fourier transform (FT-MS) and time-of-flight (TOF-MS) instru-
ments. The TOF analyzers are particularly well-suited for detecting higher
molar-mass species present in polymers. 

Parallel to this progress, new ionization methods have been developed that
are based on the direct desorption of ions from polymer surfaces. With the
introduction of “desorption/ionization” techniques, it has become possible to
eject large molecules into the gas phase directly from the sample surface,
and thereby mass spectra of intact polymer molecules have been produced.
Much progress to date has been made using matrix-assisted laser desorp-
tion/ionization (MALDI-MS), which is capable of generating quasimolecular
ions in the range of 106 Daltons (Da) and beyond. 

A brief list of ionization methods is given in Table 1. (One may quibble a
bit about the dates given in the table, but we believe these are more or less
accurate.) Up until about 1970, the only ionization method in common use
was electron impact (EI). Field ionization (FI) was developed in the 1950s, but
it was never very popular, and chemical ionization (CI) was just getting started.
These three methods (EI, CI, FI) depend upon vaporization of the sample
by heating, which pretty much limits polymer applications to small, stable
oligomers or to polymer degradation products (formed by pyrolysis or
other methods). Field desorption (FD-MS), invented in 1969, was the first
“desorption/ionization” method. FD- and FI-MS are often very useful (par-
ticularly for analysis of less polar polymers), but they have never been in
widespread use.

TABLE 1

History of Ionization Methods

Electron impact (EI) 1918
Field ionization (FI) 1954
Chemical ionization (CI) 1968
Field desorption (FD) 1969
Desorption chemical ionization (DCI) 1973
252Cf plasma desorption (PD) 1974
Laser desorption (LD) 1975
Static secondary ion mass spectrometry (SSIMS) 1976
Atmospheric pressure chemical ionization (APCI) 1976
Thermospray (TSP) 1978
Electrohydrodynamic ionization (EH) 1978
Fast atom bombardment (FAB) 1982
Potassium ionization of desorbed species (KIDS) 1984
Electrospray ionization (ESI) 1984
Multiphoton ionization (MPI) 1987
Matrix-assisted laser desorption/ionization (MALDI) 1988
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The 1970s and 1980s saw the advent of several new “soft” desorption/
ionization methods, many of which are now well-established in analytical
mass spectrometry. The term “desorption/ionization” refers to a method in
which the desorption (vaporization) and ionization steps occur essentially
simultaneously. MALDI and several other techniques listed in Table 1 have
important applications in polymer analysis.

One reason for the underutilization of mass spectrometry in polymer anal-
ysis lies in the historical development. Magnetic resonance (NMR), infrared
(IR), and ultraviolet/visible (UV/vis) spectroscopies have a long history in
polymer analysis, while mass spectrometry is a relative newcomer. NMR,
IR, and UV/vis techniques of course have the advantage that the polymer
does not need to be vaporized prior to analysis. Thus these techniques gained
a strong following in the polymer community long before mass spectrometric
techniques were developed that could analyze intact macromolecules. In
fact, mass spectrometry obtained a rather dubious reputation among many
polymer scientists; this skepticism toward polymer MS continued even into
the 1990s.

The well-known polymer analyst Jack Koenig, in his widely-read book
Spectroscopy of Polymers (1992) said: “The majority of the spectroscopic tech-
niques, such as UV and visible or mass spectroscopy, do not meet the spec-
ifications of the spectroscopic probe [for polymers].”2 Koenig’s rather
skeptical opinion of mass spectrometry for polymer analysis was typical of
the viewpoint of many scientists prior to the mid-1990s.

Fortunately, the use of mass spectrometry for polymer analysis took on a
new dimension at the turn of the century. Figure 1 lists the number of
polymer mass spectrometry publications in the CAplus (Chemical Abstracts)
database over the years 1965–2000. Up until the mid-1990s there was a
steady—but not dramatic—increase in the number of articles. Starting in
1995, however, there has been a marked increase in the number of polymer
mass spectrometry reports in the literature. Also the number of symposia
and conferences devoted to the subject has grown considerably in the last
few years.

The major reason for this increase has been the use of MALDI-MS for
numerous polymer applications. MALDI is by no means the only mass
spectral method that is useful for polymer analysis, but it has provided the
impetus to get polymer people interested in what mass spectrometry can do. 

We find it encouraging that Koenig has included a chapter on mass spec-
trometry in the second edition of his book (1999).3 At the end of the Mass
Spectrometry chapter, Koenig makes these concluding remarks: “Modern
MS, particularly with the advent of MALDI, is finally causing polymer
chemists to be interested in MS as a structural analysis tool. . . . I expect that
in the future MS will join IR and NMR as regular techniques used by polymer
chemists.”3
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FIGURE 1
Polymer mass spectrometry publications.
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Book Organization and Scope

The book consists of two introductory chapters followed by nine chapters
on applications. Since it is relatively new to polymer science, mass spectrom-
etry needs to be introduced in some detail, and this is done in Chapter 1.
On the other hand, many analytical chemists will need an introduction to
polymer characterization methods, and this is done in Chapter 2. The rest
of the chapters cover in detail the most relevant applications of mass spec-
trometry to the analysis of polymers. 

Because of the low volatility of polymeric materials, many mass spectral
methods for polymers have involved pyrolysis (or thermal degradation),
and this topic is covered in Chapter 3 (pyrolysis-GC/MS), Chapter 5 (direct
pyrolysis-MS), and Chapter 6 (pyrolysis-FI/FD-MS). Chemical degradation
methods are discussed in connection with fast atom bombardment analysis
(Chapter 7).

For synthetic polymers, the most popular desorption/ionization method
has been matrix-assisted laser desorption/ionization (MALDI-MS, Chapter 10).
Several other techniques have important applications in polymer analysis.
The more widely used methods are covered in this book: electrospray (Chap-
ter 4), field ionization/desorption (Chapter 6), fast atom bombardment
(Chapter 7), secondary ion mass spectrometry (Chapter 8), and laser desorp-
tion (Chapters 9 and 11). 

The present book is designed to be practical in nature. That is, the indi-
vidual chapters are not intended to be exhaustive reviews in a particular
field. Instead, they introduce the subject and describe typical applications in
a tutorial manner, with pertinent references from the literature. We trust that
the book will be useful to both novices and experienced practitioners in
polymer MS.

G. Montaudo
Catania, Italy

R. P. Lattimer
Brecksville, Ohio
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1
Introduction to Mass Spectrometry
of Polymers

Michael J. Polce and Chrys Wesdemiotis
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1.4 Detectors
1.4.1 Electron Multipliers and Related Devices
1.4.2 Photon Multipliers

1.5 Tandem Mass Spectrometry
Acknowledgments
References

1.1 Introduction

Mass spectral analyses involve the formation of gaseous ions from an analyte
(M) and subsequent measurement of the mass-to-charge ratio (m/z) of these
ions.1 Depending on the ionization method used, the sample is converted to
molecular or quasimolecular ions and their fragments. Molecular ions are
generally radical cations (M+ ), formed by electron removal from M; electron
addition to yield M−  is used occasionally for electronegative samples.2,3

Quasimolecular ions may be either positive or negative and arise by adding
to M, or subtracting from it, an ion; common examples include [M + H]+, [M −
H]−, [M + Na]+, and [M + Cl]−. “Soft” ionization methods generate predom-
inantly molecular or quasimolecular ions, whereas “hard” ionization meth-
ods also yield fragment ions.1–3 The mass spectrometer separates the ions
generated upon ionization according to their mass-to-charge ratio (or a
related property) to give a graph of ion abundance vs. m/z. Mixtures are
often preseparated by gas or liquid chromatography, so that a mass spectrum
can be obtained for each individual component to thereby facilitate sample
characterization.2,3

The exact m/z value of the molecular or quasimolecular ion reveals the
ion’s elemental composition and, thus, allows for the compositional analysis
of the sample under study.1 If the molecular ions are unstable and decompose
completely, the resulting fragmentation patterns can be used as a fingerprint
for the identification of the sample.1 Fragment ions also provide important
information about the primary structure (i.e., connectivity or sequence) of the
sample molecules.1–3 With soft ionization methods that produce little or no
fragments, fragmentation can be induced by employing tandem mass
spectrometry (MS/MS).4,5

Mass spectrometry methods have experienced a steadily increasing use in
polymer analyses6 due to their high sensitivity (<10−15 mol suffice for analy-
sis), selectivity (minor components can be analyzed within a mixture), speci-
ficity (exact mass and fragmentation patterns serve as particularly specific
compositional characteristics), and speed (data acquisition possible within
seconds). As mentioned, the analysis of a polymer (or any other sample) by
mass spectrometry presupposes that the polymer can at least partly be con-
verted to gas-phase ions. This chapter briefly reviews the ionization methods
and instrumentation available today for the characterization of synthetic
macromolecules.

˙
˙
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1.2 Ionization Methods

There are three major methods for the preparation of gaseous ions. (i) Volatile
materials are generally ionized by interaction of their vapors with electrons,
ions, or strong electric fields. (ii) Strong electric fields can also ionize non-
volatile materials. In addition, ions from nonvolatile and thermally labile
compounds can be desorbed into the gas phase via bombardment of the
appropriately prepared sample with fast atoms, ions, or laser photons and
via rapid heating. (iii) Alternatively, liquid solutions of the analyte may directly
be converted to gas phase ions via spray techniques. Method (i) can only be
applied to monomers and low-mass oligomers or in conjunction with deg-
radation methods (principally pyrolysis). Methods (ii) and (iii) on the other
hand are amenable to intact polymers. The ensuing sections describe the
specific properties of these ionization methods.

1.2.1 Ionization of Volatile Materials

1.2.1.1 Electron Ionization (EI)

In this method, the sample is thermally vaporized and approximately 10−5

Torr of its vapors enter the ion source volume where they are ionized by
collision with an electron beam of (typically) 70 eV kinetic energy. Electron
ionization can produce intact molecular radical cations, M+ , by ejection of
an electron from the sample molecules (Eq. 1.1).1,7 This process has a yield
of ∼0.01% and deposits a wide distribution of internal energies to the newly
formed molecular ions; as a result, many M+  are formed excited enough to
yield a number of fragment ions (Eq. 1.2) via competitive  and
consecutive  decompositions.

(1.1)

(1.2a)

(1.2b)

(1.2c)

The EI mass spectrum that results is comprised of the molecular ion and all
fragment ions; the degree of fragmentation can be reduced by lowering the
electron energy to ≤15 eV.1,7 Figure 1.1 shows the EI mass spectra of the
photolysis products of poly(ethylene) and poly(propylene).8 Each spectrum
shows the molecular ions of several hydrocarbon subunits (m/z values

˙

˙
(F1

+, F2
+, F3

+)
(fa

+, fb
+, fc

+)

M e− M+˙ 2e−+→+

 F1
+ fa

+ →→→

M+˙ F2
+ fb

+ →→ →

 F3
+ fc

+ →→→
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marked) as well as their fragment ions; their distinctive fragmentation pat-
terns help identify the composition of the original polyolefin.

From functionalized polymers or copolymers, complex mixtures of several
monomers, small oligomers, and other products may arise upon degrada-
tion. In such cases, it is advantageous to use GC/MS, which makes it possible
to obtain mass spectra of the single-mixture constituents. The mass spectra
identify the individual components, while the total ion chromatograms
reconstructed from the spectra reveal quantitative compositional informa-
tion about the polymer, for example, the proportion of oligomers in a random
or block copolymer. GC/MS of pyrolyzed polymers is covered in consider-
able detail in Chapter 3.

1.2.1.2 Chemical Ionization (CI)

In chemical ionization, gaseous analyte molecules are ionized by ion-
molecule reactions with reagent ions, formed by electron ionization from the
appropriate reagent gas.9 The CI ion source is similar to the EI source, but
is operated at a higher pressure (0.1–2 Torr). The chemical ionization proc-
ess is illustrated for a proton transfer reaction, which is the most common

FIGURE 1.1 
EI mass spectra using 15 eV ionizing electrons of the laser pyrolysis products of (a) poly(ethylene)
and (b) poly(propylene). (Reprinted from Ref. 8 with permission of John Wiley & Sons)
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ionization mode.2,3,7,9 The sample and a large excess (∼103 fold) of the reagent
gas (RH) are introduced simultaneously into the source. The reagent mole-
cules are ionized by electron impact and react with other reagent molecules
to form reactant ions,  (Eq. 1.3), which protonate the sample (Eq 1.4). 

(1.3)

(1.4)

(1.5)

Typical protonation reagents are  (CH3)3C
+, and  Proton transfer

proceeds at the collision rate (every encounter has 100% efficiency) with
exothermic reactions, i.e., when the proton affinity (PA) of M is larger than
the PA of RH.9 The reaction exothermicity (∆PA) ends up as internal energy
of MH+, which thus can be controlled by the choice of RH. When ∆PA is
small, which is true for reagents of high proton affinity (such as NH3), the
internal energy of MH+ is low and little (if any) fragmentation takes place.
In contrast, when ∆PA is large, an appreciable fraction of MH+ undergoes
fragmentation. Endothermic proton transfer is usually not observed; in such
a case, electrophilic addition (Eq. 1.5) is much more likely.7,9 The large source
pressure ensures that  is thermalized (to avoid endothermic reactions)
and that M is ionized by a chemical reaction (Eqs. 1.4 or 1.5) and not by
electron ionization.

Ar+ + M  → Ar + M+ (charge exchange) (1.6)

(1.7)

CH3O
− + M → CH3OH + [M − H]− (cation abstraction) (1.8)

Cl− + M → [M + Cl]− (nucleophilic addition) (1.9)

Depending on the chemical properties of the analyte, reactions other than
proton transfer and electrophilic addition can be used to produce analyte
molecular or quasimolecular ions. Equations 1.6 through 1.9 exemplify these
alternatives with specific reactant ions, which are particularly effective for
the given reactions.7,9 Overall, negative chemical ionization (Eqs. 1.8 and 1.9)
is used less frequently than positive chemical ionization (Eqs. 1.4 through 1.7).

CI can be used for the analysis of pyrolytic or photolytic degradation
products with or without online chromatographic separation (see Chapters
4 and 5). A variant, namely desorption chemical ionization (DCI) is applicable
to intact low-mass polymers as well. In DCI, the sample is not vaporized before

RH2
+

RH+˙ RH RH2
+ R˙ (reagent ion formation)+→+

RH2
+ M RH MH+ (proton transfer)+→+

RH2
+ M M + RH2[ ]+ (electrophilic addition)→+

CH5
+, NH4

+.

RH2
+

˙ ˙

H3
+ M 2H2 M H–[ ]+ (anion abstraction)+→+
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entering the CI source but is rapidly heated inside the source. Rapid heating
enhances the probability of sample evaporation vis-à-vis sample decompo-
sition (cf. Figure 1.2);10 once the sample is in the gaseous state, it is immedi-
ately ionized by the surrounding CI reagent ions. A DCI application is
illustrated in Figure 1.3, which reproduces the spectrum of a poly(styrene),

FIGURE 1.2 
Dependence on temperature of the rate constants of decomposition and vaporization. (Reprinted
from Ref. 10 with permission of the American Chemical Society)

FIGURE 1.3
Partial DCI spectrum of poly(styrene) using argon as the reagent gas (Eq. 1.6). The solid lines
are n-mer molecular ions, and the dashed lines are fragment ions. The numbers not in paren-
theses are the evaporation temperatures in K. The first and second numbers in parentheses are
the number of monomer units and the monoisotopic mass, respectively. (Reprinted from Ref. 11
with permission of the American Chemical Society)
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acquired by rapid evaporation of the polymer from an electrically heated
rhenium filament. DCI can be combined with K+ ionization to form [M + K]+

adducts; this approach, termed “potassium ion ionization of desorbed
species” (KIDS).

1.2.1.3 Field Ionization (FI)

In FI, gaseous analyte molecules (M) approach a surface of high curvature
that is maintained at a high positive potential, giving rise to a strong electric
field near the surface (of the order of 107 V/cm). Under the influence of the
field, quantum tunneling of a valence electron from M to the anode surface
can take place in about 10−12 s, creating M+ . [M + H]+ may also form with
polar analytes by hydrogen abstraction from or near the anode.2,3 Molecular
ions produced via FI possess lower internal energies than those produced
via EI and, thus, fragment less. This is documented in Figure 1.4 by the EI
vs. FI spectra of poly(ethylene).

The residence times of an ion in the FI and EI sources are approximately
10−12 and 10−6 s, respectively. The smaller residence time upon FI eliminates
or reduces the extent of rearrangements; as a result, isomers that produce
very similar EI spectra may be distinguishable by their FI spectra.7

1.2.2 Desorption/Ionization Methods

1.2.2.1 Field Desorption (FD)

FD and FI have the same ionization mechanism. In FD, the sample is not
vaporized into the gaseous state but deposited directly onto the surface
carrying the strong field (called emitter). Under the strong fields used, no
heating or only mild heating of the emitter is needed to desorb M+  or [M +
H]+. Metal salts may be added to the sample to form other types of quasi-
molecular ions, such as [M + Na]+ or [M + K]+.2,3,6a,7 Field desorption leads
to less excited ions than FI and often gives molecular or quasimolecular ions
only, facilitating compositional analyses.6a,7 FD has been successfully applied
to polymers with molecular weights up to ca. 10,000 Da;12,13 an example is
shown in Figure 1.5.14 The method is particularly useful for hydrocarbon
polymers with no functional groups which even today are hard to ionize by
any other methods (see Chapter 6).

1.2.2.2 Secondary Ion Mass Spectrometry (SIMS)

This method has traditionally been used for the elemental analysis of sur-
faces (“dynamic” SIMS). Organic materials can be subjected to SIMS, too, by
depositing them as a thin film on a metal (or other) foil, occasionally together
with a salt.15,16 The sample is bombarded by a primary ion beam (e.g., Ar+ or
Cs+), which leads to the sputtering of secondary ions from the surface. The
latter can be M+ , M– , [M + Ag]+ (if a silver surface is used), or [M + alkali]+

˙

˙

˙ ˙
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(if the sample is doped with an alkali metal ion salt).15–17 This SIMS tech-
nique is often referred to as “static” or “organic” SIMS and, as a high-energy
process, normally causes extensive fragmentation.17 The structural insight
rendered by SIMS is discussed in detail in Chapter 8.

FIGURE 1.4
(a) Electron ionization (70 eV) and (b) field ionization mass spectra of poly(ethylene) 630.
(Courtesy of Dr. Robert P. Lattimer, BF Goodrich Company)
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1.2.2.3 Fast Atom Bombardment (FAB) and Liquid Secondary
Ion Mass Spectrometry (LSIMS)

FAB18 and LSIMS19 are conceptually identical with static SIMS. Now, the
sample is mixed with a viscous liquid of low volatility, such as glycerol,
thioglycerol, 3-nitrobenzylalcohol, or diethanolamine. A droplet of the mix-
ture is bombarded by a fast (keV) beam of ions (LSIMS) or atoms (FAB),
producing ions characteristic of the matrix and the analyte, as shown in
Figure 1.6.20 The analyte ions usually are [M + H]+, [M − H]−, or attachment
ions of M with added or adventitious alkali metal ions. It is believed that
these ions are formed by ion-molecule reactions in the selvedge region (gas
phase region just above the liquid surface of the droplet being bombarded).
Ions that are preformed in solution, such as quaternary ammonium cations
and salt cluster ions, may be directly desorbed into the gas phase.

The liquid matrix provides continuous surface renewal, so that intense
primary beams can be used to produce intense and long-lasting spectra.
Further, the ion source is at ambient temperature, preventing the thermal
degradation of labile compounds. FAB and liquid SIMS are, however, limited
to polar polymers that are miscible with the polar liquid matrices necessary

FIGURE 1.5
Field desorption mass spectrum of poly(styrene) 12500. (Reprinted from Ref. 14 with permission
of John Wiley & Sons)
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for these ionization methods (see Chapter 7). FAB and LSIMS have extensively
been applied to low-molecular-weight polyglycols and related compounds
(<5,000 Da).21–23 Figure 1.7 shows the mass spectrum of a poly(ethylene
glycol) with added NaBr; quasimolecular ions ([M + Na]+) and fragments
from H2O loss can readily be identified. Many other fragments appear at
low m/z where matrix ions and matrix cluster ions can also contribute; for
this reason, fragmentation of FAB and LSIMS generated ions is often sought
through MS/MS experiments.22,23

1.2.2.4 Matrix-Assisted Laser Desorption Ionization (MALDI)

MALDI24 is the newest and most promising desorption method for synthetic
macromolecules.25 The polymer is dissolved in the appropriate solvent and
mixed with a solution of the matrix to achieve a molar ratio of analyte to matrix
of 1:100–1:50,000. A solution of an auxiliary ionization agent (e.g., a metal
ion salt) may be added and a small droplet (≤1 µL) of the resulting mixture
are loaded onto a target surface (Figure 1.8).26 As the solvent evaporates, a
solid solution of the sample (and the auxiliary agent) in the matrix is obtained,
which is bombarded by laser light. The matrix must have a strong absorption
at the wavelength emitted by the laser; normally pulsed UV (N2, 337 nm)
and IR (CO2, 10.6 µm) lasers are employed. Upon irradiation of the crystalline
sample mixture, intact protonated, deprotonated, or metal ion attached mol-
ecules are desorbed for m/z analysis.24–27

MALDI is extremely sensitive, with the total amount of sample deposited
onto the target being in the pico- to femtomole range. Polymers up to about
106 Da can be ionized by this method (Figure 1.9).28 Up to approximately
50,000 Da, singly charged ions are formed exclusively or predominantly,
while at higher molecular weights multiply charged ions are usually copro-
duced in considerable abundance. The high dilution of the analyte in the

FIGURE 1.6
Bombardment of an analyte sample (a) dissolved in a liquid matrix (m) by a primary beam of
atoms or ions (b) to produce sample ions that are characteristic of the analyte. (Reprinted from
Ref. 20 with permission of John Wiley & Sons)
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matrix prohibits analyte-analyte interactions, which could lead to the forma-
tion of analyte clusters, thereby complicating molecular-weight assignments.7

The MALDI matrices are usually organic compounds. In UV-MALDI, which
is most widely used for synthetic polymers,25 the matrix is an aromatic organic
compound carrying oxo, hydroxyl, and/or carboxyl groups; commonly selected
matrices are 2,5-dihydroxybenzoic acid (DHB), 2-(4-hydroxyphenylazo)-
benzoic acid (HABA), α-cyano-4-hydroxycinnamic acid (αCHCA), trans-3-
indoleacrylic acid (IAA), dithranol, and all-trans retinoic acid (Figure 1.10).
The macromolecules are not energized directly upon irradiation; the light is
rather absorbed by the matrix which is ionized and dissociated. This process
breaks down the crystalline structure of the matrix, changing it to a super-
compressed gas, in which charge transfer reactions with the analyte mole-
cules can take place (mainly H+ or metal ion transfer).27 As the gas expands,
it transports entrapped analyte ions and molecules from the surface into
the gas phase where, at the selvedge, further charge transfer reactions to
neutral analyte molecules are possible. Collisions within the expanding gas

FIGURE 1.7
FAB mass spectrum of poly(ethylene glycol) 600. (Reprinted from Ref. 21 with permission of
Elsevier Science)
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(“matrix plume”) dissipate most of the internal energy of the analyte ions
formed. The sequence of these desorption/ionization events is schematically
summarized in Figure 1.11.27

MALDI is today the ionization method of choice for the analysis of the
compositions, end groups, and molecular weight distributions of intact syn-
thetic polymers. The promise and limitations (particularly in reproducing
actual molecular weight distributions) of MALDI, which have been the sub-
ject of vigorous debate in the literature, are presented in more detail in
Chapter 10. Here, MALDI’s capabilities are exemplified by Figure 1.12, which
shows the mass spectrum of a poly(ethylene glycol) that was derivatized
with the drug acetaminophen.29 The exact m/z values of the [M + Na]+ ions
observed confirm that the polyglycol carries the drug labels at both ends, as
depicted below.

Further, only one distribution is observed, consistent with the absence of
mono- or underivatized PEG.

FIGURE 1.8
MALDI source. (Reprinted from Ref. 26 with permission of Academic Press)
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1.2.3 Spray Ionization Methods

1.2.3.1 Thermospray (TSP)

In TSP,30 a solution of the sample and an auxiliary electrolyte (usually ammo-
nium acetate) passes through a heated capillary to enter the pumped ion
chamber (1–10 Torr). A supersonic beam of charged droplets emerges at the
entrance of the chamber, which is heated to aid the desolvation of the droplets.
TSP produces essentially equal numbers of positively and negatively
charged droplets; the droplet charge is determined by the electrolyte ion

FIGURE 1.9
MALDI mass spectra of poly(styrene)s with nominal molecular weight of (a) 330,000, (b) 600,000,
and (c) 900,000. (Reprinted from Ref. 28 with permission of the American Chemical Society)
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contained statistically in excess. Analyte molecules (M) and electrolyte ions
(  CH3COO−) are evaporated from these droplets as their size decreases;
subsequent ion-molecule reactions between M and the vaporized electrolyte
ions yield analyte-indicative quasimolecular ions, such as [M + H]+, [M −
H]−, or [M + NH4]

+. Ionic analytes eliminate the need for added electrolyte.
Figure 1.13 illustrates the thermospray spectrum of a poly(ethylene glycol)
mixture;31 the most abundant ions correspond to ammoniated and protonated
molecules. Although no significant fragmentation is evident in Figure 1.13,
TSP of biomolecules generally yields more fragments than other spray meth-
ods. TSP was primarily developed as an LC/MS interface and has mainly
been used in the biological and pharmaceutical areas;2,3,7,30,31 applications to
synthetic polymers are scarce.

1.2.3.2 Electrospray Ionization (ESI)

ESI32–36 is closely related to TSP. Now, a strong electric field is applied to the
capillary carrying the analyte solution and the spray is produced at atmo-
spheric pressure (cf. Figure 1.14).3 Typically, the potential difference between
the capillary and the 0.3–2 cm distant counter electrode is 3–6 kV. Spraying
under these conditions produces highly charged droplets whose charge is
determined by the polarity of the field applied to the capillary. Desolvation

FIGURE 1.10
Common MALDI matrices used for synthetic polymers.
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of the droplets is aided by a counter-current flow of warm nitrogen gas
(Figure 1.14). Other source designs replace or augment the effects of the
counter-flow gas by making the droplets and solvated ions pass through a
long heated metal capillary inserted between atmosphere and the first pump-
ing stage of the mass spectrometer (“transfer capillary”). Residual solvent
molecules are removed in the collisionally activated dissociation (CAD)
region, located between the exit of the heated capillary and the entrance to
the mass spectrometer.2,3,7,32–36

The flow rate through the electrically charged ESI capillary is kept in the
range of 1–10 µL/min by a syringe pump or the LC system. The electrospray
process (depicted in Figure 1.14) may be assisted by the coaxial flow of a

FIGURE 1.11
Schematic of the MALDI desorption process. (Reprinted from Ref. 27 with permission of the
American Chemical Society)
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nebulizing gas. This variant, which is called ionspray, can sustain flow rates
of ≥200 µL/min that are more compatible with LC/MS interfacing.2,3,7

ESI generally produces multiply charged quasimolecular ions except for
analytes with molecular weights <1,000 Da. A continuous distribution of

FIGURE 1.12
MALDI mass spectrum of poly(ethylene glycol) bis(acetaminophen) using HABA as matrix
and Na+ cationization; Mn = 3,520; D = 1.014. (Reprinted from Ref. 29 with permission of the
American Chemical Society)

FIGURE 1.13
TSP mass spectrum of an equimolar mixture of four poly(ethylene glycols), viz. PEG 300, 600,
1000, and 1450; the m/z range 300–700 is displayed. The major ions correspond to [M + NH4]

+

adducts. (Reprinted from Ref. 31 with permission of the American Chemical Society)
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charge states is usually observed, with the most abundant charge state being
proportional to the molecular weight; for many compounds, the quasimo-
lecular ions appear in the m/z 500–2,000 range. Basic and acidic samples
readily ionize to give a series of [M + nH]n+ cations and [M − nH]n− anions,
respectively. For molecules without such ionizable sites, which is true for
most synthetic polymers, salts are added to the solution being electrosprayed
to obtain adducts with metal (e.g., Na+, K+),  or other ions.36

How the droplets produced upon ESI are transformed to the ions
observed in the mass spectrum is not yet well understood.2,3,7,32–36 As the
solvent in the droplets evaporates, the droplets shrink and the ions con-
tained in them accumulate at the surface to minimize coulombic repulsion
between the charges. This process can continue until the Rayleigh instability
limit is reached, at which the droplets disintegrate (“explode”) into smaller
droplets (Figure 1.15) that also shrink by solvent loss. Sequential subdivision
through coulombic explosion at the Rayleigh limit may be repeated until the

FIGURE 1.14
Schematic diagram of an ESI source. (Reprinted from Ref. 3 with permission of John Wiley & Sons)

FIGURE 1.15
The formation of ions from droplets upon ESI. (Reprinted (modified) from Ref. 35 with permis-
sion of John Wiley & Sons)
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droplet contains one analyte species. Another possibility is that the micro-
droplets arising from division at the Rayleigh limit may have so much
charge accumulated on them that bare or solvated quasimolecular ions
can be evaporated from their surface (Figure 1.15); this ion evaporation (or
ion desorption) mechanism resembles the field desorption process discussed
in Section 1.2.2.1.

ESI of synthetic polymers produces a series of variously charged ions per
n-mer. Figure 1.16 shows the spectrum of PEG 3400 which, under the con-
ditions used, gives rise to [M + nNa]n+ ions in the +1, +2, and +3 charge
states.37 The mass spectrum can be deconvoluted to a distribution of oligo-
mers (Figure 1.16b) by determining the total ion abundance due to each
oligomer (obtained by summing the different charge state peaks of the same
oligomer). This transformation is cumbersome (if possible at all) when the
different charge states are unresolved, which is true for larger polymers.
For this reason, ESI polymer applications have practically been limited to
low-molecular-weight oligomers or dendrimers (see Chapter 4). The latter
are essentially monodisperse, as is the vast majority of biomolecules, for
which ESI is indispensable.38 Interpretable ESI spectra from larger synthetic
polymers can only be obtained at mass spectrometric resolutions that sep-
arate the isotopic clusters of the individual charge states. For a polymer of
∼20,000 Da average molecular weight, a resolution of ≥50,000 would be
needed and can be achieved with Fourier transform ion cyclotron resonance
mass spectrometry (vide infra).39

FIGURE 1.16
(a) ESI mass spectrum of poly(ethylene glycol) 3400. (b) Transformation of the m/z to a mass
scale (see text). (Reprinted from Ref. 37 with permission of Elsevier Science)
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1.3 Mass Analyzers

Mass analyzers disperse ions in space or time according to their mass-to-
charge ratios (m/z). Certain analyzers separate the ions simultaneously,
while others are scanned to transmit to the detector a narrow m/z range
at a given time. Important features of a mass analyzer are its upper mass
limit, transmission, resolving power, mass accuracy, dynamic range, and
operating pressure. Table 1.1 gives the characteristics of the devices used
most frequently.40

Depending on the resolution of the mass analyzer in the mass range of
interest, a polymeric ion is either resolved into its individual isotopes or
observed as an unresolved peak at the average m/z value of all isotopes.
Monoisotopic m/z ratios are preferred because they provide a higher
mass accuracy. Moreover, resolved isotopic patterns clearly reveal the
presence (in the polymer) of elements with unique isotopic distributions
(such as bromine, silver, or iron), thus supplying superior compositional
insight.1

TABLE 1.1

Characteristics of Mass Analyzers40

Transmission (for ions separated in space) is defined as the ratio between the ion 
fluxes exiting and entering the mass analyzer.  It decreases in the order:
time-of-flight >> quadrupole > sectors

Upper m/z limit:
time-of-flight (>106) > quadrupole ion trap (105) > quadrupole (104) ≈ sectors ≈ ICR 
trap

Resolution is defined as the ratio between m/z value and the peak width in m/z
units.  It is mass-dependent.  At m/z 1,000, it follows the order:
ICR trap (106) > double sector (105)a > time-of-flight (103−104) ≈ quadrupole ion trap >
quadrupole (103) ≈ magnetic sector > electric sector (<102)b

Mass accuracy (at m/z 1,000):
sectors (<5 ppm) > ICR trap (<10 ppm) > time-of-flight (0.01–0.1%) > quadrupole 
(0.1%) ≈ quadrupole ion trap

Dynamic range is the concentration range over which the measured signal abundance 
varies linearly with concentration.  It is expressed as the ratio between the largest 
and lowest concentration and decreases in the order:
sectors (107) > quadrupole (105) > quadrupole ion trap ≈ ICR trap ≈ time-of-flight

Operating pressure in Torr:
quadrupole ion trap (10−3) > quadrupole (10−5) > sectors (10−7) ≈ time-of-flight >
ICR trap (10−9)

a Either EB or BE.
b Can only separate ions that have different kinetic energies, as is true for the frag-

ments formed from a fast-moving ion.  The poor resolution is due to the release
of internal energy into kinetic energy during fragmentation.
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1.3.1 Scanning Mass Analyzers

1.3.1.1 Quadrupole Mass Filter

Quadrupole mass analyzers consist of four parallel circular or hyperbolic
rods (Figure 1.17).2,3,7,41 Each pair of opposite rods are electrically connected
and supplied voltages of the same magnitude but different polarity. The
voltage applied to each pair consists of a direct current (DC), U, and a radio-
frequency (rf) component, Vcosω t. Typical values are several hundred volts
for U, several thousand volts for V, and megahertz for ω. Since the total
potential of each rod is +(U + Vcosωt) or −(U + Vcosωt), the rf field period-
ically alternates the rods’ polarity.3,7

Ions are accelerated along the z-axis (∼5–20 eV) before entering the space
between the quadrupole rods where they experience the combined field
resulting from the rod potentials. A cation is drawn toward the negative pole
and vice versa; if the rod potential changes sign before the ion discharges,
the ion changes direction, thus oscillating through the rods. Whether an ion
succeeds passing through the rods or discharges on them is controlled by
the DC and rf voltages, as shown in Figure 1.18 for ions of three different
masses;3,41 in this figure, the ion of mass m2 has a stable trajectory (i.e., it can
be transmitted through the quadrupole) at the U and V values lying within
the dotted curve. Any other U and V values lead to unstable trajectories (i.e.,
to discharge at the rods).

The quadrupole is scanned with the U/V ratio kept constant, i.e., along the
scan line of Figure 1.18, which allows the successive separation of different
masses by sequentially bringing each of them into stable trajectories through
the rods. If U = 0 (no DC), all ions above a certain mass limit (determined by
V) have stable trajectories through the quadrupole; such an rf-only quadrupole
is therefore ideally suitable as a collision cell in a quadrupole-based tandem
mass spectrometer (vide infra).41

FIGURE 1.17
A simple quadrupole mass spectrometer consisting of an ion source, focusing lenses, a quadru-
pole mass filter, and an ion detector. (Reprinted (modified) from Ref. 3 with permission of John
Wiley & Sons)
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1.3.1.2 Quadrupole Ion Trap

The ion trap can be viewed as a three-dimensional quadrupole and consists
of a ring electrode and two end caps (Figure 1.19).2,3,7,41 Ions are stored inside the
trap by biasing the ring electrode with an rf voltage of low amplitude and
grounding the end caps. Repulsive forces between the trapped ions increase the
velocities and amplitudes of their motion, which could lead to their ejection from
the trap. This is prevented by introducing a He bath gas in the trap (10−3 Torr),
so that the ions are collisionally cooled and drift toward the trap center.

The ions may be created within the trap, for example by a short pulse of
electrons, or injected into the trap from an external desorption or electrospray
source.42 A mass spectrum is subsequently obtained by scanning the rf potential,

FIGURE 1.18
Stability conditions, expressed in terms of U vs. V plots, for three ions with masses m1 < m2 < m3.
The U and V values leading to stable trajectories through the quadrupole lie within the area
defined by the V axis and the solid lines (m1), dotted lines (m2), or bullet lines (m3). The quadrupole
is scanned along the scan line, i.e., with the ratio U/V kept constant; the slope of this line
determines the resolution. Gradually increasing U and V successively brings ions m1, m2, and m3

through stable trajectories. If U = 0, the scan line overlaps with the V axis; the resolution is zero,
and all ions pass the quadrupole. (Adapted from Ref. 3 with permission of John Wiley & Sons)

FIGURE 1.19
Schematic diagram of the quadrupole ion trap. (Reprinted from Ref. 2 with permission of
Cambridge University Press)
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so that ions of increasing m/z successively develop unstable trajectories and
escape the trap to strike an external ion detector (Figure 1.19).

By applying a DC voltage to the ring electrode and ramping the rf voltage,
it is possible to isolate a given ion in the trap for the acquisition of its tandem
mass spectrum. MS/MS is then accomplished by “tickling” the isolated ion
with a supplementary alternating voltage of appropriate frequency, applied
to the end caps. The newly formed fragment ions are finally detected by
scanning the rf voltage, as explained above.7,41 Note that the MS/MS steps
are separated in time but not in space, in contrast to beam instruments (vide
infra). By successively repeating the isolation/reaction/detection steps,
sequential MS/MS experiments (i.e., MSn) can be performed on ions origi-
nating from a single ionization event.43

1.3.1.3 Magnetic and Electric Sectors

These analyzers function with fast ion beams (keV range). The kinetic energy
(Ek) of an ion accelerated by a potential V (2–10 kV) upon exiting the ion
source is given by Eq. 1.10, where e and v are the electron charge and the
ion velocity, respectively. When the moving ion enters a magnetic sector,
whose field (B) is perpendicular to the ion’s velocity (Figure 1.20),7 it is forced
into a circular trajectory of radius r, as given by Eq. 1.11; based on this equation,
a magnetic sector deflects according to momentum. Combining Eqs. 1.10 and
1.11 gives the mass analysis equation of the magnetic sector (Eq. 1.12).
Usually, r is set by the flight tube and slits, and B is scanned to sequentially
transmit ions of different m/z values to the collector (Figure 1.20).

Ek = zeV = mv2 2 (1.10)

mv2 r = Bzev ⇒ mv = Bzer (1.11)

m z = B2r2e 2V (1.12)

r = (2mEk)
0.5 zeB (1.13)

FIGURE 1.20
Schematic diagram of a mass spectrometer using a magnetic sector for m/z analysis. (Reprinted
from Ref. 7 with permission of John Wiley & Sons)
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Rearrangement of Eq. 1.12 to Eq. 1.13 shows that ions with a given mass and
charge will pass the magnet at the same field B, only if their kinetic energies,
Ek, are the same. Unfortunately, most ionization methods produce ions with
a kinetic energy distribution, which degrades resolution by spreading over a
wider range the value of B necessary for the separation of ions with a common
m/z ratio. This problem can be compensated for by an electrostatic analyzer
(also called electric sector); such a sector consists of two parallel cylindrical
electrodes of opposite polarity with a homogeneous field E between them
(Figure 1.21).7 This field causes an ion entering it at right angles to follow a
circular path of radius R, so that the electrostatic (zeE) and centrifugal (mv2/R)
forces on the ion are balanced (Eq. 1.14). According to Eqs. 1.14 and 1.10, ions
accelerated to the same kinetic energy (Ek) and traversing the same electric
field (E) have the same trajectory (R) through the electric sector independent
of their m/z value. Thus, the electric sector is a kinetic energy analyzer and
can be used to energy-focus the ion beams sent to (or coming from) a magnetic
sector. The result is a double-focusing mass spectrometer of superior resolu-
tion (105 possible), as compared to an instrument comprised of a single mag-
net. The magnet (B) follows or precedes the electrostatic analyzer (E) in forward
(EB, cf. Figure 1.21) or reverse (BE) geometry sector instruments.

zeE = mv2/R = 2Ek/R ⇒ R = 2Ek/zeE (1.14)

If the ion kinetic energy changes due to dissociation after acceleration, the
electric sector can also be used as a mass analyzer. A scan of the sector field,
E, separates the fragment ions based on their kinetic energies (Eq. 1.14),

FIGURE 1.21
Schematic diagram of an electric and a magnetic sector as they are arranged in a forward
geometry double-focusing mass spectrometer (Nier-Johnson geometry). (Reprinted from Ref. 7
with permission of John Wiley & Sons)
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which are proportional to (Eq. 1.10) and, thus, identify their m/z values.
This capability allows one to perform tandem mass spectrometry experi-
ments with a double-focusing EB or BE instrument (vide infra).

1.3.2 Nonscanning Mass Analyzers

1.3.2.1 Time-of-Flight (TOF) Analyzers

For m/z separation with a TOF analyzer,27 the ions produced in the ion source
are first accelerated through a potential V to acquire kinetic energies in the
keV range (cf. Eq. 1.10). Then, the ions traverse (“fly”) a distance d to reach
the detector after a time t which is measured.2,3,7,27 The flight time depends
on the ion velocity v (Eq. 1.15) which in turn is dependent on m/z (Eqs. 1.10
and 1.16). Overall, the time taken by an ion to reach the detector is propor-
tional to the square root of the ion’s m/z value. Based on this relationship,
the larger ions (higher masses) take longer times to arrive at the detector. To
avoid overlaps with simultaneously arriving smaller ions produced later,
the ion source must be pulsed.

t = d/v (1.15)

v = (2zeV/m)0.5 ⇒ t = (m/z)0.5d/(2eV)0.5 (1.16)

A simple, linear TOF analyzer (Figure 1.22a) suffers from poor resolution
due to the spread in velocity of ions of the same mass. This spread results
partly from the fact that the ions are formed with some initial (varying)
kinetic energy and in different regions of the source; as a result, they are
accelerated to different final kinetic energies. Additionally, ions formed at
different times and different locations would travel slightly different paths.
The initial kinetic energy, spatial, and temporal distributions of the ions,27

which degrade the resolution, can be minimized substantially by time-lag
focusing (“delayed extraction”)44 and the use of a reflectron (Figure 1.22b).27

Time-lag focusing introduces a delay time between ion formation and accel-
eration. The time lag causes ions drifting toward (or away from) the detector
to acquire a lower (higher) kinetic energy upon acceleration (“extraction”)
than other ions of the same mass, so that they all reach the detector at the
same time. The reflectron is an ion mirror with an electric field which retards
and reflects the entering ions (Figure 1.22b). Faster ions (i.e., those with higher
kinetic energies) penetrate deeper into the reflectron and take more time to
turn around; as a result, they reach the reflectron detector at the same time as
the slower ions of the same mass, which spend less time inside the reflectron.

A reflectron TOF analyzer also permits tandem mass spectrometry studies.
For this, an ion gate is needed to select the desired precursor ion among those
produced in the source. A deflector electrode can serve as the gate, which is
pulsed off at a selected time to allow the passage of a specific precursor ion
(Figure 1.23). Post-source decay (PSD)45 of this ion between the gate and the
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FIGURE 1.22
Schematic diagram of a (a) linear and (b) reflectron time-of-flight mass spectrometer. The signs
� and � represent ions of the same m/z ratio but with different kinetic energies. The ions enter
and exit the reflectron with the same kinetic energies. The ions with lower kinetic energy (�)
spent less time inside the reflectron and are reflected earlier. With properly adjusted parameters,
slower and faster ions reach the detector simultaneously. (Reprinted from Ref. 3 with permission
of John Wiley & Sons)

FIGURE 1.23
TOF mass spectrometer equipped with an ion gate (deflection electrode) and a reflectron. Pulsing
the ion gate at the correct time allows one to select the desired precursor ion (�). Fragments
formed before reaching the reflectron are dispersed inside the reflectron based on their kinetic
energies (which are proportional to their m/z ratios). (Reprinted from Ref. 3 with permission of
John Wiley & Sons)
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reflectron lenses generates fragment ions with lower kinetic energies, which
penetrate less into the reflectron and, hence, arrive earlier at the detector
(Figure 1.23). To adequately resolve the fragment ions, PSD spectra are
obtained in segments by stepping the reflectron voltages; for an ion at m/z
1,000–2,000, 6–8 segments are combined to assess the fragments formed over
the entire m/z range.

Due to its high transmission and fast response, the TOF analyzer can easily
be interfaced with pulsed ionization methods, such as MALDI, where limited
ion currents are produced. With continuous, intense ion beams (as in ESI),
the highest sensitivity and resolution are obtained using orthogonal extraction
of the ions into the TOF tube; for this, the ions are first carried into a trapping
device from which they are later extracted (accelerated) into a TOF drift
tube in the orthogonal direction.27,46 The essentially unlimited mass range of
the TOF mass analyzer, combined with the improved resolution achievable
with a reflectron and time-lag focusing (∼103–104),27 make TOF mass spec-
trometers ideal for the compositional analysis of synthetic and biological
macromolecules with MALDI.

1.3.2.2 Fourier-Transform Ion Cyclotron Resonance (FTICR)

In FTICR (or FTMS) analyzers,47,48 the ions are trapped inside a cell by
crossed magnetic and electric fields (Figure 1.24); in this respect, such an
analyzer is related with the quadrupole ion trap (vide supra). The FTICR
cell is located inside a superconducting magnet with field B (usually 3–10
tesla). The magnetic field causes ions formed in (or injected into) the cell to
move in circular trajectories perpendicular to the B axis with an angular
cyclotron frequency ωc (Eq. 1.17).3,7 The ions also move along the B axis; to
prevent them from escaping axially from the cell, a small DC field is applied

FIGURE 1.24
Schematic diagram of the ion cyclotron resonance mass spectrometer. (Reprinted from Ref. 3
with permission of John Wiley & Sons)
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on the trapping plates (Figure 1.24).

ωc = zeB/m ⇒ m/z = eB/ωc (1.17)

Ions with the cyclotron frequency ωc trapped in the cell can be excited by
applying an oscillating electric field of the same frequency on the transmitter
plates (normal to the direction of B, cf. Figure 1.24).3 The energy transferred
increases the radius of the ions’ orbital motion without affecting ωc; the
excited ions move coherently, i.e., as a packet, closer to the receiver plates
(cf. Figure 1.24), inducing image currents onto them which are amplified and
measured.3,7

To obtain a mass spectrum over the desired m/z interval, all ions within
this interval are excited simultaneously by a rapid frequency sweep of the
voltage on the transmitter plates. The excitation pulse increases the orbital
radii of all ions and puts ions of the same m/z ratio in phase. The orbiting
ions create a complex wave signal in the circuit connecting the receiver
plates, which is monitored over time as the coherent motion of the ions is
destroyed by collisions (Figure 1.25).3 Fourier-transformation of this time-
domain signal furnishes the individual cyclotron frequencies and, hence, the
m/z values (Eq. 1.17) of the ions (Figure 1.25).

FIGURE 1.25
Free induction decay of the image current generated on the receiver plates by C10H14Br+ ions
that were excited at their resonance frequencies (top). A Fourier transform converts this time-
domain signal into the frequency-domain, i.e., into ion intensity vs. frequency, from which the
mass spectrum (i.e., ion intensity vs. m/z) is obtained via Eq. 1.17. (Reprinted from Ref. 3 with
permission of John Wiley & Sons)
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The mass resolution of FTICR analyzers is large, because frequencies can
be selected and measured very accurately. The resolution depends on the
observation time of the decaying time-domain signal, which in turn is linked
with the frequency of ion-molecule collisions in the cell. For high resolution,
a very low cell pressure (≤10−9 Torr) is necessary. The resolution decreases
with mass due to the inverse relationship between ωc and m/z (Eq. 1.17).
Practically, FTICR is used in the m/z ≤3,000 range, although ions up to m/z
20,000 have been observed.49 FTICR is readily interfaced with MALDI and
ESI and has, therefore, been increasingly useful for the analysis of high-mass
polymers (see Chapter 9 by Wilkins) and biomolecules.49

By careful selection of the resonance frequencies, a specific ion can be
isolated in the cell with high resolution for the study of its dissociations or
ion-molecule reactions. The products of such MS/MS experiments can be
analyzed with high resolution by the same procedure used to measure nor-
mal MS spectra (see above). Moreover, since the various MS/MS steps are
separated in time, they can be repeated sequentially several times (MSn), as
was the case with the ion-trap mass spectrometer (vide supra).

1.4 Detectors

The detector converts ions of a given m/z value into a measurable electrical
signal whose intensity is proportional to the corresponding ion current. With
beam instruments (sectors, quadrupoles, or TOF analyzers) and the quadru-
pole ion trap, the ions are first separated according to their m/z value before
detection, usually by an electron multiplier or a photon multiplier. The
operation of these most common detectors is briefly outlined below.

With FTICR, all ions produced (or isolated) in the ICR cell are detected
simultaneously, as has been explained in Section 1.3.2.2. The time domain
signal, i.e., the image current produced at the receiver plates by the orbiting
ions (cf. Figures 1.24 and 1.25), can readily be amplified to yield a measurable
signal; moreover, the ions are not destroyed during the detection process
and, thus, can be re-excited and remeasured if an improvement of the signal
to noise ratio is needed.47,48

1.4.1 Electron Multipliers and Related Devices

The electron multiplier consists either of a series of discrete dynodes or of
a continuous channel of dynodes.3,7,40,50 Figure 1.26 illustrates the continuous-
dynode type, also called “channeltron,” which is the most widely used electron
multiplier in modern instruments. A high negative potential is applied to the
channeltron entrance, while the opposite end (anode) is usually grounded. Sec-
ondary electrons produced at the entrance by impinging ions or electrons
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experience a cascade of collisions with the walls, ejecting more and more
electrons as they are accelerated down the channel (Figure 1.26). Typically
10–20 stages of amplification take place until the anode is reached, where
conventional amplifiers are connected in series before the signal readout.

Mass-analyzed ions may strike the electron multiplier directly, ejecting
secondary electrons that initiate the cascading emission of additional electrons
down the channeltron. Alternatively, the ions may first collide with conver-
sion dynodes, situated in front of the channeltron, as shown in Figure 1.26.
Positive ions hit the negative dynode, generating small negative ions and
electrons; negative ions strike the positive dynode, generating small positive
ions. These particles are then accelerated into the channeltron to start the
amplification process described above. The gain, i.e., the number of second-
ary particles emitted per incoming ion, lies in the range of 106–107.

Miniature cylindrical or curved channeltrons with diameters and lengths
of a few µm can be easily manufactured. In detectors known as microchannel
plates or array detectors, a large number of these miniature electron multipliers
is assembled on a flat plate (Figure 1.27). The amplification factor (gain) in each
channel is ca. 105 and can be increased to 108 by using two or more inter-
connected parallel plates. Array detectors can measure both the position and
the intensity of an ion beam, which makes them particularly useful for sector
instruments that disperse and transmit simultaneously a range of m/z values.
Microchannel arrays are also used in TOF mass spectrometers, where the
ions can have considerable spatial distributions in the area perpendicular to
the ion beam. Often, a conversion dynode is placed in front of the micro-
channel plates to augment the detection sensitivity of macromolecular ions
(m/z > 30,000); this combination has been termed “high-mass” detector.

FIGURE 1.26
Channeltron electron multiplier with conversion dynodes for positive and negative ions; � and
� represent the positive or negative ions, respectively, that strike the conversion dynodes.
(Reprinted from Ref. 3 with permission of John Wiley & Sons)
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1.4.2 Photon Multipliers

These detectors consist of conversion dynodes, a scintillator (normally a
phosphorescent screen), and a photomultiplier tube (Figure 1.28).3 Cations
and anions are accelerated to the negative and positive conversion dynodes,
respectively. The ensuing ion-surface collisions lead to the generation of
secondary electrons which strike the phosphorescent screen where they are

FIGURE 1.27
Cross section of a microchannel plate (top) and electron multiplication within a microchannel
(bottom). (Reproduced from Ref. 3 with permission of John Wiley & Sons)

FIGURE 1.28
Photon multiplier detector. (Reproduced from Ref. 3 with permission of John Wiley & Sons)
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converted to photons. The latter are detected by the photomultiplier. Over-
all, the ion beam reaching the detector is amplified ca. 104–105 times. In
contrast to electrons, photons can readily exit the vacuum system of the mass
spectrometer through a glass window. For this reason, the photomultiplier
is generally installed outside the vacuum system, which substantially increases
its lifetime vis-à-vis that of the electron multiplier.

A microchannel plate can also be interfaced with a scintillator and photo-
multiplier; here, the secondary electrons exiting the plate channels first strike
the scintillator for electron-to-photon conversion; the photons generated
in this process are subsequently converted to a measurable signal by the
photomultiplier.

1.5 Tandem Mass Spectrometry

Several desorption and spray ionization methods can be used to convert
synthetic polymers into intact molecular or quasimolecular ions (vide supra),
whose exact m/z ratio identifies the composition of the polymer. For structural
information about the polymer, the dissociation behavior or ion-molecule reac-
tions of the polymer ions must be studied. Such reactions, which rarely take
place during the soft ionization processes necessary to generate intact gas
phase ions from synthetic macromolecules, are most conveniently assessed
by tandem mass spectrometry (MS/MS).3–5,7 With MS/MS, a specific precur-
sor ion is mass-selected, so that its reactivity can be investigated without
perturbation from the other ions formed upon ionization. The reaction prod-
ucts of this ion are then mass-analyzed and collected in the MS/MS spec-
trum. MS/MS studies on polymer ions have so far focused on their
spontaneous (“metastable”) or collision-induced fragmentation. The frag-
ments arising in these reactions are displayed in metastable ion (MI) or
collisionally activated dissociation (CAD) spectra, respectively.4,5 Customar-
ily, MI spectra acquired with a TOF mass analyzer have been named “post-
source decay (PSD)” spectra;27,45 similarly, CAD is often referred to as CID
(collision-induced dissociation).5

The precursor ion selection, fragmentation, and product ion analysis can
be separated in space or in time, as shown in Figure 1.29.51 Separation in
time requires trapped ions, as available in the quadrupole ion trap or the
ion cyclotron resonance trap. Separation in space necessitates at least two
physically distinct mass analyzing devices, one for precursor ion selection
(MS-1) and one for product ion analysis (MS-2). The simplest in-space tan-
dem instruments are the triple quadrupole mass spectrometer (QqQ), the
double-focusing sector tandem mass spectrometer (EB or BE), and the
reflectron time-of-flight mass spectrometer. In a triple quadrupole, the first
and third quadrupoles (Q) are mass analyzers, while the center quadrupole
(q) serves as the collision cell. In sector instruments, a collision cell is situated
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in the field-free regions following the ion source and/or in the interface region
between the sectors which are the two mass analyzing devices (cf. Figure 1.21).
A reflectron TOF mass spectrometer may contain a collision cell somewhere
in the field-free region between the ion source and the reflecting lenses
(cf. Figure 1.23); the ion gate (vide supra) and the reflectron serve as MS-1
and MS-2, respectively.

Any other in-space combination of the mass analyzers discussed in the
previous section is possible. Common types are tri- and four-sector instru-
ments (e.g., EBE, EBEB, etc.) and hybrid instruments (e.g., BEqQ, EBEqQ,
Q-TOF, EBE-TOF, etc.). Such instruments can offer better precursor and
product ion resolution as compared to double sector, triple quadrupole, or
TOF mass spectrometers, and can accommodate multistage MS/MS exper-
iments, such as MS3 or MS4. For the latter experiments, tandem-in-time is,
however, more suitable and sensitive. Traps and quadrupole-based instru-
ments involve ions with low kinetic energies (typically <<100 eV); in contrast,
sector and TOF-based instruments employ ion beams with high kinetic ener-
gies (typically 3–25 keV). The former allow for low-energy dissociative
(CAD) or reactive collisions, while the latter generally allow for high-energy
CAD only; either type of mass spectrometer can be used for the study of the
spontaneous decompositions of metastable ions.

Tandem mass spectrometry applications to FD-, FAB-, and MALDI-generated
polymer ions from linear polyglycols, polyesters, and polystyrenes have
demonstrated that valuable structural information can be gained from the
fragmentation patterns observed.22,23,52–61 Complementary fragment ion series
are often produced, each containing one of the end groups; consequently,
the individual end groups can be inferred from the m/z values of the frag-
ments. In contrast, the m/z ratios of the molecular or quasimolecular ions
reveal the composition of both end groups (which may not be unequivocally

FIGURE 1.29
Tandem mass spectrometry with events separated (a) in space and (b) in time. (Reprinted
(modified) from Ref. 51 with permission of John Wiley & Sons)
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divisible between the two ends). The potential of MS/MS studies on poly-
mers is illustrated here with a few recent examples with precursor ions
formed by MALDI.

Figure 1.30a depicts the MALDI-CAD spectrum of [M + Na]+ of the 9-mer
of poly(butyl methacrylate), PBMA A, measured on an EBE-TOF instrument.59

In this sector-orthogonal acceleration-TOF hybrid, the EBE and TOF sections
are used for precursor ion selection (MS-1) and fragment ion analysis (MS-2),
respectively, and CAD takes place in an intermediate collision cell at 800 eV
collision energy. The CAD spectrum contains several series of fragments
separated by 142 Da (repeat unit). Series A and B arise by charge-remote
direct cleavages at either end, as shown in Figure 1.30b. Series C/D and E/F

FIGURE 1.30
(a) MALDI-CAD spectrum of [M + Na]+, m/z 1403, of the 9-mer of PBMA A. Seven homologous
series of fragment ions (A, B, C, D, E, F, and G) are observed, as discussed in the text. All fragment
ions contain Na+. (b) Proposed fragmentation mechanism for the formation of series A and B.
(Reprinted from Ref. 59 with permission of Elsevier Science)
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correspond to charge-remote H-rearrangements via six-membered rings with
concomitant HCO2C4H9 loss and charge (i.e., Na+) retention at either side of
the polymer chain. Finally, series G represents internal fragments containing
neither end group; it presumably results from consecutive rearrangements
of the C and E series. The masses of the end groups, viz. (CH3)2C(CO2CH3)–
(101 Da) and –CH(CH3)(CO2C4H9) (129 Da), are readily calculated from any
member of the complementary series A and B. For example, m/z 266 (B2, cf.
Figure 1.27b) − 23 (Na+) − 142 × 1 (one repeat unit) = 101 Da; similarly, m/z 294
(A2) − 23 − 142 × 1 = 129 Da.

Figure 1.31 shows the CAD spectrum of [M + Ag]+ from the 15-mer of
poly(isoprene) 1000, acquired with an FTICR instrument.61 First, all oligo-
mers below m/z 1,000 are ejected from the cell. Then, Ar is introduced in the
cell and the cationized 15-mer is selectively excited to higher kinetic energies
using sustained off-resonance irradiation (SORI),61 cf. Figure 1.31a. The non-
ejected oligomers (m/z > 1,000) are used for calibration of the mass scale.
The fragment ions generated upon CAD are displayed in Figure 1.31b and
consist of lower-mass oligomers or lower-mass oligomer fragments (as ration-
alized in the inset of Figure 1.31).

Figure 1.32 exemplifies an MS/MS experiment with a new generation TOF
reflectron mass spectrometer.62 Using the ion gate (cf. Figure 1.23), the [M + Ag]+

ion of the 32-mer of poly(isoprene) 2500 (m/z 2345) is readily separated from
all other ions produced upon MALDI (Figures 1.32a,b). The PSD spectrum of
the selected ion contains two major series, A and B, arising by allylic cleavages

FIGURE 1.31
(a) MALDI-FTICR mass spectrum of poly(isoprene) 1000 after ejection of the ions below m/z
1,000 and SORI excitation of [M + Ag]+ of the 15-mer. (b) SORI-CAD spectrum of [M + Ag]+ of
the 15-mer. (Reprinted from Ref. 61 with permission of Elsevier Science)
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FIGURE 1.32
(a) MALDI-TOF mass spectrum of poly(isoprene) 2500. (b) Selection of [M + Ag]+ of the 32-mer
through the ion gate (cf. Figure 1.23) and (c) PSD spectrum of this ion. All fragment ions contain
Ag+. (d) Proposed fragmentation mechanism for the formation of series A and B.
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along the polymer chain (Figures 1.32c,d). Again, each series contains just
one end group, in contrast to the oligomers in the MS spectrum (Figure 1.32a)
which contain both end groups.

The rather few polymer MS/MS studies reported so far have emphasized
the information provided on the individual end groups of linear polymers. The
fragmentation patterns and repeat units of the various fragment series may
also enable the characterization of block vs. random copolymers, of linear vs.
branched structures, and of unsaturated vs. cyclic oligomers.
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2.1 Introduction

Polymers can display a variety of structures, including linear, cyclic, and
branched chains, copolymers in which different repeat units are aligned
along the chain in different manners, and star polymers with different num-
bers of arms. The identification of molecular structure is the first step in the
analysis of a polymeric material, which may actually be a homopolymer, a
copolymer, or a blend of homopolymers and/or copolymers. 

Usually, commercial polymers contain a number of additives (thermal and
photo antioxidants, plasticizers, etc.) that can be suitably extracted from the
polymer bulk and analyzed separately. Polymers may contain low-mass
oligomers, both linear and cyclic, and the identification of these species can
be achieved by analyzing the intact polymer, or by extracting the oligomers
from the polymer bulk.

Contrary to the usual organic compounds, polymers are far from being
homogeneuos materials (i.e., polymer chains do not possess the same molar
mass and chemical structure). As matter of fact, many synthetic polymers
are heterogeneous in several respects. Homopolymers may exhibit both
molar-mass distribution (MMD) and end-groups (EG) distribution. Copoly-
mers may also show chemical composition distribution (CCD) and function-
ality distribution (FTD) in addition to the MMD. Therefore, different kinds
of heterogeneity need to be investigated in order to proceed to the structural
and molecular characterization of polymeric materials.

The estimate of molar masses (MM) and of molar-mass distributions
(MMD) is of primary interest in polymer characterization work, and much
effort has been dedicated to develop suitable methods for their determina-
tion. End-group analysis provides important structural information for all
the synthetic polymers. It allows also the estimation of molar masses in low
polymers and gives clues about the procedure adopted in the synthesis. In
fact, polymer samples having the same molecular structure may contain
different end groups, due to synthetic routes or to end capping with different
agents. If the end groups are chemically reactive, the polymer may be further
modified to obtain different materials.

Determining the composition and sequence of comonomer units is essen-
tial in the case of copolymers, since both parameters influence the physical
and chemical properties of these materials. Furthermore, comonomer
sequence is related to the mechanism of copolymerization, and to the reac-
tivity ratios of the comonomers. Among the techniques developed for poly-
mer characterization, Mass Spectrometry (MS) is one of the most powerful.
The mass spectrum of a polymer contains plenty of information on polymer
properties such as the structure, the repeat units which constitute the mac-
romolecular backbone, the length of macromolecular chains, the end groups
which terminate the chains, the chemical heterogeneity, the sequence of
copolymers and their composition heterogeneity. 
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MS is one of the newest methods developed for polymer analysis, and a
variety of other methods are currently adopted as well,1–7 here referred to
as “conventional” methods. In everyday practice, MS data are routinely
compared and integrated with the results of other conventional techniques
for polymer analysis. Furthermore, MS is often coupled to polymer separa-
tion methods such as Size Exclusion Chromatography (SEC) and Liquid
Chromatography (LC).

The use of MS to analyze polymeric materials requires therefore some
knowledge of basic polymer science, and acquaintance with the conventional
methods used in the characterization of polymeric materials is desirable. The
field of polymer characterization is vast; nevertheless comprehensive books
are available which cover the entire subject.1–4 Other texts are slightly less
general and deal with groups of methodologies for polymer analysis, such
as the spectroscopic methods (IR, NMR),5 or the group of chromatographic
methods.6 Textbooks in polymer science8–12 provide the reader with an
account of the most popular methods used in polymer analysis.

This chapter is intended to give background information on the major
applications of MS analysis to the characterization of polymers, and to
describe the most conventional techniques used to determine polymer size
and structure. 

Section 2.2 gives a brief account of the “conventional” techniques used to
measure the average molar masses and their distribution, namely, Osmom-
etry, Intrinsic Viscosity, Size Exclusion Chromatography, and Light Scatter-
ing. We then discuss how to determine the molar-mass distribution (MMD)
of the polymer sample from its mass spectrum and how to calculate average
molar masses. A comparison is also provided for the averages obtained by
MS with the averages obtained by “conventional” methods. 

Section 2.3 focuses on various aspects of the determination of polymer
structure, namely assessing the composition of the macromolecular chains,
discriminating cyclic from linear and branched chains, end-groups determi-
nation, and detection of stereoregularity in polymers.

 In Section 2.4 we consider copolymers. The determination, by MS
techniques, of various quantities (such as copolymer composition, sequence
distribution, composition heterogeneity, reactivity ratios, and bivariate dis-
tribution of chain compositions and chain lengths) are of major interest for
the characterization of copolymers.

2.2 Molar Mass and Molar-Mass Distribution

Polymers are mixtures of molecules of different sizes. Contrary to proteins,
where the chain length is a constant, synthetic polymers (rubbers and plas-
tics) and polysaccharides always possess a certain polydispersity, which is
intrinsic to the polymerization process. An important step for polymer
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characterization is to measure the number and weight of macromolecular
chains at size (length) s, at size (s+1), at size (s+2), at size (s+3), and so on. This
is referred to as molar-mass distribution (MMD) determination8–12 (the tradi-
tional term “molecular weight distribution” is also used, although obsolete). 

The MMD of a polymer is of prime importance in its application. In most
instances, there is a molar-mass (MM) range for which a given polymer
property will be optimal for a particular application. The control of molar
mass (expressed in g/mole) and of its distribution is essential for the practical
application of a polymerization process, since its utility is greatly reduced
unless the reaction can be carried out to yield polymer of a sufficiently high
and specified molar mass.

 Figure 2.1 illustrates the possible results of the MMD measurement. The
resulting MMD may turn out to be narrow (Figure 2.1a), or broad (Figure 2.1b).
The distribution may display a single maximum (Figures 2.1a, 2.1b) (referred
to as unimodal), or two maxima (Figure 2.1c) (referred to as bimodal). Once
the MMD is known, one can compute MMD averages.8−12 Let’s indicate by
Ni the number of chains with mass mi. In this case, the number-average molar

FIGURE 2.1 
Types of molar mass distributions: (a) narrow, (b) broad, (c) bimodal.
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mass, , is given by:

(2.1)

In a similar manner, the weight-average molar mass, , is given by:

 (2.2)

The z-average molar mass, , is given by:

 (2.3)

The viscosity measurement yields the viscosity-average molar mass, ,
which is given by

 (2.4)

where “a” is the exponent in the Mark-Houwink-Sakurada (MHS) equation
(see below, Eq. 2.23). If the value of “a” is close to one, the  comes close
to .

FIGURE 2.2 
The molar mass distribution for two polymers. The first polymer (continuous trace) follows the
Flory-Schulz MMD with  = 40000 (  is the double, i.e.,  = 80000). The second polymer
(dotted trace) follows the Schulz-Zimm MMD with  = 40000 and  = 120000. The molar
mass distribution is diplayed as the molar fraction (a) and weight fraction (b) vs. mass. 
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Once the  and  are known, one can compute the polydispersity
index, D, defined as:

(2.5)

Since  is always smaller than , D cannot take values smaller than 1.
Narrow MMD are characterized by D values close to 1, whereas broad MMD
are characterized by D values about 2 or larger. A large value of D may indicate
the presence of a low molar mass tail in the MMD, or it may be a symptom
that the MMD is not unimodal.

2.2.1 Theory of Molar-Mass Distributions

If one knows the polymerization process used to produce a polymer, one
can use the theory to predict the MMD of the resulting polymer. In the
following we shall analyze the predictions in some detail.

2.2.1.1 The “Most Probable” Distribution

The MMD expected for condensation polymerization8 (and also for free-
radical polymerization with termination by disproportionation8) is the most
probable (also referred to as Flory-Schulz) MM distribution: 

I(n) = a1(1 − p) pn−1 (2.6)

where p is the monomer conversion, I(n) is the molar fraction of chains of
size n, and a1 is a suitable normalization factor.

The MM averages, computed using the definition, turn out to be:

= M0 /(1 − p) (2.7)

= 2 M0 /(1 − p) (2.8)

where M0 is the mass of the repeat unit. It can be seen that  doubles ,
so that the polydispersity index (Eq. 2.5) is two. Figure 2.2 reports the Flory-
Schulz MMD for a polymeric sample where  = 40000 (  is the double,
i.e., = 80000). Figure 2.2a reports the number fraction versus mass.
Figure 2.2b reports the weight fraction versus mass. It can be seen that the
two plots are quite different. Nevertheless, the two plots are connected, since
the weight fraction is the product of the molar fraction times the mass. 

2.2.1.2 Termination by Recombination

The MMD expected for the free-radical polymerization with termination by
recombination is given by:8–11

I(n) = a2n exp(−2 n/DPn) (2.9)
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where DPn is the number-average degree of polymerization (i.e., the average
number of units in the chains) and a2 is a suitable normalization factor. The
MM averages corresponding to this MM distribution are:

= M0 /(1 − p) (2.10)

= 1.5 M0 /(1 − p) (2.11)

where the symbols have the usual meaning. The polydispersity index (obtained
by taking the ratio between the two averages) is 1.5. 

2.2.1.3 The Poisson Distribution

A large class of monomers exists which can be polymerized by anionic
polymerization.13 When the polymerization is carried out under suitable
conditions, no termination occurs and the process is referred to as “living”
polymerization. The MMD expected for “living” polymerization,8 is the
Poisson MMD:

I(n) = a3 (DPn − 1)n/n! (2.12)

where DPn is defined above and a3 is a suitable normalization factor.
The MM averages can be computed easily using the definition. They turn

out to be

= DPn
∗ M0 (2.13)

= + M0 (2.14)

where M0 is the mass of the repeat unit. The polydispersity index of the
Poisson MMD is therefore given by D = 1 + M0 / . At higher masses, 
approaches , and the Poisson distribution becomes almost monodisperse.
In practice, however, various factors tend to increase the polydispersity
index.13

2.2.1.4 Empirical Distribution Functions

Empirical MMD functions possess two or more adjustable parameters and
the MM averages are given by closed expressions.14,15 Empirical MMD func-
tions are used to compare MMD data obtained by different methods and
especially to compare data from viscosity measurements with data from Size
Exclusion Chromatography or Osmometry.14,15 They are also used in Dynamic
Light Scattering to obtain  and  (see section on Light Scattering
below).

Mn
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Mn

Mw Mn

Mn Mw
Mn
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The most important empirical MMD functions are:14,15 the Schulz-Zimm,
the Log-normal, and the Generalized Exponential. The Schulz-Zimm MMD
function is: 

I(n) = a4(n)α exp(−n/y)  (2.15)

where α and y are two adjustable parameters and a4 is a suitable normaliza-
tion factor.

The MM averages, computed using the definition, turn out to be:

= M0 (α + 1)/y (2.16)

= M0 (α + 2)/y (2.17)

In this case, the polydispersity index is (α + 2)/(α + 1). Figure 2.2 reports the
Schulz-Zimm MMD for a polymer sample with  = 40000 and  = 120000.
Figure 2.2a reports the number fraction versus mass, whereas Figure 2.2b
reports the weight fraction. The two plots are quite different due to the fact
that short chains are very abundant but their weight is small. Nevertheless,
the two plots are connected, since the weight fraction is the product of the
molar fraction times the mass. For brevity, the descriptions of the Log-normal
MMD and the Generalized Exponential MMD are omitted. (They can be
found elsewhere.14,15)

2.2.1.5 The MM Distribution of Cyclic Oligomers

Various reactions, both of polymerization and of polymer degradation, can
produce cyclic polymer molecules. A well-known process is the ring-chain
equilibration reaction, which may be used to produce cyclic siloxanes and
other cyclic polymers.16,17 The linear chain reacts intramolecularly and yields
a cyclic and a linear chain. In the initial stages, the molar fraction of cyclics
increases at the expense of the linear chains. After some time, equilibrium
conditions are achieved and the molar fraction of cyclics remains constant.
In some cases, all the sites in the macromolecular backbone are equivalent
and no peculiar bond exists which is preferentially attacked. This case is
referred to as thermodynamically controlled cyclization.

The theory of thermodynamically controlled cyclization16 predicts that, at
the equilibrium, the abundance of cyclic macromolecules, I(n), follows the
law:

I(n) = b(n)−2.5 (2.18)

where n is the number of repeat units in the cycle, and b is a constant
independent of “n” but dependent on the dimensions and on the structure
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of the repeat unit. The above equation predicts that the abundance of cyclics
decreases rapidly as the chain size grows. For instance the ratio between the
abundance of the cyclics with n = 20 and n = 200 is given by I(20)/I(200) =
310/1.

In other cases, some bonds are preferentially attacked. This case is referred
to as kinetically controlled cyclization. The theory of kinetically controlled
cyclization predicts16,17 that the abundance of cyclic macromolecules, I(n),
follows the law:

I(n) = a5 (n)−1.5 (2.19)

where a5 is a suitable normalization factor.
The quantity I(n) becomes vanishingly small at high masses. However, the

drop of I(n) is less pronounced than for the thermodynamically controlled
cyclization. The relative abundance of cyclic oligomers formed in the two
cases discussed above are shown in Table 2.1. 

2.2.2 Conventional Methods of Molar Mass Measure

The determination of Molar Masses and Molar Mass Distributions in Poly-
mers has always been a most difficult problem in polymer science. Initially,
suitable methods were simply nonexistent (Victor Meyer’s method is for
gaseous substances), and all the methods subsequently developed proved

TABLE 2.1

Relative Abundance of Cyclic Oligomers 
Generated in Polymerization Reactions

Size Abundancea Abundanceb

1 100 100
2 17.7 35.3
3 6.4 19.2
4 3.1 12.5
5 1.8 8.9
6 1.1 6.8
7 0.8 5.4
8 0.5 4.4
9 0.4 3.7

10 0.3 3.2
11 0.25 2.7
12 0.20 2.4
13 0.16 2.1
14 0.13 1.9
a Values calculated for the thermodynamic control

in cyclization reactions (Eq. 2.18).
b Values calculated for the kinetic control in cycliza-

tion reactions (Eq. 2.19).
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to be somehow complex and, to a certain extent, unsatisfactory either theo-
retically or experimentally. Osmometry, Light Scattering, Ultracentrifuge, all
work once set up carefully and operated by expert hands, but in everyday
practice polymer chemists experience problems in determining the molar
mass of the polymers synthesized in their labs. Thus, researchers resorted
to indirect methods to estimate the molar mass of polymers. Indirect meth-
ods, although requiring calibration standards, have encountered an enor-
mous success.

 Figure 2.3 reports some methods used currently, along with the mass
range of the samples that can be analyzed. It can be seen that some techniques
cannot be applied to high MM polymers, whereas other techniques, such
as Light Scattering, do not work for low MM polymers. The method based
on mass spectrometry (MS) for measuring ,  and the MMD of a
polymer sample came much later. It cannot be considered “conventional,”
since MS of polymers is a young discipline. In the following, we describe
the most widely used conventional methods.

2.2.2.1 Direct Methods 

Among conventional methods, some need calibration (a set of polymers of
known  and ), and are therefore “indirect” methods, whereas other
techniques do not need calibration and we refer to them as “direct.” Thus,
Intrinsic Viscosity and Size Exclusion Chromatography (SEC) are indirect,
whereas Osmometry, Ultracentrifuge, and Light Scattering (LS) are direct.

FIGURE 2.3 
Some methods used for the measurement of MM averages and MMD along with the mass
range of the samples that can be analyzed. 
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2.2.2.1.1 Osmometry
In osmometry one measures the osmotic pressure, ∏, of a polymeric solution
at various dilutions. The quantity ∏/RTC is then computed and plotted
versus C (C is the concentration of the polymer solution, T is the temperature,
and R is the gas constant). The resulting plot is a straight line and its intercept
is 1/ , since ∏ is related to  as follows:8

∏/RT = C/ + A2C
2 + A3C

3 (2.20)

where A2 and A3 are the second and the third coefficients of the virial expansion.
The field of application of Osmometry is limited to polymers with masses

below 100,000, since the precision depends on the mass, and therefore it
becomes inaccurate at high masses. Furthermore, being a colligative method,
osmometry yields  but not , and therefore it cannot be used to
discriminate a narrow MMD from a broad MMD nor a unimodal MMD from
a bimodal MMD.

2.2.2.1.2 Light Scattering 
In the Light Scattering (LS) method,1,12,18 one shines a monochromatic light
beam at the polymeric solution and measures the intensity of the light scattered
by the macromolecules at various angles θ. The scattered intensity is then
normalized for the sample-detector distance and for the incident beam inten-
sity, and the Rayleigh Ratio, Rθ, is obtained. 

The procedure for obtaining from LS data follows.1,12,18 First, one
plots KsC/Rθ vs. sin2(θ/2) for different concentrations (here C is the concen-
tration of the polymer solution and Ks is a factor carrying experimentally
known constants). The resulting plot is called a Zimm plot. Thereafter, simply
extrapolating KsC/Rθ at low θ values, 1/  can be obtained as the intercept
with the ordinate axis. In fact, Rθ is connected to  by the following
relationship:

KsC/Rθ = 1/(P(θ) ) + 2A2C (2.21)

where A2 is the second virial coefficient and P(θ) is a shape factor.1

In Multi Angle Laser Light Scattering (MALLS), the light scattered at
various different angles is simultaneously measured and the extrapolation
at low θ values is done automatically.

One of the drawbacks of the LS method is that it requires extensive filtering
of the solution to eliminate dust particles which may contribute to the scat-
tering and may therefore cause errors. Another drawback is that the sensi-
tivity for low MM chains is very low, since Rθ increases linearly as 
grows. If the sample is made of macromolecules which form random coils,
and if the distribution of the end-to-end distances is Gaussian, or the shape
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factor P(θ) in Eq. 2.21 is known, LS data can yield also  of the sample.1

However, LS data do not allow the determination of the entire MMD, and
therefore LS cannot be used to distinguish a unimodal MMD from a bimodal
MMD.

 Normally, this technique cannot be applied to copolymers. In fact, the LS
detector systematically underestimates the abundance of one of the repeat
units.12,18 It has been shown18 that for copolymers the LS detector measures
an apparent molar mass, Mapp, which differs from  by a term ∆M:

∆M = Mapp −  (2.22)

In some cases18 Mapp turned out to be eleven times larger than . 
LS can be used to detect branched structures. In fact, one of the polymer

properties that can be extracted from the Zimm-Plot is the radius of gyration,
. Comparing it with  one can have a measure of the average degree

of branching.1

In the Dynamic Light Scattering method (also known as Photon Correlation
Spectroscopy),19,20 one measures the diffusion of macromolecular chains in
solution. The diffusion coefficient is related to the molar mass. The method
suffers a number of difficulties. Raw experimental data do not lend them-
selves to immediate interpretation and must be fitted using a model
MMD.19,20 Furthermore, Dynamic LS cannot be used to choose between a
unimodal MMD and bimodal MMD. In fact data are fitted using a model
MMD19 and the number of parameters to be fitted increases quickly, going
from unimodal to bimodal (a bimodal MMD requires finding the best fit of
six parameters).

2.2.2.2 Indirect Methods

Among conventional methods for determining MM averages and MMD,
indirect methods are those that measure a quantity (such as the elution
volume or the solution viscosity) which is related to the MM. Indirect meth-
ods need calibration. A set of polymers of known  and  is used for
this purpose.

2.2.2.2.1 Intrinsic Viscosity
In the viscometry method8–12,15 one measures the viscosity, η, of a polymer
solution at various degrees of dilution. The intrinsic viscosity, [η], of the
polymer-solvent system is obtained by plotting the quantity {C−1(η − η0)/η0}
vs. C (here η0 is the viscosity of the solvent and C is the concentration of the
polymer solution) and extrapolating the resulting curve to zero concentra-
tion. Then one applies the Mark-Houwink-Sakurada (MHS) equation:

 [η] = K ( )a (2.23)
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where  is the viscosity-average molar mass (defined above) and where
K and “a” are two constants that are peculiar for a given polymer-solvent
combination.15

Figure 2.4 reports the values of the constant “a” for different macromolec-
ular shapes. The values of “a” are in the range 0.5–0.8 for random coils. For
other shapes, such as rods, the “a” value is larger. The constants K and “a”
are determined by obtaining (usually by SEC fractionation) a series of poly-
mers (referred to as the calibrants) which possess different MM, a narrow
MMD, and the same structure of the polymer to be analyzed. K and “a” have
been tabulated for many polymer-solvent combinations.15

The method based on viscometry yields a single MM average, namely 
(see Eq. 2.4), and it does not give any hint of the polydispersity. Therefore
it cannot be used to discriminate a narrow MMD from a broad MMD nor a
unimodal MMD for a bimodal MMD. Another drawback is that the MHS
constants are not known for a large number of polymer-solvent combinations
and, in the case of condensation polymers the MHS constants are rarely
reported.15

When viscometry is applied to copolymers, a number of additional problems
arise. The MHS constants for copolymers are usually not known, and further-
more they change as the copolymer composition varies. When viscometry is
used to analyze branched and star-shaped polymers, it yields  values that
are systematically underestimated. In fact, the MHS constants for branched
and star-shaped polymers are usually not known,15 and when using the con-
stants K and “a” for linear chains one obtains erroneous values.

FIGURE 2.4 
The exponent “a” in the Mark-Houwink-Sakurada (MHS) equation [η] = K( )a for various
polymer conformations.
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2.2.2.2.2 Size Exclusion Chromatography
Size Exclusion Chromatography (SEC) uses columns packed with a porous,
inert material (with pore dimensions similar to the dimensions of the mac-
romolecules to be analyzed) which does not interact with the polymer.1–4,21–32

The SEC method is based on the fact that when a polymeric solution is in
the presence of a porous particle, smaller polymer molecules penetrate the
pores more deeply than the larger ones. 

The polymer solution is injected into a continuous stream of solvent that
is flowing through the column. Since the dimension of a macromolecule
reflects its molar mass, polymer molecules which possess low mass are eluted
by the flowing solvent at later times. Polymer solutions in the concentration
range 0.1–20 mg/mL are adopted. These are injected into the column and the
resulting chromatographic trace (i.e., the detector response as a function of
the eluted volume, Ve) , is recorded. 

The standard SEC apparatus is equipped with a solvent delivery system
and a differential refractive index (RI) detector, which measures the differ-
ence between the refractive index n of the solution eluted at volume Ve and
the refractive index n0 of the solvent. The detector’s response is proportional
to the weight of the polymer dissolved.1

Expanding the refractive index (n) in a Taylor series as a function of the
concentration C of the solution eluted at volume Ve, and neglecting the higher-
order terms of the expansion, one has:

n − n0 = αR C (2.24)

where αR is a shorthand notation1 for  the refractive index increment,
which depends on the wavelength and on the polymer type. 

The concentration C of the solution is proportional to the weight of the
polymer dissolved. This implies that the refractive index detector measures
the weight fraction of macromolecules. The molar fraction of macromole-
cules is not directly determined, and it must be derived by applying suitable
transformation algorithms.27 Examples of such transformation have been
reported in Section 2.1, when dealing with theoretical distributions. More
specifically Figure 2.2b reports the weight fraction for two model distribu-
tions, whereas Figure 2.2a reports the molar fraction.

 SEC is an indirect method of measuring the MM of polymers, since the
SEC trace provides only the elution volumes of the polymers, and these
elution volumes need to be converted into MM. In other words, the SEC
traces need mass calibration. It is generally observed that the mass (M) of
the macromolecules eluted at a given elution volume (Ve) decreases very
quickly as Ve grows. The relationship used is usually of the type:21

 log(M) = b0 − b1 Ve (2.25)

where b0 and b1 are two constants. It is experimentally observed that b0 and
b1 vary when the columns are changed and when the one switches from a
solvent to a different one.

dn
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------ 

 

©2002 CRC Press LLC



The method for measuring b0 and b1 is described schematically in Figure
2.5. A mixture of five or more polymer samples with the same repeat units,
possessing a narrow MM distribution and known mass (the so-called SEC
primary standards), is prepared. The mixture is injected in the SEC appa-
ratus and the resulting chromatogram (Figure 2.5) is recorded. Measuring
the elution volumes and plotting them against the logarithm of the mass
(Figure 2.5), the calibration line (Eq. 2.25) is obtained. Actually, the slope
b1 is relatively insensitive to the type of polymer injected, whereas b0

displays a more complex behavior, namely b0 changes from a polymer type
to another.22−25

 Figure 2.6 shows the calibration curves22 for poly(n-butyl methacrylate)
(PnBMA), poly(decyl methacrylate) (PDMA), poly(methyl methacrylate)
(PMMA), poly(tertbutyl methacrylate) (PtBMA). It can be seen that the lines
are almost parallel to each other, which implies that the slope b1 is approx-
imately constant, whereas b0 varies. The changes in b0 correspond to a change
in the molar mass, and they may be quite large. For instance, when tetrahy-
drofuran (THF) is used as a solvent, polystyrene (at a given elution volume)
has a mass that is about two times the mass of polycarbonate.23 It can be
concluded that every polymer has its own calibration line, corresponding to
a specific set of values for b0 and b1 in Eq. 2.25. 

When the polymer sample is monodispersed, straightforward applica-
tion of Eq. 2.25 leads to the MM determination. However, the most common
case is that of a polydispersed polymer, where the significant quantities
are the MM averages ( , ) and the MMD. The SEC trace contains
this information, but the process of extracting such information is more
complex.

FIGURE 2.5 
Construction of the calibration line for the SEC. 

w
ei

gh
t 

fr
ac

tio
n

lo
g(

M
)

5 10 15 20 25 30 35 40 45
elution volume

Mn Mw

©2002 CRC Press LLC



By inspection of the SEC trace, one finds the most probable molar mass,
Mp, i.e., the mass at which the trace takes its maximum (see Figure 2.1):

Mp = MAX(m Ni) (2.26)

where the symbols have the same meaning as above. The usefulness of this
calculation relies on the fact that if the sample’s polydispersity index is not
extremely large (say, it is smaller than 2.5), Mp falls very close to , and
hence a measure of this polymer property is obtained. In a second step, one
uses software (commercial packages are available), which receives the input
data (the elution volumes and the chromatographic trace) and gives as
output , , and the entire MMD.27

In fact, the software digitizes the SEC trace and transforms it into a series
of points. Each point corresponds to an elution volume and to an intensity
value (RI response). The elution volumes are then converted into masses by

FIGURE 2.6 
SEC calibration curves for PMMA, PDMA, PtBMA, PnBMA (reproduced with permission from
Ref. 22). 
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making use of the calibration parameters (Eq. 2.25) previously determined
for the specific polymer to be analyzed, and the SEC trace is calibrated with
respect to the molar mass.27 At this point, the calculation of  and  is
performed by the software using Eq. 2.1 and Eq. 2.2. 

SEC can be used to follow the polymerization processes. As the reaction
proceeds, the MMD of the sample varies and the SEC trace changes accord-
ingly.8–10 In a similar manner SEC can be used to follow depolymerization
processes.

Figure 2.7 reports the SEC traces of a polymeric sample subjected to partial
degradation in order to reduce its molar mass.26 The intact polymer (trace 1)
is eluted between 18 and 33 mL, whereas the partially degraded polymer is
eluted at higher volumes, namely in the range 25−42 mL and in the range
28−45 mL (20 and 24 hours methanolysis, respectively). In a similar manner,
the SEC trace for the intact polymer takes its maximum at Ve = 25 mL,
whereas in the SEC traces for the partially degraded polymer, the peak shifts
toward higher volumes, namely Ve = 32 mL and Ve = 33 mL.

2.2.2.2.3 The Universal Calibration Concept 
The reliability of SEC results strongly depends on the availability of a set of
polymers as known mass and narrow MM distribution, which possess the
same structure as the polymer of interest. However, a set of such calibration

FIGURE 2.7 
SEC traces of a polyester sample subjected to partial degradation in order to reduce its molar
mass (reproduced with permission from Ref. 26). 
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standards is often unavailable for each specific polymer. As an approximation,
some authors assume that b0 and b1 in Eq. 2.25 are constant, independent of
the polymer structure, and a common procedure is to use a mixture of poly-
styrene standards (which are easily available) to build an SEC calibration line
valid for any type of polymer. Unfortunately this assumption is rarely valid.

Figure 2.8 shows the SEC calibration lines for three polyesters, namely
poly(butylene succinate) (PBSu), poly(butylene adipate) (PBA), and poly
(butylene sebacate) (PBSe), along with a schematic representation of the
solvated coils formed by three polymers in solution.25 Taking coils of the
same MM (logM = 3.9 in Figure 2.8), the solvated coil of PBSu is seen to
have smaller dimensions with respect to the other two polyesters and there-
fore it is eluted at a later time, whereas for PBSe the solvated coil is bigger
and therefore it is eluted first. Furthermore, the solvated coil of PBAd has
an intermediate dimension and therefore it is eluted between PBSe and PBSu.

In order to solve this difficulty, a variant of the SEC method based on
the “universal calibration” concept is adopted.1,28 The method is based on
the discovery that flexible macromolecules with the same hydrodynamic
volume are eluted at the same time.28 The hydrodynamic volume of a chain
is the dimension of a hard sphere that has the same migration velocity as
the macromolecule in question, and it is in turn proportional to the product
[η]M.

The hydrodynamic volume is of particular relevance since a peculiar rela-
tionship between the mass, M, of the macromolecule and its elution volume,
Ve, is used, namely:

log([η]M) = Q0 + Q1 Ve (2.27)

FIGURE 2.8 
SEC calibration curves for PBSe, PBA, PBSu (reproduced with permission from Ref. 25).
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where [η] is the intrinsic viscosity of the sample, and Q0 and Q1 are “universal”
constants. It is experimentally observed that Q0 and Q1 vary when the
columns are changed, but they remain unchanged when going from one
polymer type to another.1,28

In this variant, one measures the intrinsic viscosity ([η]) of a series of
narrow distribution calibration standards (usually, anionic PS, PMMA, and
PEG). Thereafter, one injects them into the SEC apparatus, records the elution
volume (Ve) and plots the product [η]M vs. elution volume. The plot is called
“universal calibration” plot. Figure 2.9 shows a typical “universal calibra-
tion” plot, obtained28 using dozens of different polymers.

FIGURE 2.9 
Universal calibration plot (reproduced with permission from Ref. 28). 
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2.2.2.2.4 SEC of Non-Linear Polymers and of Copolymers 
When one injects a branched polymer into the SEC column, it will elute at
early times (with respect to its unbranched analog that possesses the same molar
mass). This is due to the fact that branched polymers are very compact. In
particular, the slope b1, which appears in the calibration equation (Eq. 2.25), is
large. Also cyclic oligomers elute earlier than do linear oligomers of the
identical type. 

Figure 2.10 reports the calibration lines for cyclic and linear polydimeth-
ylsiloxane (PDMS), respectively.17 It is quite evident that the intercept b0 for
rings is different from the intercept b0 for linear chains. For cyclic polymers
the theory is able to predict that the cyclic polymer (at a given elution
volume) has a mass that is about 1.25 times larger than the linear one, and
this has been verified experimentally for a number of polymers.16,17

In the experimental practice, SEC of copolymers is identical to that of
homopolymers, but some complications arise in the data-handling process.
First of all, the refractive index signal systematically underestimates the
abundance of one of the two repeat units.15 In fact, in this case (see Eq. 2.24)
one must take into consideration the refractive index increment for units Α
(referred to as αA) and the corresponding increment for units B (referred
to as αB) and in practice, the detector measures an apparent concentration,
CAPP, which differs15 from the true concentration by ∆C:

∆C = C − CAPP (2.28)

If αA > αB, then the abundance of B units will be underestimated. The above
relationship implies that the error in concentration estimation can be high,

FIGURE 2.10 
SEC calibration lines for cyclic PDMS and linear PDMS (reproduced with permission from
Ref. 17). 
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especially in those cases in which αA is much larger than αB or when αA is
a positive number and αB is a negative number.15

A second complication arises from the fact that mass calibration requires
some additional effort compared to homopolymers, since the elution volume
of chains having the same mass changes if the copolymer composition varies.
This is due to differences in the hydrodynamic volumes of two copolymer
chains with the same mass but a different ratio of A/B units. Furthermore,
calibration standards with narrow distribution, known composition, and
known  are often not available. 

These difficulties can be solved using a MALDI mass spectrometer as a
SEC detector; this topic will be discussed in Chapter 10, devoted to MALDI. 

2.2.2.2.5 Hyphenated SEC Methods 
Hyphenated methods use SEC apparatus equipped with two or three detec-
tors, mounted in parallel or in series.6,29–33 In the SEC/Intrinsic Viscosity method,
one places a viscometer after the SEC apparatus and records two traces,
namely, the RI response and the viscometer response.6,28 This technique
encounters some problems. For instance, the pistons of the solvent delivery
system cause systematic pressure drops that disturb the measurement. Fur-
thermore, it cannot be applied to samples with broad MMD (say with a
polydispersity index /  larger than 1.8–2.0). In fact, it has been shown
by computer simulation29 that for broad MMD samples, the time-lag between
the two detectors is overestimated, which implies that there is a discrepancy,
∆C, given by

∆C = Cvisc(Ve) − CRI(Ve) (2.29)

where Cvisc(Ve) and CRI(Ve) are the concentration profiles of the viscometry
detector and of the RI detector. This means that , , and the whole
MMD measurement are affected by an error. It has been shown that it is
possible to eliminate this error, but the proposed modification30 is quite
elaborate.

In the SEC/LS method, one places an LS equipment after the SEC appa-
ratus,6 thus recording the RI response and the LS response. The data from
the two detectors are processed and give as output , , and the entire
MMD. The method is quite popular and yields nice results for narrow MMD
samples. For broad MMD samples, the time-lag between the two detectors
causes a discrepancy, ∆C, given by

∆C = CLS(Ve) − CRI(Ve) (2.30)

where CLS(Ve) is the concentration profiles of the LS detector.6

Another drawback is that, for copolymers, the LS detector causes an error
in the mass calibration and the software is not able to correct it. The reason
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for incorrect mass calibration is that the LS detector measures an apparent
molar mass, Mapp, as discussed above.

 In the SEC/Evaporative method, one places an Evaporative Scattering
Detector after the RI detector. This method is gaining wide success, since it
quite reliable.22

2.2.3 Mass Spectrometric Methods of Molar Mass Measure

As discussed above, “conventional” methods for MM and MMD determi-
nation suffer from a series of limitations. It is therefore fruitful to look to
other devices and techniques, such as MS, where such limitations might not
be encountered. The MS method is based on the fact that ions strike the
detector and produce a current that reflects the number of ions. The number
of ions of mass M is proportional to the number of molecules at that mass,
which implies that the detector measures the molar fraction of molecules of
mass M. For polymers, one records the mass spectrum, tabulates MS peak
intensities and computes  and  using Eqs. (2.1) and (2.2). Further-
more, one can directly check from the whole spectrum if the MM distribution
is unimodal or bimodal.

 In the following we illustrate the straightforward application of the MS
method to various polymers.

Figure 2.11 reports the Field Desorption mass spectrum of an anionic
polystyrene sample34 with a narrow distribution. There are a series of mass
spectral peaks in the mass range 1000–9000 Daltons. In addition to singly
charged ions, doubly, triply and quadruply charged ions are also visible.
The peaks in the mass range 3000–8000 Daltons are due to ions of the type
H-(St)n-C4 . The authors obtained  and  using Eqs. (2.1) and (2.2).
The result was in good agreement with the value obtained by VPO and with
the value obtained by SEC. This represents a success, since it demonstrates that
polymers with narrow distributions can be analyzed by FD-MS.

Figure 2.12 illustrates the mass spectrum of a narrow-dispersed polysty-
rene sample recorded using a Secondary Ion Mass Spectrometer equipped
with a time-of-flight detector (TOF-SIMS).35 There are a series of mass spec-
tral peaks due to ions of the type H-(St)n-C4H9, Ag+ (silver was added as a
cationization agent). Equation (2.1) yielded  = 4550, which is within 8%
with the value  = 4964 obtained by VPO.

Figure 2.13 shows the mass spectrum of a polystyrene sample recorded
using an instrument equipped with a Direct Chemical Ionization (DCI) Ion
Source.36 The peaks are due to protonated ions. The authors obtained 
and  using Eqs. (2.1) and (2.2). The result was  = 3906 and  =
4090, which compares well with the values  = 3744 and  = 4142
obtained by SEC. DCI can be used for the analysis of narrow-distributed
samples in the range below 5 kDa. A series of PEG samples obtained by
anionic polymerization was analyzed using an instrument equipped with
an Electrospray Ion Source and an FT-ICR cell (ESI-FT),37 and  and 

Mn Mw

H9
+ Mn Mw

Mn
Mn

Mn
Mw Mn Mw

Mn Mw

Mn Mw

©2002 CRC Press LLC



FIGURE 2.11 
FD mass spectrum of a polystyrene sample (reproduced with permission from Ref. 34).

FIGURE 2.12 
TOF-SIMS mass spectrum of a polystyrene sample (reproduced with permission from Ref. 35). 
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data were derived from the mass spectra using Eqs. (2.1) and (2.2). The resulting
values were in agreement with  and  obtained by conventional meth-
ods, and they concluded that electrospray-FT is well-suited for the analysis
of anionic PEG samples.

 Figure 2.14 reports the MALDI-TOF mass spectrum38 of a polymethylmeth
acrylate with a narrow distribution centered at about 15000 g/mol. The mass
spectral intensities were used to compute  and  of the sample, and
these values were compared with the values obtained by osmometry, SEC,
and viscometry. The agreement is good and it further demonstrates the
usefulness of MS in the case of anionic polymers.

 Mass spectrometry is useful also in those cases in which the scope of the
analysis is not simply to measure  and  of the sample, but the deter-
mination of the entire MMD.39–43 For instance, in the case of polymers obtained
by Pulsed Laser Polymerization, the determination of  and  of the
sample is not the primary goal. In fact, one has to determine the point of
inflection Minf (see chapter on MALDI) and MS can be used for this purpose.
One plots the oligomer’s abundance against mass, then takes the second
derivative.38 The point at which the second derivative changes from negative
to positive is the point of inflection.

Also in the case of polymers made principally of cyclic molecules the deter-
mination of  and  of the sample is not the primary goal. In fact, one
has to determine the “trend” followed by the MMD and whether the abun-
dance of cyclic molecules changes as the ring size grows.16,17 MS can be used
for this purpose, by fitting the logarithm of the abundance against log(n) and
fitting the points with a straight line. The slope of the line is the exponent.44

Although any ionization technique may be used, most of the investigations

FIGURE 2.13 
DCI mass spectrum of a polystyrene sample (reproduced with permission from Ref. 36). 
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on cyclic oligomer distributions have been performed by FAB-MS, and there-
fore the topic is discussed in Chapter 7.

 The analysis of polydisperse polymers by MS methods poses some prob-
lems that have been only recently solved. Polydisperse polymers (including
many industrial polymers) are made of a mixture of macromolecular chains
that have quite different sizes, ranging from dimers and trimers, up to chains
with thousands of units. Using MS methods, all the oligomer chains can be
ionized, but the ratio between the number of ions of a given size and the
number of molecules of that size (i.e., the ion yield as a function of chain size)
is not constant. Actually, the ion yield decreases with chain length, implying
that Eqs. (2.1) and (2.2) cannot be reliably used to compute  and .

Therefore, in the case of polydisperse polymers, the usual method cannot
be applied and a modified method must be adopted. The variant will be
discussed to some extent in Chapter 10 (MALDI-TOF MS), and therefore only
a brief account is given here. It consists in fractionating polydisperse polymers
by SEC and collecting the fractions. These fractions, which possess a narrow
MMD, are then analyzed by MALDI-TOF MS and the MM averages of each
fraction are computed. Since the fractions are monodispersed, ion yield
problems do not exist, and the MM values thus obtained are correct. When
the  of each fraction is plotted vs. the corresponding SEC elution volume,
an accurate calibration for the chromatogram is obtained. The trace and the
calibration are fed into the SEC software that yields as an output  and

 of the polymer.

FIGURE 2.14 
MALDI-TOF mass spectrum of a PMMA sample (reproduced with permission from Ref. 38).
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2.3 Structure and End-Groups 

Polymers can display a variety of structures, including linear and branched
chains, copolymers with different sequences, and star polymers with different
numbers of arms. Due to the variety of possible structures, the process of
analyzing a polymer has to answer several questions and proceeds by steps.

The first step deals with the determination of the chemical structure of the
backbone. The second step consists in finding out if the chains possess
branching points and in the determination of the degree of branching. The
third step involves finding out which end-groups lie at the chain ends. The
last step entails detecting the cyclic oligomers that may be present in a linear
(or branched) polymer sample. Using MS for elucidating the polymer struc-
ture, one can obtain the chemical structure of the backbone and detect the
end-groups and the cyclic oligomers, all at one time. In fact, polymers pos-
sessing different structures yield mass spectra that are different for the posi-
tion (mass numbers) at which MS peaks appear. 

2.3.1 Structure Determination

The polymer structure determination consists in finding out the chemical
units that constitute the backbone and the type of chemical bonds linking
the monomers together. Elemental Analysis yields the empirical formula of the
polymer. However, it does not allow guessing the structural formula (there
are many possible compounds that possess approximately the same empir-
ical formula).

MS can be applied to structure analysis and polymer identification, since
the mass spectrum of a polymer possesses “characteristic” peaks that are pecu-
liar to a polymer structure.45,46 The determination of polymer structure by
MS can be performed also on insoluble and intractable samples. This is a
particularly attractive feature of MS, since it is more versatile than other
techniques that strictly require sample dissolution. Often one records the
mass spectrum of the polymer using an instrument equipped with a hard-
ionization source such as electron impact (EIMS) or secondary ion (SIMS)
source operated at high energy. Hard-ionization produces ion fragments
and fragmentation patterns that are usually highly specific for a polymer
type and therefore are useful for determining the polymer structure.
Recently, it has been shown47,48 that the post source decay (PSD) MALDI
mass spectrum of the polymer may display fragmentation patterns very
similar to those seen in EI. Thus PSD can be useful in finding out the
structure of the repeat unit.

Furthermore, mass spectra of two polymers possessing different repeat units
will produce widely different mass spectra, since the spacing between peaks
will be different. Thus, in poly(ethylene glycol) the spacing is 44.05 g/mol., in
poly(lactic acid) the spacing is 72.1 g/mol., in poly(dimethyl siloxane) the
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spacing is 74.1 g/mol., in poly(ethylene terephthalate) the spacing is 196.2
g/mol., in poly(butylene terephthalate) the spacing is 220.2 g/mol. This pecu-
liar feature of polymer mass spectra can be used for polymer identification
(see Chapters 5 and 8). In some cases, soft-ionization techniques can be useful
for structure elucidation and polymer recognition. 

The method, referred to as “high resolution MS” or “atomic composition
MS,” has been developed to identify small molecules. First, one records the
MS of the sample and measures the mass of the ions with high accuracy
down to the third (and even to the fourth) decimal digit. Thereafter one
generates (preferably by an isotope calculation program) the masses of all
compounds CxOyNwHz, where x, y, w, z are integers, until the generated mass
coincides with the observed mass.50

Double-focussing magnetic sector mass spectrometers were originally
used (and are still used) for “atomic composition” analysis. Spectrometers
equipped with a high-field magnet FT-ICR ion selector are nowadays also
used for such kind of measurements. The instrument has a very useful option
(narrow band detection) that allows recording a small portion of the spec-
trum (a width of few Daltons) at high resolution, so that one can apply the
“atomic composition” method.50 Various examples (see Chapter 9) can be
found of mass spectra of polymers recorded on a high-field magnet FT-ICR
instrument.

“Atomic composition” MS becomes less definitive at higher masses. This
is due to the fact that the number of formulas that yield masses close to the
measured mass increases dramatically as the ion mass increases.

Discriminating branched and star polymers from linear ones is sometimes
possible using MS. A typical limitation occurs in the case of polyolefins,
where MS is of little help since branched and linear polyolefins have the
same mass. However, when the polymers possess end-groups different from
hydrogen atoms, and the spectra are mass resolved, the mass of branched
polymers differs from linear ones. In fact, trifunctional (or multifunctional)
units have different masses than the corresponding linear polymer (this
circumstance often occurs in grafted copolymers). Figure 2.15 shows the
MALDI-TOF mass spectrum of a commercial polyester49 produced from a
dicarboxylic acid (1−4 ciclohexane dicarboxylic acid), a diol (neopentylglycol),
and a triol (trimethylolpropane). The peaks due to branched chains are
indicated by a star.

Discriminating branched and star polymers from linear ones can always be
achieved by measuring the properties in dilute solution. In fact, molecules
having the same molar mass but different macromolecular architectures exhibit
different transport and light scattering properties. More specifically, a branched
macromolecule is more compact than a linear molecule having the same molar
mass, and therefore it will display less friction and will diffuse more easily in
the solvent. Viscometry can be used to detect branched structures, since the
Mark-Houwink-Sakurada exponent (Eq. 2.23) for branched and star-shaped
polymers is lower than that for the corresponding linear chain. Unfortunately,
in order to measure the difference, one must have a sample made exclusively
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of linear chains, which may be of limited availability. Furthermore, the deter-
mination of the MHS exponent may be labor intensive, since it may imply using
narrow polymer fractions obtained by fractionation.

LS can be used to detect branched structures. In fact, one of the polymer
properties that can be extracted from the Zimm plot is the radius of gyration,1

. Comparing  to  can provide a measure of the average degree of
branching.13

MS can be used to characterize hyperbranched polymers and dendrimers,
since it is able to discriminate between acyclic and cyclic hyperbranched
polymer chains, and it enables the investigator to follow the various stages
of dendrimer growth.51–56

2.3.2 End-Group Determination

End-group identification, including species present to minor amounts in a
polymer sample, is so crucial in polymer analysis that its importance cannot
be overemphasized. Knowledge of the structure of chain end-groups may
yield indications on the synthetic process, and it is essential for performing
chemical modifications of the polymer structure by further reactions. 

FIGURE 2.15 
MALDI-TOF mass spectrum of a commercial polyester which is made of a mixture of linear
and branched chains. The peaks due to branched chains are indicated by a star (x) (reproduced
with permission from Ref. 49). 
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 Determining the amount of end-groups in a polymer sample leads to the MM
estimate. Wet chemistry methods can be used for end-group quantitation.2–4

For instance, carboxyl end-groups content can be measured by conducto-
metric titration, amino end-groups can be estimated by reacting the polymer
with 2,4-dinitro-fluorobenzene and then recording the UV-visible spectrum
at two different wavelengths.2,3 However, wet chemistry methods are time-
consuming, are specific for one particular kind of end-group, and are limited
to low MM. 

The NMR technique7 is very often used for end-group determination. The
method is quite general because it does not depend on a particular kind of
end-group, although the detection of OH end-groups often presents a prob-
lem in 1H-NMR.

However, NMR determination of end-groups is limited to low MM. As
the size of the macromolecular chain increases, the signal due to the polymer
backbone becomes larger and larger and the intensity of the signal due to
end-groups in the NMR spectrum becomes buried in the noise. 

Another disadvantage of NMR is that cyclic oligomers do not have end-
groups, and therefore only the polymer backbone signal is seen in the NMR
spectrum. This causes errors in the MM determination by NMR as well.

 Mass spectrometry is able to look at the mass of individual molecules in
a mixture of homologs, and therefore it is specifically suited for end-group
analysis. In fact, the latter has been one of the most popular applications of
MS to polymer analysis, and it can be carried out virtually with any MS
ionization technique (see Chapters 4, 6, 7, 8, 9, and 10). 

The general structure of the ions detected by MS is of the type:57–60

 G1-AAAAAAA-G2 … C+

where G1 and G2 are end-groups, C is a proton or a cation, and A is the
repeat unit. 

End-group determination by MS is done as follows. One considers the
mass number of one of the MS peaks, subtracts the mass of C, then subtracts
many times the mass of the repeat unit, until one obtains the sum of the masses
of G1 + G2. Linear best-fit can also be used to find the sum of the masses of
G1 + G2. As a simple example, Figure 2.11 is the FD spectrum of a polystyrene
sample. The individual peaks are molecular ions (M+), and the repeat unit
is C8H8, with a mass of 104.15 Da. If one subtracts an integral number of
monomer units from the observed molecular ion, a “residual” mass of 58 Da
is obtained (e.g., 4849 − 46 × 104.15 = 58). This represents the sum of the end-
group masses. A mass of 58 Da is consistent with a butyl group on one end
of the chain and a hydrogen on the other: H-(St)n-C4H9. In this instance, the
polymer was prepared anionically using n-bytyl lithium.

One should note that the lowest residual mass (in this case 58 Da) is not
necessarily the correct sum of the end-group masses. That is, in principle
the sum of the end-group could be 58 Da plus one or more monomer units

©2002 CRC Press LLC



(58, 162, 266 Da, etc.). One may need additional information to elucidate the
correct end-groups; for example, other spectroscopic or chromatographic
data and/or a knowledge of the synthetic procedure that was used.

Synthetic polymers are often made of a mixture of chains with different
end-groups (polymers with end-group heterogeneity), and it is of interest to
establish the relative abundance of each species. 

In the case of high molar mass oligomers, the weight of the end-group is
small with respect to the weight of the oligomer and therefore the number
of ions is approximately proportional to the relative abundance of chains
with different end-groups, therefore allowing a quantitative estimate.

For instance, Figure 2.16 reports the MALDI mass spectrum of a PEG
sample terminated by fluorescent end-groups.48 It displays a large number

FIGURE 2.16 
MALDI mass spectrum of a PEG sample with different types of end-groups (reproduced with
permission from Ref. 48). 
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of peaks in the mass range 3000–5500 Da. The inset reports an expansion of
the mass region 3800–3920 Da. Some peaks (S1 and S2) are due to PEG chains
terminated with one fluorescent group, whereas other peaks (D) are due to
PEG chains terminated with two fluorescent groups. This evidence demon-
strates that 76% of the chains are doubly labelled.48 The PEG sample was
also analyzed by SEC equipped with a double detector (RI and UV), and
the inspection of the trace48 allowed the conclusion that 80% of the chains are
doubly labeled. 

In other cases, the number of ions does not reflect the relative abundance
of the species, because a “selective suppression” phenomenon is occurring
at the sample surface.61,62 In such cases, different species are competing for
space at the sample surface and some species are able to suppress the pres-
ence of others. This phenomenon has been observed, for instance, in the FAB
mass spectra of exactly alternating copolyesters,61 and in the MALDI mass
spectra of a mixture containing polyether chains with and without fullerene
in the main chain.62

Sometimes Tandem Mass Spectrometry46–49 is used to analyze polymers that
possess two different end-groups attached to the same chain. The MS/MS
spectrum of the polymer then displays a series of peaks due to ion fragments
that have experienced the loss of a segment containing one end-group, mixed
to peaks due to fragments that have lost a segment containing the other end-
group. By the analysis of the MS/MS spectrum, one may recover the sum of
the masses of both end-groups and the individual mass of each end-group. 

2.3.3 Stereoregularity

Stereoregularity is a feature of many synthetic and natural polymers. Among
natural polymers, polysaccharides, proteins and nucleic acids are examples
of stereoregular polymers. As far as synthetic polymers are concerned, ste-
reoregularity is usually obtained in condensation polymers using optical
active monomers that maintain their chirality along the macromolecular
chain. In addition, polymer stereoregularity is achieved by controlling the
reaction of double-bond opening (or of ring opening) in the monomers
(stereoselection). Chains may possess different tacticity, being named isotac-
tic or syndiotactic, or lack stereoregularity, being atactic. Stereoregularity is
a different property from structural regularity. In fact, the repeat units in
vinyl or olefin polymers may be connected in a head-to-tail mode (HT-HT)
or in a head-head-tail-tail mode (HH-TT). When both type of connections
are present along the same polymer chain, the polymer is said to be struc-
turally irregular. 

NMR is the method of choice to determine polymer stereoregularity,7

whereas MS is notoriously not sensitive to this property. In the case of
homopolymers, the application of NMR analysis to determining the stereo-
sequences is straightforward. 
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For copolymers, instead, the analysis of the stereosequences is often com-
plicated by the effect of copolymer sequence distribution. In these cases, a
parallel MS investigation of the copolymer sequence distribution by MS (see
Section 4) may be of help. MS is insensitive to the stereosequence, but it
provides independent information on the sequence of the comonomer units,
and this knowledge can be used to help interpret the NMR spectra.

Py-GC/MS is the only MS technique capable of yielding information on
the stereoregularity of polymers. In the Py-GC/MS technique (Chapter 3),
the polymer is partially pyrolyzed, and the products are then injected into
a gas chromatography (GC) column using a carrier gas. The gas-liquid
retention mechanism is such that short oligomers (dimers, trimers, tet-
ramers) flow through the column in less time than long oligomers. The
retention time also depends on the stereoregularity of the oligomers. At
the end of the column, a detector measures the relative abundance of each
stereo-oligomer.

2.4 Copolymer Composition and Sequence 

Sequencing monomer distributions, determining the composition of copol-
ymers, and relating them to material properties is one of the most common
demands posed to polymer analysts. The concept of copolymer sequence
may have a double meaning. In fact, in proteins, nucleic acids, and other
biopolymers, the comonomer units are aligned into a well-determined
sequence that is constant for each copolymer chain contained in a specific
material. The sequence of amino acids in a protein is invariant, and it is
usually called the “primary” structure of the protein.

In constrast, for synthetic copolymers (with 2, 3, or more components), the
sequence of comonomer units present in each copolymer chain is no more
constant. Furthermore, we can define only an average sequence length of
alike monomers for these synthetic materials. Chain statistics quantities,
such as the probability matrices (average number of identical repeating
units) that are related to composition, to mechanism of copolymerization,
and to reactivity ratios are useful in order to deal with this average copoly-
mer sequence. 

In the early 1940s when the polymerization theory was developed, the
ideal, terminal, and penultimate models for the copolymerization were estab-
lished; also the possible distribution laws for the monomer sequence along
the copolymer chains were defined: Bernoullian, first- and second-order
Markoffian.63,64

In a Bernoullian distribution the sequence of comonomer units is com-
pletely random, since all the comonomers enjoy the same probability of being
added to the growing chain. In the Markoffian distribution the probability of
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being added to the growing chain is in favor of one of the comonomers, and
therefore block or segmented copolymers are generated.

The kinetic approach63,64 was the first to provide insights into the copoly-
mer sequence, then modern NMR analysis provided a direct access to deter-
mine copolymer sequence by associating peak intensities to specific sequence
probabilities in the Bernoullian or Markoffian statistics.65–88 Both NMR65–88 and
MS89–137 techniques allow determining the key chain statistics quantities as
the molar fraction of A and B units in the copolymer, and the average number
of alike adjacent repeating units. While NMR is an extremely powerful
method, it cannot handle all the structural problems. For instance, the char-
acterization of sequence arrangements in aliphatic condensation polymers
having large comonomer subunits is not easily handled by current NMR
methods, which otherwise proved of general utility in the case of vinyl,
olefin, and diene copolymers.70–80

Determination of copolymer sequence by MS, meant to complement the
information obtained from NMR, is a most desirable step toward mastering
this problem, and this task has been recently accomplished.114,115 It is now
possible to calculate the copolymer sequence starting from the experimental
mass spectra,100–119 analogous to what is currently done in the case of NMR
spectra.65–88

The analysis of copolymers is more complex compared to the analysis of
homopolymers, since one has to determine the “usual” quantities (MM and
MMD averages, structure of the repeat units, branch points, end-groups),
plus additional quantities. These are: (i) the average molar fraction of A and
B units in the copolymer; (ii) the number average length of A and B blocks;
(iii) the variation of copolymer composition as the molar mass of the
macromolecular chain grows (usually called “composition drift”); (iv) the
weight of copolymer chains which possess a given mass and composition
(referred to as the “bivariate distribution” with respect to molar mass and
composition).

If one knows the polymerization process used to produce a copolymer,
one can use the theory to predict the molar fraction of a given sequence in
the resulting copolymer. When the copolymerization method varies, a dif-
ferent sequence distribution is to be expected. 

The sequence distribution followed by copolymers obtained by conden-
sation polymerization is that of Bernoulli statistics,65–67 which produces
random copolymers. In the Bernoulli distribution there is only one inde-
pendent parameter, namely cA (or cB, since cA + cB = 1), which represents the
molar fraction of A in the copolymer. The molar fraction of a specific
sequence AnBm is given by (cA)n(cB)m, i.e., the product of cA (taken “m” times)
and cB (taken “n” times), where m and n are the number of times A and B
appear in the sequence. The number average lengths of like monomers are
given65–67 by:

= 1/cB = 1/cA (2.31)nA〈 〉 nB〈 〉
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Copolymers with three and four components contain oligomers of the type
AmBnCp, AmBnCpDq, respectively, where m, n, p, q are the numbers of each unit
in the molecule. If the copolymer is obtained by condensation copolymer-
ization, it follows Bernoulli statistics and the molar fraction of the sequence
A3B8C4 is (cA)3(cB)8(cC)4. Furthermore, the number average lengths of like mono-
mers are given by:66,67

 = 1/(1 − cA) = 1/(1 − cB) = 1/(1 − cC) (2.32)

Block copolymers are produced when an anionic initiator is first reacted
with monomer A and a homopolymer segment is formed. Then a second
monomer B is added and the chain continues growing through the addition
of the second monomer. This type of reaction is called “living copolymeriza-
tion,” since the chain propagation occurs without termination.63 Varying the
initiator to monomer ratio, one can regulate the block lengths.63,64

The conventional free radical copolymerization at low conversions yields
copolymers that follow a first-order Markoff distribution.65–67 According to
this model, the sequence distribution of a two-component copolymer is com-
pletely defined when the four elements PAA, PAB, PBA, PBB of the probability
matrix (P-matrix) are determined.65–67 The P-matrix elements vary between
0 and 1, and are related by the following conditions:

PAA + PAB = 1 PBA + PBB = 1 (2.33)

The copolymer composition, cA, associated with P-matrix elements is

cA = PBA/(PBA + PAB) (2.34)

The molar fraction of a sequence is given by a recursive formula,65–67 which
makes use of P-matrix elements. For instance the molar fraction of the
sequence BAABA is: cB PBA PAA PAB PBA. It can be shown that the number average
lengths of like monomers are given65–67 by:

 = 1/PAB = 1/PBA (2.35)

In the copolymerization reactions, the affinity of the free radical growing
chains for monomers A and B may be substantially different, and therefore
the composition of the resulting copolymer may differ from the A/B ratio used
in the feed. When one has copolymer samples for which the A/B ratio in the
feed is known, one can determine the reactivity ratios (r1, r2).

63,64 Reactivity
ratios regulate the copolymer composition as a function of the relative
amounts of the comonomers in the reaction feed.63,64

The chain statistics method65–87 to determine the reactivity ratios is based
on the fact that the P-matrix elements are related to the molar fraction of

nA〈 〉 nB〈 〉 nC〈 〉

nA〈 〉 nB〈 〉
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A units in the feed, fA, as follows:

PAA = fB/( fA + fB/r1) (2.36)

PBB = fB/( fB + fA/r2) (2.37)

The above equation can be rewritten as:

r1 = ( fB/PAB − fB)/fA (2.38)

and can be used to determine the reactivity ratios associated with the copo-
lymerization of common monomers, for instance methyl methacrylate
(MMA) and butyl acrylate (BA).84

The measurement of reactivity ratios is important from a practical point
of view, since it allows knowing which feed must be used to synthesize
copolymers with a given composition. If the copolymerization reaction is
carried out up to high conversions, one must take into consideration that
one monomer is consumed more quickly than the other, and the feed com-
position varies as the conversion increases. 

The overall copolymer composition is obtained by integrating the instanta-
neous composition over conversion.63–67,70–87 Figure 2.17 reports an illustrative
calculation for acrylonitrile/butadiene copolymerization at high conversion.
At low conversions, the molar fraction of acrylonitrile in the copolymer is
about 0.5 and differs considerably from the molar fraction of acrylonitrile in
the feed, which is about 0.8. As the conversion increases, the molar fraction

FIGURE 2.17 
Acrylonitrile/butadiene copolymerization at high conversion. Expected molar fraction of acry-
lonitrile in the copolymer (trace1), molar fraction of acrylonitrile in the feed (trace2), and molar
fraction of butadiene in the feed (trace3).
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of butadiene in the feed falls and becomes vanishingly small. The feed
becomes richer and richer in acrylonitrile, and the copolymer composition
drifts slowly toward higher acrylonitrile contents. At 100% conversion, the
molar fraction of acrylonitrile in the copolymer reaches the value of about
0.8, coincident with the initial composition of the feed.

Copolymers can also be obtained by allowing macromolecules to react.86,87

Considerable interest has arisen in the reactive blending of polyamides,
polycarbonates, polyesters (and also combinations of the above) and in the
exchange reactions that may occur during the melt mixing processes.86,87 The
exchange reactions leading to the formation of copolymer molecules from
two homopolymers can be seen as the result of two consecutive processes.
First is the formation of the copolymer from homopolymers by intermolec-
ular exchange, and then rearrangement of the copolymer (by intramolecular
exchange) to a different sequence of A and B units along the copolymer chain:

 -A-A-A-A + -B-B-B-B- → A-A-A-A-B-B-B-B- (2.39)

 -A-A-A-A-B-B-B-B-B- → -A-B-B-A-A-B-B-A-B- (2.40)

A copolymer sample produced by reactive blending of two homopolymers
is made of three components: the two homopolymers and the copolymer
formed. As the reaction goes on, the two homopolymer sequences disappear
and the copolymer sequences become abundant. 

 Kotliar86 developed a model for this exchange process. He showed that
 and  decrease as the process goes on. In the later stages, the sequence

distribution exhibits a change, namely it goes from Markoffian to Bernoul-
lian.86 The extent of exchange, EE, is defined as :

 EE = PBA + PAB (2.41)

One can obtain EE by measuring the value of the P-matrices PBA and PAB.
In the initial stages the EE value is close to zero, then it grows and, at the
final stages, it may reach the value one. 

Another interesting case85 is the ring-opening copolymerization of lactones
(AA) and depsipeptides (AB), where the feed is made of AA and AB struc-
tures. At first glance, the copolymerization should lead to a random copol-
ymer, but this is not the case. Schematically, the reaction is:

 AA + AB → (AA)X(AB)Y (2.42) 

This copolymerization reaction is peculiar, since the synthetic route
adopted to produce the copolymer is such that the abundance of the triad
ABB and of the pentads BBBAB, BBABA, ABABB, BBABB is zero, and there-
fore the Bernoullian distribution is not followed.122

nA〈 〉 nA〈 〉
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2.4.1 Mass Spectrometric Methods

Mass spectrometry is able to look at the mass of individual molecules in
a mixture of homologs, and this is of great advantage in copolymer analysis.
Mass spectra of copolymers often display a large number of peaks due to
the different oligomers. It is generally observed that the number of peaks
in the mass spectrum increases as the number of different repeat units
grows, and the number of peaks increases as the size of the copolymer chain
becomes longer and longer. Figure 2.18 shows the number of MS peaks that
are expected in the mass spectrum of different copolymers, namely for a
random copolymer containing four different units (trace 1), for a random
copolymer containing three different units (trace 2), for a random copolymer
containing two different units (trace 3), for a block copolymer containing
two different units (trace 4), for a sequential copolymer of the type (ABCD)n

(trace 5) and for an alternating copolymer of the type (AB)n (trace 6). From
Table 2.2 it can be seen that we expect 5 tetramers and 6 pentamers in a
random AB copolymer. On the other hand, we expect 15 tetramers and
21 pentamers in an ABC copolymer and 35 tetramers and 56 pentamers in
an ABCD copolymer.115

The intensities of the peaks appearing in the mass spectrum of a copolymer
are directly bound to the relative abundance of oligomers present in the copol-
ymer. Therefore, MS peak intensities can be used to determine the copolymer
composition, provided that the ionization method used to desorb and ionize
these oligomers does not produce significant ion fragmentation.118 A certain
extent of ion fragmentation actually occurs in nearly all the MS techniques
(Chapter 1). However, if the extent of ion fragmentation is independent of the
oligomers molar mass (at least within the short mass interval used for the

FIGURE 2.18 
Number of peaks expected in the mass spectrum vs. the length of the chain for various types
of copolymers. 
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measurements; see below), the determination of the sequence in copolymers
can be successfully carried out by MS.115–133 Meeting this essential condition
means that the intensities of the peaks appearing in the mass spectrum reflect
the relative abundances of the oligomers present in the copolymer.

 After recording the mass spectrum of the copolymer, one finds an assign-
ment for each spectral peak. Usually this task is done by hand, although com-
puter programs are available to automatically find MS peak assignment89

and to determine the isotopic distribution.121,122

Once the table of assignments is generated, one may give a quick glance to
the most intense peaks in the mass spectrum and derive a gross estimate for
the copolymer composition. Figure 2.19 shows the mass spectrum of the
cluster due to oligomers with 40 repeat units, related to a 70/30 AB random
copolymer. The most intense peaks in the mass spectrum are A30B10, A29B11,
A28B12, A27B13 and A26B14, which possess associated compositions of 75/25, 73/
27, 70/30, 67/33, 65/35, respectively. Thus the copolymer composition falls
between 65/35 and 75/25, the most probable value being 70/30. The method
is extremely attractive for its simplicity.

If one knows that the sample under consideration is a block copolymer, then
assignment of the MS peak is revealing, in the sense that it shows the sequences.
This is due to the fact that in a block copolymer AmBn means a block of “m”
consecutive units of A followed by a block of “n” consecutive units of B. In
this case, the method also yields the number average lengths of like mono-
mers  and :

= cA /m (2.43)

= cB /m (2.44)

where “m” is the average between the masses of the two repeat units. 

TABLE 2.2

Number of Peaks Corresponding to Specific Oligomers 
in the Mass Spectra of Random Copolymers

Oligomer  AB  ABC  ABCD ABCDE

Dimers  3 6 10 15
Trimers  4 10 20 35
Tetramers  5 15 35 70
Pentamers  6 21 56 126
Hexamers  7 28 84 210
Heptamers  8 36 120 330
Octamers  9 45 165 495
Nonamers  10 55 220 715
Decamers  11 66 286 1001
11-mers  12 78 364 1365
12-mers  13 91 455 1820
13-mers  14 105 560 2380
14-mers  15 120 680 3060
15-mers  16 136 816 3876

nA〈 〉 nB〈 〉

nA〈 〉 Mn

nB〈 〉 Mn

©2002 CRC Press LLC



Two general methods have been developed for the determination of copol-
ymer composition and sequence, namely a method which uses a combination
of mass spectral intensities106,115,116 and the chain statistics approach.115,117,121,131

In the approach based on a combination of MS intensities one computes
the average copolymer composition (molar fraction of A units in the copol-
ymer), cA:

cA = (1/Y1)  (2.45)

where Y1 is ΣΣ(m + n)I(AmBn), the summations are over m and n, I(AmBn) is
the mass spectral intensity of the oligomer AmBn. The above equation is
referred to as the “composition estimates” equation.115,116

FIGURE 2.19 
Expected mass spectrum of the cluster due to oligomers with 40 repeat units, related to a 70/30
AB random copolymer. 
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Table 2.3 reports the composition estimates equations for monomers, dimers,
up to tetramers and it can be seen that the numerator has “s” terms whereas
the denominator has “s + 1” terms. The composition estimates for ABC and
ABCD copolymers (copolymers with three and four components), are reported
elsewhere.115

This approach has also been used to estimate composition heterogeneity
in low MM copolymers.117–119 The process is comprised of two steps. In a first
step, one computes the “composition estimates,” , , , , , ,…,
which represent the molar fraction of A units in all oligomers of size 1, 2, 3,….

(2.46)

where I(AmBn) is the mass spectral intensity of the oligomer AmBn, and where
the summation is over m and where δm+n is equal to 1 when the size of the
oligomer is (m + n) and δm+n is equal to 0 otherwise and where Y2 is Σ (m + n) ×
I(AmBn) δm+n. Thereafter, one plots  vs. chain size (s). In this way, one can
directly determine if the copolymer composition is homogeneous by meas-
uring how the composition varies as the chain length grows. 

The second method, based on chain statistics, has been widely applied to
the analysis of copolymers (see Section 2.4.2). It consists in fitting the
observed mass spectral intensities with the intensities derived from model
sequence distributions. The relative abundance of all the oligomers of a
defined chain length (dimers, trimers or higher oligomers) reflects the com-
position and monomer sequence present in the copolymer.113–117 Thus, the
estimate of sequence might be done restricting the analysis only to one group
of oligomers. Of course, it is good practice to take the average of the single
estimates (see below), and to keep in mind that higher oligomers are much
more sensitive to subtle sequence differences.115–122

When using a spectroscopic technique to obtain the copolymer sequence
and composition, the essential step is to generate a theoretical spectrum, to be
compared with the experimental one. The chain statistics approach allows dis-
criminating among different sequence distribution models.113–117 The process
is described in Table 2.4. For each copolymer composition, an arrangement

TABLE 2.3

Composition Estimates for an AB Copolymer

Oligomers Symbol Formula

Monomers

Dimers

Trimers {3I(A 3) + 2I(A 2B) + I(AB 2)}/
{3I(A 3) + 3I(AB 2) + 3I(A 2B) + 3I(B 3)}

Tetramers

c1
A I A( ) I A( ) I B( )+{ }⁄

c2
A 2I A2( ) I AB( )+{ } 2I A2( ) 2I AB( ) 2I B2( )+ +{ }⁄

c3
A

c4
A

4I A4( ) 3I A3B( ) 2I A2B2( ) I AB3( )+ + +{ } ⁄
4I A4( ) 4I A3B( ) 4I A2B2( ) 4I AB3( ) 4I B4( )+ + + +{ }

cA
1( ) cA

2( ) cA
3( ) cA

4( ) cA
5( ) cA

6( )

cA
s( ) 1/Y2( ) mI AmBn( )δm+n∑=

cA
s( )
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of comonomer units along the chain is generated, according to a predefined
model. Starting from any sequence, a theoretical spectrum can be generated,
based on the assignment of each mass peak to a set of sequential arrange-
ments of monomers. 

 The quantity to be minimized is the agreement factor (AF):

(2.47)

where Iexpe and I(AmBn) are the experimental and the theoretical molar fraction
of copolymer chains of the type AmBn and where the summation spans over
all mass spectral peaks considered. The best-fit minimization procedure
follows the scheme described (the parameters of the model are varied iteratively
until convergence occurs), and yields copolymer composition and sequence.
Following this iter, one records the spectrum, selects a model, compares the
experimental and theoretical intensities, performs a best fit minimiza-
tion,115–122 finds the minimum, and writes down the result. Then one selects
a different model, finds the minimum, and writes down the result. At the
end, one selects the model that gives the best result.

 A problem frequently encountered in copolymer analysis is that the MS
peaks can be assigned to two or more isobaric structures. In this case, the
peak intensity experimentally observed comes from several contributions.
An automated procedure to find composition and sequence of the copoly-
mers analyzed has been developed to cope with this problem of determining
the sequence of copolymers when a mass spectroscopic peak has a multiple
structural assignment.113–117

TABLE 2.4

Modeling Process Based on Chain Statistics

1. Choosing Distribution Models:

If one considers a number of different distribution models, the oligomers’ abundances
can be generated according to the selected model (Bernoullian, Markoffian 1° and
2° Sequential).

2. Generating Theoretical Spectra:

Theoretical spectra corresponding to a specific copolymer composition and sequence
can be generated by assuming that peak intensities reflect relative oligomers’
abundances.

3. Iteration and Best Fit Minimization

The experimental spectrum is obtained. A series of theoretical spectra are originated
and, by comparing the experimental peak intensities with those calculated for a
specific model, the most likely copolymer sequence and composition can be
determined.

AF I AmBn( ) Iexpe–[ ]2{ }/ Iexpe[ ]2∑∑
 
 
 

1/2

=
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Monte Carlo simulation represents an alternative approach to generating
a macromolecular chain of infinite length, having a sequence of comonomer
units along the chain.136,137 In this method, once a theoretical sequence (called
“linear strip”) has been generated, one may simply count the type and
frequency of oligomers present in the linear strip and compare them with those
deduced from the experimental mass spectrum of a copolymer sample.136,137

Generating a series of linear strips by the Monte Carlo method, and matching
them with the experimental spectra, is much more complex as compared to
using the chain statistics models. In spite of this, the Monte Carlo method
has distinct advantages in certain cases.136,137

The Bernoulli statistics predict114,115 that the molar fraction, I(AmBn), of the
oligomer AmBn is given by:

I(AmBn) = {(m  + n)!/[(m)! (n)!]} (cA)m(cB)n (2.48)

where cA and cB are the molar fractions of A and B units. The above equation
is the well-known Newton formula and it predicts that the most abundant
oligomer is that with x units of the type A and y units of the type B, i.e., the
oligomer AxBy , where x = (m  + n)cA and y = (m + n)cB.

Copolymers with three and four components contain oligomers of the type
AmBnCp, AmBnCpDq, respectively, where m,n,p,q are the number of units in the
molecule.

The Bernuolli model predicts114,115,121 that the molar fraction, I(AmBnCp), of
oligomer AmBnCp is given by:

I(AmBnCp) = gABC(cA)m(cB)n(cC)p(cD)q (2.49) 

whereas the molar fraction, I(AmBnCpDq), of oligomer AmBnCpDq is given by:

I(AmBnCp) = gABCD(cA)m(cB)n(cC)p(cD)q (2.50)

where cA, cB, cC, cD are the molar fractions of A, B, C, D units in the copolymers
and gABC = (m + n + p)!/[(m)!(n)!(p)!]; gABCD = (m + n + p + q)!/[(m)!(n)!(p)!(q)!].
The above equations are referred to as the Liebniz formulas. 

Equations 2.48 through 2.50 allow one to generate theoretical mass spectra,
which show identical peak intensity patterns for any random copolymer of
a given composition, a remarkable result. Figure 2.20 shows the theoretical
mass spectrum for an equimolar AB copolymer, and Figure 2.21 reports those
for three and four component copolymers that follow Bernoullian statistics. 

The theoretical mass spectrum for the two component copolymer (Figure 2.20)
consists of 3 dimers, 4 trimers, 5 tetramers, and 6 pentamers. The one for the
three-components copolymer (Figure 2.21a) consists of 6 dimers, 10 trimers,
and 15 tetramers. In the theoretical mass spectrum of the four component
copolymer (Figure 2.21b) dimers and trimers are reported exclusively, since
the number of tetramers is too high (Table 2.2).
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Figure 2.22a reports the DCI mass spectrum of a microbial copolyester,
poly(β-hydroxybutyrate-co-15% β-hydroxyvalerate)(PHB/HV).135 The relative
intensities of several series of oligomers in the spectrum, from dimers to
hexamers, are compared with theoretical intensities (Figure 2.22b). Each series

FIGURE 2.20 
Theoretical mass spectra for an AB random copolymer which possess a 50/50 composition,
repeat units 172 and 200 g/mol. The peak intensities calculated according to Eq. 2.48 are also
shown.

FIGURE 2.21 
Theoretical mass spectra (a) for an ABC random copolymer which possess a 33/33/33 compo-
sition, repeat units 172, 200, and 220 g/mol (b) for an ABCD random copolymer which possess
a 25/25/25/25 composition, repeat units 172, 200, 220, and 256 g/mol. 
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of oligomers (dimers, trimers, etc.) allows an independent calculation of the
copolymer composition and sequence distribution. The MS method provides
an excellent way to evaluate the precision of these measurements.135 The best
matching of the experimental with the theoretical peak intensities was
obtained for a Bernoullian distribution and a molar ratio of 85/15 between
the two comonomers.115 The random copolymer produced according to the
Bernoulli model is composition homogeneous, i.e., the composition of the
copolymer does not vary as the chain length increases.

The sequence distribution followed by copolymers produced by the con-
ventional free radical processes at low conversions is the first-order Markoff
distribution,114–120 which possesses an associated P-matrix. This model
predicts114–116,118–120 that the molar fraction of dimers is given by:

I(A2) = cA PAA (2.51)

I(AB) = 2cA PAB (2.52)

I(B2) = cB PBB (2.53)

The corresponding equations for trimers and tetramers can be found elsewhere,
along with the prediction for the number average lengths of like mono-
mers.114−116,118−120 The Markoff model predicts that the resulting copolymer is

FIGURE 2.22 
DCI mass spectrum of a copolymer containing units of HB and HV. Experimental mass spectrum
(A) and theoretical mass spectrum (B) (reproduced with permission from Ref. 135). 
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composition homogeneous i.e., that the composition of the copolymer does
not vary as the chain length increases.

Mass spectra of alternating and sequential copolymers96,119 display a scarce
number of peaks since some of the sequences are forbidden. For these poly-
mers the theory predicts115 that the molar fraction, I(AmBn), of the oligomer
AmBn is given by:

I(AmBn) = /(m + n) (2.54)

where the summation is over all sequences with “m” A units and “n” B units
and where γ  is the number of times that the sequence appears in an oligomer
of length (m+n). The latter can be computed applying the “rate of occur-
rence” method.115

The chain statistics method is of particular value when it is necessary to
discriminate between a pure copolymer sample and a sample made from a
physical mixture of two copolymers. This is a frequent case, since commercial
copolymers are often obtained by mixing two different copolymer batches.

Let us consider a mixture of two random copolymers of the same chemical
structure. The quantities of interest are dA and eA, which represent the molar
fraction of A units of the first and of the second copolymer, and X the molar
fraction of the first copolymer in the mixture. The theory shows that the copoly-
mer sequence distribution followed by mixtures of two copolymers is
peculiar 113−115,118,119 (sequences due to the presence of both components of the
mixture are present). The overall composition of the copolymer sample (cA)
will be intermediate between the compositions of the two components: 

cA = [X](eA) + [1 − X ]dA (2.55)

The cited model predicts113–115,118,119 that the molar fraction, I(AmBn), of the
oligomer AmBn is given by: 

I(AmBn) = {(m + n)!/[(m)! (n)!]}G3 (2.56)

where G3 is given by X(eA)m(1  − eA)n + [1 − X](dA)m(1  − dA)n.
From the above compact formula, the explicit expressions for each oligo-

mer can be derived. 113−115,118,119 The above equations have been used for the
analysis of MS spectra of copolyesters produced by bacteria.113−115

2.4.2 Applications of the MS Method 

Nuwaysir et al.106 analyzed the LD mass spectra of a series of three copolymer
samples containing units of Styrene (referred to as A) and MMA (referred to
as B). They measured peak intensities, applied Eq. 2.20, and found cA = 0.063,
cA = 0.164, cA = 0.215, which are in reasonable agreement with the composition
data available from conventional methods106 (cA = 0.09, cA = 0.19, cA = 0.28).

γ∑
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They also analyzed a series of three copolymer samples containing units of
BMA (referred to as A) and MMA (referred to as B). They applied Eq. 2.20
and found cA = 0.117, cA = 0.163, cA = 0.184 for the samples. The agreement with
composition values available for the samples (cA = 0.09, cA = 0.19, cA = 0.25) is
acceptable.106

 Vitalini et al.104 considered the FAB spectrum of a copolymer containing units
of acrylonitrile (referred to as A) and units of butadiene (referred to as B). They
used a variant in which the mere presence or absence of an oligomer in the MS
can be used to find the composition. The calculation yielded cA = 0.33, which
comes very close to the NMR value (cA = 0.31).

 Raeder et al.105 analyzed the MALDI-TOF mass spectrum of a sulfonated
styrene sample containing units of styrene (A) and styrene-sulfonic acid (B).
They measured the intensity of the MS peaks, inserted the intensity values
in Eq. 2.20 and found that cA = 0.06, which implies that the average degree
of sulfonation is 94%.

The Field Ionization mass spectrum of a copolymer containing units of
acrylonitrile (A) and units of butadiene (B) was recorded.115,132 The compo-
sition estimates for trimers, tetramers, up to 16-mers were plotted vs. chain
length and the composition was found to be constant in the cited range.115

 Wilczek-Vera et al.102 applied the composition estimates approach to the
MALDI-TOF mass spectrum of a block copolymer containing units of α-methyl
styrene (referred to as A) and units of styrene (referred to as B). The mass
spectral intensities were inserted into the corresponding equation, and the
resulting composition was cA = 0.29, which comes close to the value cA = 0.31
derived from NMR. The MS intensities were inserted by these authors also
into Eqs. (2.43) and (2.44) and the result was = 20.4 and  = 7.3. This
implies that styrene blocks are much longer than α-methyl styrene blocks.102

Ramjit et al.91 used characteristic peaks in the EI spectrum to follow the
formation of a copolyester by ester-ester exchange. In this case, MS intensities
do not reflect abundances. Nevertheless, intensities can be corrected and the
composition is derived.

Van Rooij et al.109 analyzed the FT-ICR mass spectrum of a block copolymer
containing units propyleneoxide (referred to as A) and ethyleneoxide
(referred to as B), using the composition estimates approach. The result for
the composition was cA = 0.85 and the number average block lengths turned
out to be  = 16.4 and  = 0.2. These values compared well with the
number average block lengths measured by the manufacturer,109 namely

= 15.57 and  = 0.17.
Lee et al.111 considered the MALDI spectrum of a block copolymer con-

taining units of ethyleneoxide (referred to as A) and units of lactic acid
(referred to as B). They used Eq. 2.43, which connects  with the number
average length and the result is  = 44.6.

 The equation, which gives the composition drift (Eq. 2.46), was applied
to a series of five copolymers128 containing units of acrylonitrile (referred to
as A) and units of butadiene (referred to as B). The results128 showed that
the drift is very small. For instance, for trimers, tetramers, pentamers, and

nA〈 〉 nB〈 〉

nA〈 〉 nB〈 〉

nA〈 〉 nB〈 〉

Mn

nA〈 〉
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hexamers the following values were found:  = 0.19,  = 0.20,  = 0.19,
= 0.20.

Guttman et al.103 analyzed the MALDI-TOF mass spectrum of a copolymer
containing units α-methyl styrene (referred to as A) and units of methyl
methacrylate (referred to as B). The mass spectrum spans over a wide mass
range (2000–13000 Da) and it displays well-resolved peaks up to high masses.
The sample is a reference polymer named SRM1487, obtained by anionic
polymerization using a bifunctional initiator, the dimer of α-methyl styrene
(sodium salt). The MS intensities were used by the authors to detect changes
in the average number of A units in the chain, referred to as T. As the size
grows, T first decreases, then it reaches a minimum, and then it grows
again.103 The authors compared the result of the calculation to the T values
determined by an SEC apparatus with a double detector and the agreement
found is excellent.

The sequence and composition MS analysis of copolymers with MM higher
than 10,000 Da has not been reported. This shortcoming derives from the
fact that mass spectrometers used in the analysis of copolymer often possess
a limited resolution, much lower than that needed for high MM copolymers.
For instance, in order to obtain a mass-resolved spectrum of a copolymer at
28,000 Da with units of MMA and of St (the two repeat units differ by 4 masses),
the analyzer must have a resolution higher than 7000 up to 28,000 Da, which
is a formidable problem for most MS machines.

This problem can be circumvented by subjecting the copolymer to partial
degradation to reduce its molar mass (Figure 2.23 shows a scheme for the
degradation process of a copolymer chain). As the degradation goes on, the
length of the chain decreases and new end-groups are generated. However,
the sequence of the partially degraded copolymer will be identical to the
initial copolymer. The relative abundance of the oligomers formed is then
measured directly by MS, allowing one to derive the sequence and composition
of the original copolymer.90–101

Of course, one has to take into account whether the partial degradation
process is occurring in a totally selective, partially selective, or nonselective

FIGURE 2.23 
Scheme of the partial degradation of a copolymer.
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way, and adequate treatment has been developed for these cases (the non-
selective degradation process being the simplest and most common case).115

A nonselective thermal cleavage occurred, for instance, in the pyrolytic
process accompanying the recording of the DCI mass spectrum of a four-
components random copolymer containing units of β -hydroxyvalerate
(referred to as A), units of β-hydroxyheptanoate (referred to as B), β-hydrox-
ynonaoate (referred to as C), and β-hydroxyundecanoate (referred to as D).135

The authors applied chain statistics (Leibniz formula, Eq. 2.50) and found
cA = 0.02, cB = 0.67, cC = 0.37, cD = 0.02, which matches well with values found
by other methods. Figure 2.24a reports the experimental mass spectrum,135

whereas Figure 2.24b reports the theoretical mass spectrum computed at
the minimum.135

It is interesting to note that in the mass spectrum (Figure 2.24) there are
many peaks that have masses corresponding to isobar structures, leading to
ambiguous peak assignments. For instance B2 and AC both contribute to
the peak at m/z = 255, whereas B3 and ABC both contribute to the peak at
m/z = 383. The number of possible structures increases rapidly as the mass
increases. For instance, the MS peak at mass 723 is the sum of three contri-
butions, namely B4C, AB2C2, A2C3.

Whereas the chain statistics approach115 allows one to deconvolute the single
contributions to peak intensity (by generating theoretical mass spectra corre-
sponding to each composition and sequence), the composition estimates

FIGURE 2.24 
DCI mass spectrum of a copolymer containing four different repeat units. Experimental mass
spectrum (A) and theoretical mass spectrum (B) (reproduced with permission from Ref. 135).

0

co
u

n
ts

co
u

n
ts

200 300 400 500 600 700 800 900 1000 1100 1200

200 300 400 500 600 700 800 900 1000 1100 1200

x5

467
439

311

283

255
411

383

879

539

A

B

595
567

623

851

695
751

723

823

907

935
1007

1063

667

779 1035

B2
 +
AC

B3
 +
ABC
+
A2D

511

B4
 +
AB2C

©2002 CRC Press LLC



approach gives incorrect results,121 namely cA = 0.10, cB = 0.50, cC = 0.30, cD = 0.10.
Most probably, this is due to the inability of the method (which is not based
on a theoretical model) to account for the peak assignment uncertainties. 

Figure 2.25 shows the theoretical mass spectrum of a random copolymer
containing equimolar quantities of A and B units, which has been subjected
to partially selective degradation. This means that adjacent A units (AA) are
preferentially cleaved in the process, with respect to the AB or BB units
contained in the copolymer chains. The molar fraction, I(AmBn), of the oli-
gomer AmBn is given by:115

I(AmBn) = δpref {(m  + n)!/[(m)! (n)!]}(cA)m(1 − cA)n (2.57)

where δpref takes into account that oligomers with end units A—A are pref-
erentially produced in the cleavage.115

In Figure 2.25 the ratio among the peak intensities corresponding to dimers
(A2 AB, B2) is strongly altered compared to the case of nonselective cleavage,
where A2 and B2 would have the same intensity (see Fig. 2.20). The ratio
among the peak intensities corresponding to A3 A2B, AB2, B3 in Figure 2.25
is also altered: A2B possesses a higher intensity compared to AB2, whereas
B3 appears to have zero intensity. On the contrary, the peak clusters corre-
sponding to nonamers and decamers are almost symmetrical, and appear
therefore similar to the shape of the clusters generated by nonselective
cleavage.115 In detail, peaks A4B5, A5B4 have almost the same intensity, and

FIGURE 2.25 
Theoretical mass spectrum of a random copolymer subjected to partially selective partial
degradation.
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the ratio among peaks A6B4, A5B54, A4B6 is that expected for a nonselective
cleavage.115

The effect of partially selective cleavage is essentially that of altering the
composition associated with dimers and trimers, whereas the composition
associated with nonamers and longer chains does not differ from the non-
selective cleavage values.115 This result stresses the need to perform sequence
studies on copolymers by analyzing the mass spectra of the higher oligomers.

In the case of totally selective cleavage, both the number and relative
abundance of the oligomers generated are different with respect to the non-
selective cleavage. Table 2.5 reports pertinent figures related to the case of
totally selective process of an equimolar AB copolymer.115 These numbers
can be compared with those in Figure 2.20, relative to the case of nonselective
cleavage.

The partial degradation method has given good results in the case of the MS
analysis of aromatic copolyesters,92,93 copolycarbonates,94 aliphatic copolyes-
ters of microbial origin,95,99,100 copolyesters containing a photolabile unit in the

TABLE 2.5 

MS Peak Intensity for a Totally Selective Cleavage 
Process of an Equimolar AB Copolymer

Peak Intensity

Number of Dimer Peaks 1

A2

AB 0
B2 0

Number of Trimer Peaks 2

A3

A2B
AB2 0
B3 0

Number of Tetramer Peaks 3

A4

A3B
A2B2

AB3 0
B4 0

Number of Pentamer Peaks 4

A5

A4B
A3B2

A2B3

AB4 0
B5 0

CA
2

CA
3

CA
2CB

CA
4

2CA
3CB

CA
2CB

2

CA
5

3CA
4CB

3CA
3CB

2

CA
2CB

3
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main chain,96,98 copolyamides,97 and also of butadiene-styrene copolymers101

and other copolymers.90,91 Most of the investigations were performed by FAB
and they are summarized in Chapter 7. 

Plage and Schulten132 applied the chain statistical method to the FD mass
spectrum of a copolymer containing units of acrylonitrile (A) and units of
butadiene (B). They assumed that the copolymer follows Bernoulli statistics
and found that the copolymer composition was cA = 0.25.

Spool et al.133 recorded the TOF-SIMS spectrum of a copolymer with
units of –OCF2– and –OC2F4–. The copolymer is commercially available
under the trade name Fomblin Z and it is used in a variety of applications.
They used Bernoulli statistics, generated a series of theoretical spectra and
matched them with the experimental one. In order to have a more realistic
comparison, they added a damping factor which depends on the chain
size.

The Electrospray technique was employed to record130 the mass spectrum
of a copolymer containing units of β-hydroxybutyrate and β-hydroxyvalerate.
The method based on chain statistics was employed and the minimization
yielded an agreement factor AF = 6%.

Majumdar et. al.124 recorded the EI mass spectrum of a copolymer with units
of methyl isocyanate (referred to as A) and of butyl isocyanate (referred to as
B). They considered MS peak intensities, applied chain statistics, and found
that cA = .88. They also computed the agreement factor, which turned out to
be AF = 8%.

Servaty et al.131 applied chain statistics to MALDI-TOF mass spectrum of
a copolymer sample containing units of hydromethylsiloxane and dimeth-
ylsiloxane). The authors calculated the theoretical MS intensities using the
Newton formula. They also determined the weight fraction of the chains
that possess one functionalizable unit (hydromethylsiloxane), two function-
alizable units, three functionalizable units, and so on. They found that the
molar fraction of the chains, which do not possess any functionalizable unit
at all, is by no means negligible131 (it accounts for 25% of the total).

Zoller and Johnston128 applied the above method to a copolymer contain-
ing units of acrylonitrile and butadiene. They used mass spectral data to
discriminate between first-order Markoff and Bernoulli distributions. First
they assumed Bernoulli, performed the best-fit, and found an agreement of
AF = 0.11. Thereafter they assumed first-order Markoff and the minimization
yielded AF = 0.09. As a consequence they concluded that first-order Markoff
gives better results.

Abate et al.141 analyzed the MALDI-TOF mass spectrum of a copolyester of
microbial origin. They applied the Bernoullian statistics and performed a com-
parison between the experimental and the calculated MS intensities, as dis-
cussed in Chapter 10.

Suddaby et al. 125 recorded the MALDI-TOF mass spectrum of a series of
five copolymers containing units of methyl methacrylate (MMA) and units
of butyl methacrylate (BMA). Chain statistics was applied, yielding an esti-
mate of the reactivity ratios (Eqs. 2.11 through 2.13), namely the rMMA = 1.09,
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rBMA = 0.77, which agrees well with literature values and with the reactivity
ratios determined by 1H NMR (rMMA = 0.75, rBMA = 0.98).

Chen et al.127 recorded the DCI mass spectrum of a copolymer with units
of difluoromethyl isocyanate (referred to as A) and of trifluorobutyl isocy-
anate (referred to as B). They applied first-order Markoff statistics and found
that the best P-matrix turned out to possess the following matrix elements:
PAA = 0.99, PAB = 0.01, PBA = 0.56, PBB = 0.43.

 Montaudo et al.121 considered a group of three mass spectra of copolymers
containing methyl methacrylate (MMA) and butyl acrylate (BA) units. The
samples were polymerized using different MMA/BA molar ratios in the feed,
namely 86.4/13.6; 73.8/26.2; 62.1/37.9. They used the mass spectral intensities
and chain statistics to compute the reactivity ratios, which turned out to be
rMMA = 2.1, rBA = 0.7. 

The chain statistics method was applied to the FAB spectrum of a copoly-
mer containing units of PC and units of resorcine, which was supposed to
be an exactly alternating copolymer.115 Various sequence models were tested
in order to fit the mass spectrum. The exactly alternating model failed to give
a good fit. The AF for a mixture of exactly alternating and Bernoulli was 8%,
whereas the AF for Markoff was 6%. It was therefore concluded that a
Markoffian distribution gives a more detailed description of the sequence.

Montaudo et al. examined the FAB mass spectrum113 of a copolymer sam-
ple containing units of β-hydroxybutyrate and β-hydroxyvalerate (HB/HV),
with composition 87/13. Actually, the sample had been prepared as an
equimolar mixture of an HB homopolymer and an HB/HV copolymer. The
composition of the second component (HB/HV) was known to be 72/28. They
applied the chain statistics approach developed to fit the mass spectra of
copolymer mixtures, and found the correct composition values, namely 50%
of β-hydroxybutyrate and 50% of (HB/HV) copolymer.113 Remarkably, the
difference among peak intensities calculated for a pure copolymer and for a
mixture of copolymers became more striking as the oligomer mass increased.
Thus, limiting the analysis to dimers, trimers, and tetramers would have led
to poor discrimination between the two possibilities. Fortunately, the FAB
mass spectra allowed the authors to also use the peak intensities of the higher
oligomers, which were found to be quite sensitive to minor changes in the
oligomers’ distribution, permitting an excellent discrimination.113

Figure 2.26 illustrates the results of this study. The agreement factor AF
(i.e., the error between observed mass spectrum and that calculated according
to the Bernoullian model), was monitored as a function of the HB content
(mole%) for each set of MS peak intensities from the dimers to the hexamers.
Figure 2.26a shows the AF values corresponding to a pure HB/HV copolymer,
and it is seen that all the oligomers fall in the same minimum (85% mole
HB), with an excellent AF value.113 Figure 2.26b shows the AF values corre-
sponding to the mixture of copolymers, and it can be immediately visualized
that the AF values increase for the higher oligomers (for the hexamer the
error is about 40%), and also the minimum shifts to higher composition
values.
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When the composition estimates approach was used to find the composi-
tion of the HB/HV copolymer,121 the result was 63/37 instead of 72/28. There-
fore, the composition estimates approach gave an erroneous result. The chain
statistics fitting gave a more accurate value for the second component of the
mixture, HB/HV = 74/26.

The intensity of the mass spectral peaks in the mixture originates from
two different polymers. Therefore, the simple summation procedure on
which the composition estimates method is based (Eq. 2.45) may be affected
by error, because it is not able to deconvolute the contributions of isobaric
oligomers to the intensity of the single peaks.113

The chain statistics method has been applied to the case115 of a copolyamide
with units of adipoyl piperazine (referred to as A) and of truxilloyl piperazine
(referred to as B). Photolysis was used for the copolymer degradation. This is
a case of totally selective cleavage, since the cyclobutane ring is split quanti-
tatively in two parts by photolysis. Figure 2.27a reports the experimental mass
spectrum, whereas Figure 2.27b reports the calculated spectrum. The copoly-
mer composition turned out to be cA = 0.80, with an agreement factor AF = 6%.

FIGURE 2.26 
The agreement factor for a genuine copolyester (A) and a mixture of a homopolyester and a
copolyester (B) (reproduced with permission from Ref. 113).
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Remarkably, the spectrum in Figure 2.27a has very few peaks, which accu-
rately correspond to the oligomers predicted by the theory of the totally
selective process (compare with Table 2.5).

Shard et al.126 analyzed by the chain statistical method the SIMS mass
spectrum of a copolymer with units of glycolic acid residue (referred to as A)
and of glycine (referred to as B). In this case, isobar structures were present,
and many peak intensities were due to two contributions. They subtracted
the unwanted contribution, applied chain statistics, and compared theoret-
ical intensities with the experimental ones.126

Another study122 concerned a sample obtained by ring-opening copoly-
merization of two cyclic monomers, namely dilactide and depsipeptide of
lactic acid and glycine. The MALDI mass spectrum was recorded (Chapter 10),
and chain statistics was applied to determine the sequence. The sequence
turned out to follow first-order Markoff. The composition associated with
the P-matrix elements is cA = 0.77, which compares well with the composition
determined by NMR,122 cA = 0.76. 

Polyethylene terephthalate (PET) and polyethylene truxillate (PETx) were
melt-mixed, yielding a copolyester.117 The FAB mass spectrum was recorded,
chain statistics was applied (Markoff distribution), and the extent of exchange
(see above) was calculated.117 This study showed the potential of the MS

FIGURE 2.27 
FAB mass spectrum of a random copolyamide with units of adipoyl piperazine and of truxilloyl
piperazine. Experimental mass spectrum (A) and theoretical mass spectrum (B) (reproduced
with permission from Ref. 115).
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method that allowed calculating the sequence and composition of the copol-
ymer formed in the melt-mixing process, even in the presence of sizeable
amounts of unreacted homopolymers. This allows one to avoid the conven-
tional time-consuming practice of solvent extraction and fractionation of the
melt-mixing products before the sequence analysis.

In a similar study, the FAB mass spectrum116 of a copolyester obtained by
melt-mixing polyethylene terephthalate (PET) and of polyethylene adipate
(PEA) was recorded. The authors computed the number average length of
adipate and terephthalate blocks by applying chain statistics. The result
was: nEA = 7.1; nET = 2 implying that the initial copolymer, obtained by melt-
mixing of the two polyesters, has a Markoffian (block) distribution of the
monomer sequence.116

EI-MS was used92 to analyze an aromatic copolyester with units of p-
oxybenzoate (PO) and of ethylene terephthalate (ET). The EI mass spectra
were recorded up to 480°C. At these temperatures, the chain cleavage is
totally selective, since PO units are stable and ET units are not. Chain sta-
tistics was applied to the EI mass spectra and a good agreement was found
between the computed and the known composition.115

An important quantity that may be determined for a copolymer sample is
the weight of copolymer chains at each composition and at each length, i.e.,
the “Bivariate Distribution,” with respect to molar mass and composition.138,139

Information on the Bivariate Distribution is important in high conversion
copolymers, since the rates of consumption of monomers A and B during
the reaction do often change and one of the two monomers is preferentially
incorporated into the copolymer chain. This implies that the spread in com-
position increases with conversion, and that high conversion copolymers
display composition heterogeneity. Furthermore, the average length of the
chains produced at high conversion may be higher than the average length
of chains produced at low conversion. 

Figure 2.28 reports the Bivariate Distribution calculated for a 70/30 mixture
of an AB random copolymer with an A homopolymer produced by anionic
living polymerization.142 Figure 2.28 shows that the surface possesses two
maxima, illustrating the usefulness of the bivariate plot.

 The method traditionally used for measuring the Bivariate Distribution
is the “Chromatographic Cross Fractionation” (also referred to as “Two-
dimensional Chromatography” or “Orthogonal Chromatography”). Macro-
molecules having different composition are separated in a silica column, and
an SEC column is then used to elute chains having different sizes.139

Being able to discriminate among different masses and possessing a
remarkably high sensitivity, mass spectrometry may also be used for meas-
uring the bivariate distribution. Suddaby et al.125 computed the bivariate
distribution from the MALDI spectrum of a low mass copolymer with units of
MMA and units of n-butyl acrylate. Wilczek-Vera et al.102 computed the bivariate
distribution from the MALDI spectrum of a block copolymer containing
units of α-methyl styrene and units of styrene. Van Rooji et al.109 analyzed
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by FT-ICR a copolymer with units of EO and PO and computed the bivariate
distribution.

All of these authors102,109,125 plotted the molar fraction of chains for each
oligomer present in the sample, since the mass spectra directly yield this
information. Therefore, their bivariate distribution representation is not directly
comparable with the traditional plots dealing with the weight fraction of chains
with a given length and composition.138,139

Montaudo142 computed the bivariate distribution from the laser desorption
(LD) mass spectra106 of several BMA/MMA copolymers with , , below
10000 Da, and plotted the weight fraction of chains with a given length and
composition. Figure 2.29 reports the original LD mass spectra106 of the MMA/
BA copolymers MB73, MB82, MB91, whereas in Figure 2.30 the resulting
bivariate distribution of chain lengths and compositions are shown. Note
how the bivariate plots provide an immediate picture of the different molec-
ular properties of these copolymers.

In the case of copolymers of high molar mass, some problems arise due to
the loss of resolution at mass above 10 kDa in the MALDI spectra. Neverthe-
less, a variant of the SEC-MALDI method (see above and also Chapter 10)
can be used to overcome the problem. The variant consists140 in fractionating
the whole copolymer by SEC, collecting the fractions, and recording both the
MALDI and NMR spectra. In fact, due to the high sensibility of the MS and

FIGURE 2.28 
Bivariate distribution of chain sizes and composition expected for a mixture of an AB random
copolymer and a homopolymer produced by anionic polymerization.
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NMR methods, the sample amount contained in a narrow fraction provided
by an analytical SEC device is sufficient to run both type of spectra.

Two BMA/MMA random copolymer samples with high  and  were
analyzed by SEC-MALDI and SEC-NMR.140 Figure 2.31 reports the bivariate
distribution of chain lengths and compositions. Sample A is a low conversion
copolymer, whereas sample B is a high conversion copolymer. The sample
reacted at low conversion (Figure 2.31a) possesses a symmetrical bivariate
distribution, whereas the sample reacted at high conversion (Figure 2.31b) is
not symmetrical, thus showing the composition drift expected for samples
reacted up to high conversion.138,140

2.4.3 NMR Methods 

NMR has received much attention as a method for copolymer analysis.
Both copolymer composition and sequence can be determined.65–88 1H and
13C-NMR are both used, but often 13C-NMR is preferred, since the signals
possess better resolution. 

FIGURE 2.29 
Laser desorption FT-ICR mass spectra106 for three MMA/BA copolymers referred to as MB73,
MB82, and MB91.
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The NMR method has been extremely successful when applied to sequencing
addition copolymers with carbon atom backbone, such as ethylene, propylene,
butadiene, acrylonitrile, vinyl acetate, methyl methacrylate, styrene, methylsty-
rene, vinyl chloride, vinyl fluoride (in this case, 19F-NMR can be used).65–67

Condensation copolymers such as polyurethanes, polyesters, and polya-
mides have been analyzed by 1H and 13C NMR.65–67 Excellent reviews have
appeared on this topic,65–67 the literature on the subject is always growing,65–88

and the instrumental progress is fast.83

The determination of composition and sequence by NMR, using the chain
statistics, is often reported.65–87 It has been applied to copolymers containing
styrene,65–67 to methyl acrylate/diphenylethylene copolymers,74 to styrene-
acrylonitrile copolymers,75 to isobutylene/isoprene copolymers,70 to methacry-
late-acrylamide copolymers,72 and to styrene-maleic anhydride copolymers.76 A
“perturbed Markoff” model distribution has been introduced by Cheng, and
this model enables one to explain the NMR spectra of copolymer samples
reacted at high conversions.78

When the scope of the investigation is merely to find the number average
lengths and the molar fraction of A units, one may consider triads and take a

FIGURE 2.30 
Bivariate distributions for three MMA/BA copolymers referred to as MB73, MB82, and MB91.
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linear combination of peak intensities. For reasons of brevity, the pertinent
equations are omitted. They can be found elsewhere.65–67 However, the method
of linear combination of peak intensities has limitations. For instance, it does
not enable discrimination between pure copolymers and mixtures of
homopolymers and copolymers.65–68,70,72–75,78–84

Contrary to MS, where the mass number associated with a given oligomer
can be determined a priori, the NMR chemical shift of a dyad or triad sequence
does not have a simple relationship with sequence properties. To determine
the copolymer sequence distribution by NMR one first proceeds to the assigned
dyad and triad peaks (or higher sequences). The task of peak assignment is

FIGURE 2.31 
Bivariate distribution obtained by SEC-MALDI, SEC-NMR of MMA-BA reacted at low conver-
sion (A) and at high conversion (B) (reproduced with permission from Ref. 140).
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error-prone and, in any case, it may require the analysis of model structures
(such as the exactly alternating structure or structures with A and B blocks),
which may be difficult to obtain. 

In some cases, NMR can “see” only short sequences. For instance, in copol-
ymers with large aliphatic units (often encountered in condensation copoly-
merization), the distance between a repeat unit and the successive can be of
several Ångstroms, and therefore the two adjacent units interact very weakly.
Thus, the chemical shift in the NMR spectrum remains unaffected when the
first neighbor is replaced by another comonomer, and the NMR spectrum
gives little information on copolymer sequence. 

An example of this type of difficulty is the case of multicomponent copoly-
esters containing higher β -hydroxyalkanoates, such as β -hydroxyhep-
tanoate, β-hydroxyoctanoate, β-hydroxynonaoate, β-hydroxydecanoate and
β-hydroxyundecanoate, where the 13C-NMR signals of the β-methyl groups fall
at the same chemical shift. It has not been possible to determine the sequence
and composition of these materials by 13C-NMR.73

Due to the great amount of NMR data available on this subject,65–88 we
shall limit ourselves to illustrating here only an example where the compo-
sition and sequence distribution of poly(ether-sulfone)/poly(ether/ketone)
(PES/PEK) copolymers was determined by performing comparative 13C-NMR
and MS measurements.119 A series of four PES/PEK samples possessing dif-
ferent composition and/or sequence were studied. 

The 13C-NMR spectra of the PEK/PES copolymers are shown in Figure 2.32,
and all the predicted peaks at the dyad and triad level appear present and
well-resolved, owing to the long-range transmission effect of the ether-ketone
units. Figure 2.32 also shows the structural formulas of the copolymers’ repeat
units and the respective peak assignments. Diphenylsulfone units are named
S, and diphenylketone units are named K. Therefore, the symbol SS or SK
specifies a dyad, and the symbol KKK or SKS specifies a triad.

The signals between 117 and 120 ppm in Figure 2.32 were assigned to the
four dyads centered on the tertiary carbons (a). The signals between 131
and 138 ppm were assigned to the eight triads centered on the quaternary
carbons (b). Peak assignments, their relative intensities, and the computed
compositions are shown in Table 2.6. These data were used to determine
the sequence distribution of the PEK/PES copolymer samples by the usual
chain statistics methods. The results indicate that the sequential arrange-
ment of ether-sulfone/ether-ketone units present in these materials corre-
sponds to a random distribution. The copolymer composition values,
estimated by the above-described minimization procedure, are reported in
Table 2.6.119

A parallel MS analysis was then performed on these PES/PEK copolymers.
Methoxidation was used to reduce the molar mass of the samples by partial
degradation. The mass spectral analysis was performed only at the dimers
and trimers level in order to make the results directly comparable with those
from the 13C-NMR analysis.
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The negative ion FAB mass spectra of the PES/PEK oligomers obtained
from the methoxidation of the copolymer samples are reported in Figure 2.33.
Three and four peaks, respectively, are expected for dimers and trimers in
the mass spectra (see Table 2.2). However, in the spectra in Figure 2.32 this
number is doubled because two mass series are present (i.e., two types of
oligomers with different end-groups are formed in the methoxidation proc-
ess). Table 2.7 reports the MS peak assignments, their relative intensities,
and the computed compositions. 

By comparing the results in Table 2.6 and Table 2.7, it can be seen that the
figures obtained by the l3C-NMR analysis agree well with those obtained by
MS.119

FIGURE 2.32 
NMR spectrum of three PES/PEK copolymer samples referred to as C1, C2, and C3 (reproduced
with permission from Ref. 119).
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TABLE 2.6

Chemical Shifts, Experimental and Calculated Intensities, and Results of Best-Fit 
Minimization for 13C NMR data119

Sequence δ in ppm
 Sample C1 Sample C2 Sample C3

Exp. Calc.  Exp. Calc.  Exp. Calc.

KK 118.2 1480 1671  450  560 480 477
KS 118.7 2070 1860 1260 1138 1840 1772
SK 118.9 2020 1860 1240 1138 1870 1772
SS 119.3 1890 2069 2200 2314  310  477
KKK 133.0  570  871  290  266  90  293
KKS 133.3 1100  968  400  541  540  293
KSK 136.0 1170  968  550  541 1870 1884
KSS 132.6 1120 1078 1100 1099  360  293
KKK 133.6  970  968  410  541  500  293
SKS 133.2 1280 1078 1300 1099 1760 1884
SSK 135.9 1150 1078 1130 1099  350  293
SSS 136.5 950 1199 2240 2235  60  293
Agreement factor 0.13  0.08 0.13
Mole fraction of ketone 
units

0.48 0.33 —

TABLE 2.7 

Assignments of the Oligomers Observed in the Negative FAB-MS Spectra of the 
Methoxidated PES/PEK Copolymers, and Best-Fit Minimization Results of the 
MS Data119

Structure Mass 

Sample C1 Sample C2 Sample C3

Exp. Calc. Exp. Calc. Exp. Calc.

H-S2-OH 482 446 432 1053 978 204 273
H-SK-OH 446 663 622  639  709 1307 1293
H-K2-OH 410 168 224  124  128  329  273
H-S3-OH 714  39  71  71  141  79  61
H-S2K-OH 678 140 152  143  154  242  402
H-SK2-OH 642 115 110  71  56  320  402
H-K3-OH 606  64  26  72  7  186  61
H-S2-OCH3 496 301 332  643  725  242  273
H-SK-OCH3 460 532 478  594  525 1737 1737
H-K2-OCH3 424 147 171  109  95  304  273
H-S3-OCH3 728  27  45  24  66  535  416
H-S2K-OCH3 692  91  98  56  72  340  339
H-SK2-OCH3 656  77  70  44  26  267  339
H-K3-OCH3 620  36  17  43  3  337  416
Agreement factor 0.11  0.12 0.10
Mole fraction of ketone units 0.43 0.26 —
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FIGURE 2.33 
Mass spectrum of three PES/PEK copolymer samples referred to as samples C1, C2, and C3
(reproduced with permission from Ref. 119).
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3.1 Introduction

Pyrolysis-GC/MS (Py-GC/MS) has increasingly been utilized in the field of
structural characterization of versatile polymeric materials. This technique
often provides a simple but rapid and extremely sensitive tool not only for
ordinary solvent soluble polymers, but also for intractable cured polymers
with three-dimensional networks.

Py-GC, in its early stage, however, had some serious limitations such as dif-
ficulty in attaining specific pyrolysis of samples, insufficient chromatographic
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separation of degradation products, and poor identification and interpreta-
tion of resultant chromatograms (pyrograms). Therefore, Py-GC has been
regarded for a long time as a relatively crude technique for the character-
ization of polymers.

However, owing to recent developments in highly efficient separation
columns for GC, and various powerful hyphenated identification techniques
for GC such as GC/MS, GC/FTIR, and GC/atomic emission detector (AED),
Py-GC has made great strides toward becoming a powerful tool for the
structural characterization of polymeric materials. Therefore, Py-GC, in par-
ticular Py-GC/MS, now plays a very important role among various methods
developed in the field of analytical pyrolysis.

In this chapter, the history and scope of analytical pyrolysis are presented
first, and then the instrumental and methodological aspects of Py-GC/MS
are briefly discussed. Then, some recent typical applications of Py-GC/MS
to the structural characterization of various polymeric materials will be dis-
cussed in detail.

3.2 History and Scope of Analytical Pyrolysis

In 1948, the first reports on the off-line pyrolysis-MS (Py-MS) of polymers
were published by Madorsky and Straus,1 and Wall.2 In 1953, Bradt et al.
described on-line Py-MS for which pyrolysis of polymer samples was
effected within the instrument in vacuo.3 Thus valuable structural informa-
tion about the samples became obtainable.

Two years after the introduction of GC by James and Martin in 1952,4

Davison et al. reported the first work on off-line Py-GC of polymers.5 These
workers demonstrated that Py-GC was quite effective for the characteriza-
tion of polymeric materials. In 1959, on-line Py-GC systems and their appli-
cations to polymer analysis were reported independently by three research
groups: Lehrle and Robb,6 Radell and Strutz,7 and Martin.8 These achievements
triggered a boom in Py-GC.

The high-resolution capillary columns introduced by Golay in 1958 had
a strong impact on Py-GC.9 However, general application of their effective-
ness was held back until the advent of the chemically inert fused silica
capillary columns in 1979,10 since the earlier metal capillary columns were
not suitable for the separation of polar and/or higher boiling point com-
pounds. The chemical inertness and thermal stability of capillary separation
columns are among the most important factors in achieving high-resolution
pyrograms of polymer samples by Py-GC/MS since the thermal degrada-
tion products of polymers usually consist of compounds with a wide range
of boiling points which often contain fairly polar compounds such as car-
boxylic acids, amines, nitriles, epoxides, and so on. Modern fused silica
capillary columns and recently developed metal capillary ones with deacti-
vated inner walls have drastically improved the situation of Py-GC/MS.
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In the early stage of Py-GC, significant interlaboratory discrepancies
between pyrolysis data (pyrograms) were reported even for the same polymer
types. This was mainly because of a diversity of pyrolysis devices operated
under varied conditions. Owing to continued improvement of pyrolyzers and
fundamental studies to control the operating conditions and obtain reproduc-
ible and characteristic degradation of the studied materials, most of the com-
mercially available pyrolyzers now have made the interlaboratory discrepancies
a minor problem. Now, various flash filament-, furnace-, and Curie-point type
pyrolyzers are utilized for both Py-MS and Py-GC.

The dissemination of GC-MS after 1965 strongly accelerated the develop-
ment of Py-GC. In 1966, Simon and co-workers reported the first directly
coupled Py-GC/MS system using a Curie-point pyrolyzer, a metal capillary
column GC, and a rapid scanning MS.11 In 1968, Schuddemage and Hummel
introduced field ionization MS(FI-MS) to simplify the mass spectra resulting
from Py-MS.12 This technique dramatically improved the effectiveness of
direct Py-MS, because of the simpler fragmentation in FI-MS. 

Standardization and reliable compilation of a standard database for various
series of standard samples are among the important factors to promote inter-
laboratory data comparison in analytical pyrolysis. Recently, a trial standard
database for 136 kinds of typical polymers compiled under the same conditions
using Py-GC was published by the authors,13 of which a Chinese translation
is already available,14 and an English version is now in preparation.

Now, analytical pyrolysis is most extensively practiced using Py-MS and
Py-GC (or Py-GC/MS), where the characterization of the original samples
is carried out through on-line separative analysis of the resulting complex
pyrolyzates. Representative applications of modern analytical pyrolysis are
found in various fields, including polymer chemistry, biochemistry, geochem-
istry, forensic science, food science, toxicology, environmental science and
energy conservation, extraterrestrial studies, and other fields.

3.3 Py-GC/MS Measuring System for Polymer 
Characterization

Figure 3.1 illustrates a typical Py-GC/MS measuring system, where a micro-
furnace pyrolyzer, a gas chromatograph equipped with a chemically inert
capillary column, and a quadrupole mass spectrometer with an electron impact
ionization (EI) and/or chemical ionization (CI) source are directly connected
in series.15 Usually a given polymer sample weighing about 10–100 µg is instan-
taneously pyrolyzed at about 400–600°C with or without catalytic and/or
reactive reagents under a flow of N2 or He carrier gas. The resulting degrada-
tion products transferred into the separation column are separated to yield a
pyrogram. The individual components on the pyrogram are continuously iden-
tified by use of the observed mass spectra. In addition, total ion monitoring
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(TIM) and selected ion monitoring (SIM) often provide supplemental and/or
complement information of peak identification on the pyrogram.

The pyrolysis products of a given polymer sample are usually composed
of very complex components each of which might reflect the original structures
to some extent. Therefore, in the case of Py-MS, the resulting mass spectra

TABLE 3.1

Representative Subjects of Polymer Characterization by Py-GC/MS

I. Identification of Polymers: Qualitative Analysis

II. Structural Characterization of Polymers:

(a) Composition
(b) Average molecular weight
(c) Monomer inversion in polymer chains
(d) Chain-end structures
(e) Branching structures
(f) Ster eoregularity
(g) Sequence distributions in copolymers
(h) Degree of cure or cross-linking
(i) Others

III. Mechanisms and Kinetics of Polymer Degradation

FIGURE 3.1
Py-GC/MS measuring system using a microfurnace pyrolyzer, GC equipped with a capillary
separation column, and a quadrupole mass spectrometer, from Ref. 15.
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are often too complicated to obtain equivocal structural information of the
polymer sample owing to the overlapping of fragment ion peaks from the
ionization process of the complex degradation products. On the other hand,
Py-GC/MS utilizing a chemically inert capillary column often provides highly
efficient separation of those complex pyrolyzates to yield a specific pyrogram
of which individual peak components can be identified based on their mass
spectra.

Figure 3.2 illustrates the flow diagram in Py-GC/MS for polymer character-
ization.15 The resulting specific pyrograms often provide valuable information
regarding the composition and/or chemical structures of the original poly-
mer sample as well as on the degradation mechanisms and related kinetics.
Table 3.1 summarizes the representative subjects of polymer characterization

FIGURE 3.2
Flow diagram for polymer characterization by Py-GC/MS, from Ref. 15.
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to which the modern Py-GC/MS is applicable. Typical applications will be
demonstrated in the following section.

3.4 Applications of Py-GC/MS to Polymer Characterization

3.4.1 Stereoregularity of Vinyl Polymers

3.4.1.1 Polystyrene

Polystyrene (PS) is one of the most widely used polymers in industry,
because of its easy workability, transparency, high insulation resistance, and
other properties. PS is classified as isotactic (iso), syndiotactic (syn), and
atactic (at) PS, depending on its stereoregularity. It is known that tacticity
greatly influences the material properties of PS. Up until recently, at-PS has
been mostly utilized in industry. Very recently, syn-PS with high stereoreg-
ularity synthesized using new catalysts was expected to show enhanced
properties such as higher heat resistance and tensile strength. The charac-
terization of polymer tacticities has been most extensively carried out using
NMR, but this usually requires a relatively large sample size and fairly long
measuring time. Therefore, rapid and sensitive analytical methods for the
determination of tacticity of PS would be of great interest.

Recently, the characteristic diastereoisomers, such as tetramers and pen-
tamers, formed from various PS samples were separated and identified by
Py-GC/MS by the use of capillary separation columns at high oven temper-
atures.17 The relative peak intensities of the observed diastereotetramers were
interpreted in terms of the stereoregularities of the PS samples by compar-
ison with the results obtained by 13C-NMR.

Figure 3.3 shows the pyrogram of at-PS at 600°C detected by a flame
ionization detector (FID). The main pyrolyzates on the pyrogram (A) are the
styrene monomer (about 80% of all the peak intensities), dimer (about 6%),
and trimer (about 5%). Although the trimer has one asymmetric carbon atom,
it does not have any diastereoisomers which reflect tacticity. The minimum
requirement for a diastereoisomer is the inclusion of more than two asymmetric
carbons in the molecule; this means that tetramers are the smallest possible
candidates. Although styrene tetramers have fairly high boiling points, they
are visible in the expanded pyrogram (B) even in very minute amounts
(about 0.05%).

Figure 3.4 shows the expanded partial pyrograms of the tetramer region
of the PS samples having different tacticities measured under the same
condition. The four characteristic peaks (A, A′B and B′) on the pyrograms
apparently reflect the differences in tacticities among the samples.

The chemical constituents of the two main peaks (A and B) proved to be
the same component by Py-GC/MS. Figure 3.5 shows the mass spectrum of
peak B. Although the observed mass spectrum is rather noisy, the molecular
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ion peak of the tetramer at m/z = 416 is still clearly observed together with
the expected fragment peaks from the molecular ion. The mass spectrum of
peak A is basically the same as that of peak B. The assignment of A and A′
to meso, and B and B′ to racemo diastereoisomers was inferred by the fact
that the peak intensities of A and A′ (having shorter retention times) become
stronger for iso-PS sample. The retention differences between A and A′ and
between B and B′ can be attributed to possible differences in the position of
double bonds in these components.

Table 3.2 shows the average tacticity data for the various PS samples
obtained from the relative intensities of the tetramers in the pyrograms and
those obtained by 13C-NMR. Although the results obtained by Py-GC/MS
are not completely consistent with those by 13C-NMR, the general trends in
both results are in fairly good correlation. The discrepancy between the data
obtained by the two methods can be mostly attributed to the stereoisomeriza-
tion accompanying the formation of the tetramers through radical transfers.

In addition to the radical transfer mechanisms which involve stereo-
isomerization, repeated simple scissions followed by termination where the
original tacticity is conserved, even for the degradation products, compet-
itively contribute to the tetramer formation. The relative contributions of

FIGURE 3.3
Pyrograms of atactic polystyrene at 600°C, from Ref. 17. (A) ordinary pyrogram (×1), (B)
expanded pyrogram (×16). Column: fused silica capillary (HP Ultra 1; 0.20 mm I. D. × 50 m,
0.33 µm of immobilized PDMS) programmed from 50 to 280°C at 6°C/min. Sample size: ca.
0.2 mg. Detector: FID.
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these competitive mechanisms can be regarded as constant under a given
pyrolysis temperature. Therefore, once a calibration curve is prepared by
use of a series of standard samples whose tacticities are well-characterized,
unknown PS samples could be quantitatively interpreted in terms of their
stereoregularities.

Figure 3.6 shows the relationship between the relative peak intensity in the
tetramer region and the average tacticity calculated from the blending com-
position for various mixtures of iso- and syn-PS. It is noted that this relation-
ship shows a fairly good linearity. Furthermore, the plot for an at-PS sample
also nearly falls on the line. Thus the tacticity of an unknown PS sample could
be determined using only a small sample size in the order of submilligram.

FIGURE 3.4
Partial pyrograms of various PS samples in the tetramer region, from Ref. 17. Py-GC conditions
are the same as those in Figure 3.3.
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TABLE 3.2

Comparison of the Observed Average Tacticity 
of PSs as Determined by Py–GC and 13C NMR

Py–GC 13C NMR
Sample r(%) m(%) r(%) m(%)

At-PS 57.6a 42.4 67.5 32.5
Iso-PS 31.0 69.0 0.0 100
Syn-PS 84.9 15.1 98.0 2.0
Natural-PS 57.3 42.7 66.5 33.5

From Ref. 17.
a C.V. for five runs = 2.7%.

FIGURE 3.5
MS spectrum of peak B in Figure 3.4, from Ref. 17.

20 40 60 80 100 120 140 160 180 200 220 240

250 270 290 310 330 350 370 390 410 430 450 470 490

91

105

103

117

207

10

311 416

(m/z)

CH2 CH2 CH2 CH2 CH2CH CHC

103
117

207
311 91

105

styrene tetramer (meso)
m/z=416

©2002 CRC Press LLC



3.4.1.2 Poly(methyl methacrylate)

Basically the same Py-GC technique developed to study the tacticity of PS
was applied to determine the tacticity of various stereoregular poly(methyl
methacrylate) (PMMA) samples by separating the associated diastereomeric-
tetramers of which identification was carried out by a directly coupled
Py-GC/MS system.18 Figure 3.7 shows a typical pyrogram of PMMA observed
in the total-ion monitor (TIM) by a Py-GC/MS system in CI mode, where
various minor peaks of MMA dimers, trimers, tetramers, and pentamers are
recognized in addition to the main monomer one.

Figure 3.8 shows the EI and CI mass spectra corresponding to the two
strong tetramers, A at ca. 45 min and B at about 46 min in the pyrogram of
Figure 3.7. Although the expected quasi-molecular ions are not observed
even in the CI spectra, the common ions at m/z = 369 can be attributed to
[M-OCH3]

+. Thus, both A and B should have the same molecular weight
(MW = 400). Furthermore, in the EI spectra, the tetramer A shows a fairly
strong peak at m/z = 301, while B exhibits a prominent peak at m/z = 315.
The possible bond cleavages are shown at the bottom of the figure together
with the possible structures for the isomers. Additionally the small satellite
peaks (A′ and B′) appearing at earlier retention times than those of the main
tetramers (A and B) proved to have exactly the same chemical structures
between A and A′, and B and B′, suggesting that they are the stereoisomers,
respectively.

Figure 3.9 shows the expanded partial pyrograms of the tetramer region
observed by FID for the PMMA samples (S-1 ~ S-4). By comparing the pyrogram

FIGURE 3.6
Relationship between relative peak intensities of racemo products in tetramer region and
average r% in mixture of iso- and syn-PS. �: mixture of iso- and syn-PS; �: at-PS.
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for the highly syndiotactic S-1 with that for the highly isotactic S-4, it is apparent
that the diastereoisomers with meso (m) configuration always appear at
earlier retention times than those with a racemo (r) configuration.

Provided that these diastereoisomers reflect the original stereoregularity
of the PMMA samples, we can estimate the diad tacticity from the relative
peak intensities between A′ (m) and A (r), or B′ (m) and B (r). The diad
tacticity values thus determined are summarized in Table 3.3, together with
the reference values obtained by 1H-NMR. Here, fairly good reproducibility
of the measurement by Py-GC as CV = 2.0% was obtained for seven repeated
runs with S-3.

Thus, observed tacticity values using either tetramer pair, A and A′, or
B and B′, are in fairly good agreement with those by 1H-NMR. This fact
suggests that any appreciable thermal isomerization does not contribute to
the thermal degradation of PMMA to yield the tetramers since the associated
radical transfers to yield the tetramers occur only at methyl or methylene
carbons which are not asymmetric in the polymer chain. Moreover, it has
been demonstrated that the diad tacticity of MMA sequences can be also
precisely determined by basically the same method even in the copolymers
of MMA and various acrylates and their crosslinked polymers,19 which are
difficult to characterize by NMR.

FIGURE 3.7
Pyrogram of syndiotacticity-rich poly(methyl methacrylate) observed in total-ion monitor by
Py-GC/MS in CI mode at 500°C, from Ref. 18. Column: fused silica capillary (HP Ultra 1, 0.2 mm
I. D. × 25 m, 0.33 µm of immobilized PDMS) programmed from 50 to 280°C at 4°C/min. Sample
size: ca. 1 mg.
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TABLE 3.3

Comparison of the Diad Tacticity (%) of PMMAs as Determined 
by Py-GC and 1H NMR

Py-GC
From A Peaks From B Peaks 1H NMR

Sample m r m r m r

S-1 7.3 92.7 7.4 92.6 5.6 94.4
S-2 21.3 78.7 24.1 75.9 24.0 76.0
S-3 79.7 20.3 81.8 18.2 82.8 17.1
S-4 98.5 1.5 97.3 2.7 97.2 2.8

From Ref. 18.

FIGURE 3.8
EI and CI mass spectra of methyl methacrylate tetramers observed in Figure 3.7, from Ref. 18.
EI: 70 eV at 250°C; CI: 180°C using isobutane as the reagent gas.

50 100 150 200 250 300 350 400 m/z

50 100 150 200 250 300 350 400 m/z 50 100 150 200 250 300 350 400 m/z

50 100 150 200 250 300 350 400 m/z

369341
301

277

212 EI
mode

CI
mode

CI
mode

EI
mode

59
121

101

369

369

101

59
102

142

249

315
341

369

CH3

3 3

H3 H2 H H2 2

CH3

CH2

CH3

C C C C C

C

C

C

∗∗

315

101

369
341

C

C

C

C O O

O

O

OCH OCH

3OCH

3OCH

tetramer B m/z=400

CH3 CH3

3 3

H3 H2 H H2

CH3

CH3

C C C C C

C

C

C

∗∗

301

101

369
341

C

C

C

C O O

O

O

OCH OCH

3OCH

3OCH

tetramer A m/z=400

©2002 CRC Press LLC



3.4.2 Terminal Groups of Polymer Chain

Since end-groups in polymers are generally attributed to an initiator and/or
chain transfer and terminating agent incorporated into polymer chains, anal-
ysis of end-groups is one of the most substantial approaches for assessing
the mechanism of polymerization. Furthermore, the presence or absence of
specific end-groups often causes significant changes in the polymer proper-
ties, and thus precise characterization has been eagerly sought in recent
multifunctionalization of polymeric materials. The characterization of end-
groups in a high molecular weight (MW) polymer sample, however, is not

FIGURE 3.9
Partial pyrogram of the tetramer region for various PMMA samples, from Ref. 18. Pyrolysis
temp: 500°C. Column: metal capillary column (Frontier Lab Ultra Alloy-1, 0.25 mm I. D. × 50 m,
0.15 µm of immobilized PDMS) and programmed from 50 to 340°C at 4°C/min. Sample size:
ca. 0.4 mg. Detector: FID.
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an easy task because of their very low relative concentration. Generally, NMR
has been most extensively used for characterization of end-groups in poly-
mers. MALDI-MS has been extensively used in recent years for end-group
determination in lower molecular weight polymers. However, their sensi-
tivity and resolution have not always been adequate for quantitative analysis
of end-groups in high-MW polymers. Recently, Py-GC/MS has also been
recognized as an excellent and complement technique to approach the char-
acterization of end-groups in polymers.

3.4.2.1 Radically Polymerized PMMA

The polymerization reagents incorporated into the polymer chain ends
were able to be characterized by Py-GC/MS, where PMMA samples radi-
cally polymerized in toluene with benzoyl peroxide (BPO) as an initiator
and dodecanethiol as a chain transfer reagent were studied.20

Figure 3.10 shows a pyrogram at 460°C detected by FID for a PMMA
sample prepared in the presence of BPO and dodecanethiol in toluene. Since
PMMA has a tendency to depolymerize mostly into the original monomer
at elevated temperatures around 500°C, the main pyrolysis product on the
pyrograms (more than 90%) is the MMA monomer. Among various minor
peaks, however, peaks A-I were assigned from their mass spectra to the
fragments of polymerization reagents incorporated into the polymer chain.

The dissociation of BPO during the polymerization reactions yields both
benzoyloxy and phenyl radicals, both of which initiate radical polymerization.
Furthermore, chain transfer from polymeric radicals to solvent (toluene) can

FIGURE 3.10
Pyrogram at 460°C of radically polymerized PMMA prepared in toluene with 0.3% of benzoyl
peroxide and 1.5% of dodecanethiol, from Ref. 20. MMA: monomer, m′: monomer-related
products, d′: dimer-related products, d: MMA dimers, t: MMA trimer. Column: fused silica
capillary (HP Ultra 1, 0.2 mm I. D. × 50 m, 0.33 µm of immobilized PDMS) programmed from
0 to 250°C at 4°C/min. Sample size: ca. 0.5 mg, Detector: FID.
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take place to form benzyl radicals that also trigger another polymerization
reaction. On the other hand, dodecanethiol added as a chain transfer reagent
also initiates the other polymerization reaction after it is converted into a
dodecylthioradical. As a result, at least three types of aromatic chain ends
and one dodecylthio chain end should exist in the PMMA sample.

As shown in Figure 3.10, the peaks A-G can be attributed to those aro-
matic chain ends. Methyl benzoate (peak D) should be responsible for the
benzoyloxy-initiated chain ends, while peaks A (benzene), E, and G should
be responsible for the phenyl-initiated ones. On the other hand, peaks B
(toluene), C (styrene), and F can be attributed to the benzyl-initiated ones.
The peaks of 1-dodecene (H) and dodecanethiol (I) on the pyrogram directly
reflect the thiol-initiated chain ends. From the relative peak intensities of the
above-mentioned characteristic peaks on the resulting pyrogram, it becomes
possible not only to estimate the amounts of polymerization reagents in feed
but also to discuss the associated polymerization mechanisms.

As an example, Figure 3.11 illustrates the observed relationships between
the relative peak intensities of the characteristic aromatic products and the

FIGURE 3.11
Relationship between the relative peak intensities characteristic of the aromatic end groups and the
polymerization temperatures of PMMA samples polymerized using BPO in toluene, from Ref. 21.
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polymerization temperature for samples polymerized at different tempera-
tures between 60 and 100°C.21 The fact that the peak intensities of all the
aromatic products increase with the rise in temperature indicates that the
temperature dependence of the initiation reaction is much greater than
that of the propagation reaction. Furthermore, the fact that the initiator-
incorporating chain ends (solid lines) increase more rapidly with the rise
in temperature than the solvent-incorporating ones (dotted lines) suggests
that the temperature dependence of the initiation reaction is also greater
than that of the chain transfer reaction to toluene.

Basically the same Py-GC/MS technique was also applied to elucidation of
MW dependence of the end-groups of radically polymerized PMMA,22 the end-
groups characterization of prepolymers of PMMA prepared by radical chain
transfer reaction using thio-carboxylic acid and macromonomers derived from
the prepolymers,23,24 the quantification of end-groups in anionically polymer-
ized PMMAs with narrow MW distribution in the range of average MW from
104 to 106, 25 and characterization of branched alkyl end-groups in PMMA26 and
the end-groups and their adjacent structures in styrene-MMA copolymers.27

3.4.2.2 Anionically Polymerized PS

Absolute determination of end-groups in anionically polymerized monodis-
perse PS samples with MW between 1000 and a few million was carried out
by Py-GC/MS.28 Figure 3.12 shows typical pyrograms of PS samples at 600°C
for PS-2 with number average MW (Mn) = 3090 (A), and PS-3 with Mn = 9000 (B).
At this temperature, polystyrenes were decomposed mainly to the styrene
monomer (ca. 80%), with some dimer (ca. 6.5%) and trimer (ca. 4.0%). Among
these many peaks, some characteristic ones might exist that reflect the struc-
tures of the n-butyl end-groups. When comparing the pyrograms of the two
PS samples with different MW, the peaks 1–5 eluting before the monomer
and the peaks 6–9 eluting between the monomer and the dimer cluster could
be specifically attributed to the end-group moieties since those relative inten-
sities became smaller in the pyrogram for the PS-3 with larger MW.

The positive identification of these peaks carried out by Py-GC/MS is
summarized in Figure 3.13, together with the corresponding end-group moi-
eties in the polymer chain. Thus, it proved that peaks 1–5 are the products
derived from the n-butyl end-group moiety, and peaks 6–9 are those from
the n-butyl end-group moiety plus a styrene unit. Based on these results, Mn

values could be estimated using the relative molar intensities of these nine
characteristic peaks against those of the major peaks from the main chain
(mostly monomer + dimers + trimer).

Table 3.4 summarizes the Mn values for nine PS samples, together with
the reference values provided by the supplier. The observed values of Mn

by Py-GC/MS are generally in fairly good agreement with the reference
values up to about a few tens of thousands of Mn (PS-1-4). For PS samples
with larger MW (PS-5-8), however, the estimated values are much too low.
This deviation should be attributed mostly to the contribution of the thermal
degradation of the main chain to form, to some extent, the components of
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the side reaction which was empirically estimated by Py-GC/MS measure-
ment of different PS samples having a benzyl end-group rather than samples
with n-butyl end-groups. As shown in Table 3.4, thus corrected Mn values
are in fairly good agreement with PS-4 before and after correction at about
3.1 and 5.7%. These results suggest that the Py-GC/MS method can be used
to estimate absolute Mn values of PS samples very rapidly using only about
0.1 mg of the samples.

FIGURE 3.12
Pyrograms of polystyrenes having an n-butyl end group at 600°C, from Ref. 28. (A) PS-2, Mn =
3090, (B) PS-3, Mn = 9000. Column: fused silica capillary (HP Ultra 1, 0.2 mm I. D. × 50 m, 0.33 µm
of immobilized PDMS) programmed from 0 (10 min) to 280°C at 5°C/min. Sample size: ca.
0.1 mg. Detector: FID.
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3.4.3 Proof of Ring Structure in Cyclic Polymers

Cyclic polymers having no chain end are expected to have quite different
natures from those of the corresponding linear ones. Therefore, the study of
physical properties of cyclic polymers has been of interest for many years. Cyclic
polymers are usually prepared by the reaction of the living polymers having
functional groups on both chain ends with bifunctional linking agents. How-
ever, the direct proof of the ring structures of the cyclic polymers has not
been an easy task. Recently, the existence of the ring structure in cyclic
poly(2-vinylpyridine) (P2VP) was confirmed by using Py-GC/MS.29 In this

FIGURE 3.13
Assignment of the characteristic peak in 1–9 in Figure 3.12 together with the corresponding
n-butyl end group moieties in the PS chain, from Ref. 28.
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work, the P2VP sample containing ring structure was tentatively prepared
by the reaction of linear P2VP having two living ends, which was polymer-
ized by anionic polymerization of 2-vinylpyridine (2VP) using dipotassium
salt of α-methylstyrene tetramer as a bifunctional initiator, with α,α′-
dibromo-p-xylene as a bifunctional coupling agent. Thus prepared, crude
product was fractionated by preparative size exclusion chromatography in
order to enrich the cyclic polymer portion by removing multiply coupled
products. Figure 3.14 shows the possible molecular structure of the cyclic

TABLE 3.4

Number-Average Molecular Weight of Polystyrenes Estimated by 
SEC and Calculated from End Groups Measured by Py-GC

Mn

Sample By SEC
By Py–GC (DP × 104)

Before Correction
By Py–GC (D′′′′p × 104)

After Correction

PS-1 1190 1180 1240
PS-2 3090 3170 3250
PS-3 9000 8520 9100
PS-4 27600 23200a 28200b

PS-5 64600 41700 61400
PS-6 152000 65100 130000
PS-7 419000 107000 587000
PS-8 979000 116 000 1090000

From Ref. 28.
a CV = 3.1% (for five measurements).
b CV = 5.7% (for five measurements).

FIGURE 3.14
Possible structure of cyclic poly(2-vinylpyridine), from Ref. 29.
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P2VP which might be contained to some extent in the fractionated P2VP
sample, R-1. Then the proof of the ring structure in the sample R-1 was
carried out by detecting the characteristic fragments reflecting the coupling
moiety of the polymers at which the coupling agent combined the living
2VP units in both functional points.

Figure 3.15 shows the pyrogram of R-1 at 650°C detected by FID. The
characteristic degradation products are 2VP monomer, dimer, and trimer, of
which relative peak intensity among total one is about 80%, 10%, and 3%,
respectively. These main products, which are mostly associated with the
main chain of the molecule, do not provide any useful information about
the ring structure at all. According to the anticipated ring structure, however,
the possible smallest characteristic fragments that reflect the coupling moiety
in the cyclic P2VP, if any, should be observed in the trimer region because
the coupling agent combined with the two 2VP units in both sides might
yield a hybrid trimer containing three aromatic rings of which molecular
weight is to be very close to 2VP trimer with three aromatic rings. Therefore,
the trimer region was focused in the following discussion. As shown in
Figure 3.15, the expanded pyrogram in the trimer region consists of a number
of peaks in addition to the strongest 2VP trimer (VVV).

FIGURE 3.15
Pyrogram of poly(2-vinylpyridine) containing cyclic polymer fraction (sample R-1) at 650°C,
from Ref. 29. Column: fused silica capillary (HP Ultra 1, 0.2 mm I. D. × 50 m, 0.33 µm of
immobilized PDMS) programmed from 50 to 290°C at 5°C/min. Sample size: ca. 0.3 mg,
Detector: FID.

NN

NNN

N
CH2=C−CH2−CH−CH2−CH2

CH2=C    CH2−CH2CH2=CH

Trimer

DimerMonomer

Monomer region

10 20 30

Trimer
(3%)

min

40 50

45 50 55 60

min0

Dimer region Trimer region

(10%)(80%)

X 8

©2002 CRC Press LLC



Here three kinds of model linear P2VP (L-1, L-2, and L-3) were also used
in order to comparatively discriminate the characteristic fragments that
reflect the coupling moiety in the cyclic P2VP from the other many degra-
dation products observed in the pyrogram. The model polymer named L-1
was synthesized by initiating with α-methylstyrene tetramer dipotassium
followed by terminating with MeOH, L-2 by initiating with n-BuLi, followed
by coupling with α ,α′-dibromo-p-xylene, and L-3 by initiating with n-BuLi,
followed by terminating with α-bromo-p-xylene.

Figure 3.16 illustrates the possible trimer structures formed from the
cyclic P2VP and the model linear P2VPs (L-1, L-2, and L-3), where 2VP,
α-methylstyrene, and p-xylene units are abbreviated as V, S, and X, respec-
tively. The possible degradation products from R-1 in the trimer region
should comprise the fragments containing the residue of the initiator (SSS,
VSS, and VVS) and those containing the moiety of the coupling agent (VVX)
and (VXV) as well as the strongest 2VP trimer (VVV). On the other hand, as
was illustrated in Figure 3.16, L-1, L-2, and L-3 should yield the respective
characteristic trimers corresponding to the original molecular structures.

FIGURE 3.16
Possible trimer structure formed from cyclic poly(2-vinylpyridine) [P2VP] and model linear
P2VP (L-1–L-3), from Ref. 29.
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Therefore, when the retention data of the peaks in the trimer region for L-1,
L-2, and L-3 are carefully compared with each other, the possible candidates
for the key trimers of VXV that might reflect the coupling moiety in the ring
polymer can logically be discriminated as follows. 

Figure 3.17 shows the observed partial pyrograms in the trimer region for
L-1, L-2, L-3, and R-1. The trimers which are observed on the pyrogram of L-2
but are missing on that of L-3 can be the candidates of VXV. These, however,
might have the same retention times by chance as those of the other trimers,

FIGURE 3.17
Detailed pyrograms in the trimer region of poly(2-vinylpyridine) [P2VP] containing cyclic
polymer fraction (sample R-1) and model linear P2VP (L-1–L-3), from Ref. 29. Py-GC conditions
are the same as those in Figure 3.15.
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including S unit such as VVS, VSS, and SSS, of which the contribution, if any,
can easily be eliminated by comparing with the pyrogram of L-1. By this logical
comparison of the pyrograms of the three model polymers (L-1, L-2, and L-3),
it was deduced that the peaks 1, 2, and 3 appearing on the pyrogram of L-2
should be attributed to the peaks of the key trimers of VXV.

Then, by considering the deduction process mentioned above, the mass
spectra of those three peaks (1, 2, and 3) were carefully interpreted. Figure 3.18

FIGURE 3.18
EI mass spectra of the products reflecting the coupling moiety observed in the trimer region
(peaks 1, 2, and 3 in Figure 3.17), from Ref. 29.

CH

78
93

167

194
208

222

299

300
117

152

CH

MW=300peak 1

194

208

MW=300

194 285

CH

N

CH CH222

N

CH CH CH

N

2 CH CH3

N

MW=298

CH CH CH

N

2 CH CH2

N

100 150 200 250 300 m/z

100 150 200 250 300 m/z

100 150 200 250 300 m/z

peak 2

peak 3

193

78

92
106

152
167 208

300

285194

115 148
165

180

78

204
218

283

298

297

©2002 CRC Press LLC



shows the observed EI mass spectra for peaks 1, 2, and 3. The spectrum of
peak 1 indicates the M+ ion at m/z 300 and fragment peaks at m/z 208
and 194. That of peak 2 indicates the same M+ ion at m/z 300 and the base
peak at m/z 285 and a fragment peak at m/z 194. That of peak 3 indicates the
M+ ion at m/z 298. As was expected, the possible structural formulae of
the three peaks thus estimated, shown in Figure 3.18, have the common basic
structure as VXV.

As shown in Figure 3.17, the specific peaks, 1, 2, and 3 are also clearly
observed in the pyrogram of R-1. Therefore, it can be unequivocally con-
cluded that R-1 should include a certain amount of the polymers with the
anticipated ring structure illustrated in Figure 3.15. Here, it can be empir-
ically estimated that about 30% of the fractionated P2VP sample (R-1)
should have the ring structure by comparing the relative intensities of the
specific peaks 1, 2, and 3 between R-1 and L-2, taking the following
conditions into consideration: i) each molecule of L-2 comprises one cou-
pling moiety, and ii) R-1 and L-2 have almost comparable Mn, 1.5 × 104

and 1.3 × 104, respectively.

3.4.4 Thermal Degradation of Mechanisms of PS

Py-GC/MS is one of the most powerful techniques to study the thermal
degradation mechanism of polymers. In particular, the use of isotope-labeled
polymer samples is often effective for such investigation. Here the detailed
study of the thermal degradation mechanism of PS is described using a
deuterium-labeled PS sample.

As shown in Figure 3.3, PS thermally degrades mainly to monomer
(ca. 70–80%) with some dimer (2.4-diphenyl-1-butene) and trimer (2.4.6-
triphenyl-1-hexene). The thermal degradation of PS at elevated temperatures
is initiated by a random scission of the polymer main chain to give primary
and secondary macroradicals (Eq. 3.1).

(3.1)

Both macroradicals chiefly depolymerize to the monomer. Macroradicals
can also engage in hydrogen abstraction. The formation of the dimer and
the trimer has been mostly explained through intramolecular 1,3- and 1,5-
transfers, respectively, from the terminal groups of the secondary macroradical
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to the reactive tertiary carbon followed by β-scission (Eq. 3.2).

(3.2)

Among these, the latter 1,5-transfer is reasonably accepted as the main path
to form the trimer by a back-biting mechanism through a six-membered ring
intermediate. However, the former 1,3-transfer has not been clearly accepted
as the main path of the dimer formation by a reasonable mechanism and/or
intermediates.

Recently, the thermal degradation of a block copolymer of ordinary and
perdeuterated styrene, poly(styrene-b-styrene-d8) (styrene/styrene-d8 =
~1/1) was investigated by Py-GC/MS and by pyrolysis-field ionization MS
(Py-FIMS) to clarify the detailed mechanism of the dimer formation.30

Figure 3.19 shows the pyrograms of the poly(styrene-b-styrene-d8) at 500°C.

FIGURE 3.19
Pyrogram of poly(styrene-b-styrene-d8) at 500°C, from Ref. 30. Column: fused silica capillary
(HP Ultra 1, 0.2 mm I. D. × 50 m, 0.33 µm of immobilized PDMS) programmed from 50 to 180°C
at 8°C/min, then 2°C/min to 210°C, and finally 8°C/min to 300°C. Sample size: ca. 0.1 mg,
Detector: FID.

C C C C C C C C C C C

C C C C C C

C C C

C C

Ph Ph Ph Ph Ph

dimer

trimer

PhPhPh

~

C C C C

1,3-transfer

1,5-transfer

C C C C~

~

~

Ph Ph Ph Ph Ph Ph Ph Ph

+

+

monomers

x8

ordinary
dimer

hybrid
dimer

ordinary
trimer

styrene-d8
trimer

styrene-d8
dimer

dimers

0 10 20 30 40 (min)

©2002 CRC Press LLC



The main degradation products are styrene-d8 and the ordinary styrene
monomers, which are not completely separated under the given gas chro-
matographic conditions, although the retention times of the deuterated prod-
ucts are always slightly shorter than those of ordinary hydrogenated ones.
The trimer peaks in Figure 3.19 are composed of a doublet that corresponds
to a styrene-d8 trimer and an ordinary styrene trimer. Hybrid trimers con-
sisting of both ordinary styrene and styrene-d8 units are negligible.

The dimer peaks are composed of a triplet with relative intensities of
14%:45%:41%. Almost the same triplet of the dimer peaks are also observed
in the pyrogram of the blend of styrene and styrene-d8 homopolymers. The
first and the last peaks of the triplet are homo-dimers of styrene-d8 and
ordinary styrene, respectively; the central peak proved to be the hybrid dimer
of both styrene units. The fairly strong peak intensity of the hybrid dimer
(45%) cannot be fully explained through simple chain scissions around the
minute amount of the junctions of the two types of styrene units in the block
copolymer chains, but must also result from the contribution of some addi-
tional intermolecular reactions to form the dimers.

Figure 3.20 shows two EI-mass spectra measured at (a) the relatively early
and (b) the later retention part of the hybrid dimer peak, which apparently
consists of a single peak. Interestingly, the spectrum of the first part of the
peak differs from that of the latter part. This fact suggests that the hybrid
dimer peak would contain at least two components. The spectrum of the first
part indicates the base peak at m/z 91 and the most intense M+ ion at m/z 217,
whereas that of the latter indicates the base peak at m/z 98 and the most
intense M+ ion at m/z 215. These observations suggest that the possible hybrid
dimers should be C16H7D9 (MW = 217) and C16H9D7 (MW = 215) whose struc-
tures are shown in Figure 3.20.

FIGURE 3.20
EI mass spectra of the hybrid dimer peak in Figure 3.19, from Ref. 30. (a) early part of the peak,
(b) latter part of the peak.
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These results are also supported by Py-FIMS for the same sample. Figure 3.21
shows Py-FIMS spectra of (a) ordinary PS and (b) the poly(styrene-b-styrene-d8).
In the spectrum of the block copolymer (b), signals resulting from molec-
ular ions of ordinary styrene (m/z = 104) and styrene-d8 (m/z = 112) monomers
and the respective homo-trimers (m/z = 312 and 336) are observed, whereas

FIGURE 3.21
Py-FIMS spectra of polystyrenes, from Ref. 30. (a) ordinary polystyrene, (b) poly(styrene-b-
styrene-d8). Pyrolysis heating rate: 50 to 700°C at 1.2°C/sec. Sample size: ca. 0.05 mg.

b

100

80

60

40

20

0R
el

at
iv

e 
A

bu
nd

an
ce

105

208

209

312

313

50 100 150 200 250 300 350

m/z

R
el

at
iv

e 
A

bu
nd

an
ce

100

80

60

40

20

0

112 x10

215

104

208

113

217
224

225

312

336

313

35030025020015010050

m/z

a 104

©2002 CRC Press LLC



hybrid trimers are completely missing. The observed hybrid dimer peaks
are mostly composed of the signals at m/z 215 and 217, whereas that at m/z
216(C16H8D8) is fairly small. This result suggests that the hybrid dimers are
not mainly formed through the simple dimerization of monomers generated
during pyrolysis.

On the basis of the results observed by Py-GC/MS and Py-FIMS, the
most probable mechanisms for formation of the dimers and the trimers
during the thermal degradation of PS are proposed as follows. Among the
transfer reactions of the macroradicals formed initially, the intramolecular
1,5-transfer of the secondary radical (R2) followed by β-scission occurs
most frequently, whereas the primary radical mostly undergoes depoly-
merization. Thus, a trimer and R2 radical are proposed by the scission at
β 1 (Eq. 3.3).

(3.3)

In this case, only homo trimers are formed even from the poly (styrene-
b-styrene-d8). On the other hand, a 1,3-diphenylpropyl radical (R3) and an
unsaturated polymer chain end are formed by the scission at β2 (Eq. 3.4).

(3.4)

The R3 radical should give rise to 1,3-diphenylpropane by hydrogen
abstraction. However, the fact that the observed peak of 1,3-diphenylpropane
is fairly small suggests that the R3 radical might undergo further decompo-
sition to form a monomer and a benzyl radical (Eq. 3.5). 
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Although the benzyl radical could give rise to toluene by hydrogen abstrac-
tion, the toluene peak observed in the pyrogram is also very small. This
result suggests that the benzyl radical might attack the other unsaturated
chain ends formed by the β-scission described previously; the dimer is then
formed by the β-scission to the double bond (Eq. 3.6).

(3.6)

Thus, the hybrid dimers can be formed from the block copolymer if the
ordinary or deuterated benzyl radical attacks the other unsaturated chain
ends formed during pyrolysis as follows (Eq. 3.7).

(3.7)

The most reliable mechanism for the dimer formation from PS proved to
be associated with the intermolecular reaction of the benzyl radicals, which
are formed from the secondary macroradicals, rather than the intramolecular
1,3-transfer of the secondary macroradical.

In a similar manner, thermal degradation mechanisms of fully aromatic
polyesters were investigated in detail by Py-GC/MS using a partially deu-
terated polymer sample.31 Moreover, the mechanisms of reactive pyrolysis
of the same aromatic polyester in the presence of tetramethylammonium
hydroxide (TMAH) was also studied by Py-GC/MS.32 In this case, the con-
tribution of solvent (methanol) to the reaction was confirmed by use of a
deuterated methanol solution of TMAH.
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3.4.5 Thermal Degradation Mechanisms
of Flame-Retarded Polyesters

Halogenated organic compounds in the presence of antimony oxide (Sb2O3)
have been widely used as effective flame-retardants in many polymeric
systems. It is generally thought that the flame-retarding effect of these
additive systems is due mainly to the synergism between the halogenated
compounds and antimony oxide to form volatile antimony halides such as
SbCl3 and SbBr3, which act as free radical traps around the flame. Therefore,
the formation mechanisms of the antimony halides are of great interest.

On the other hand, evolved gas analysis (EGA) can observe the evolution
behavior of the thermal degradation products as a function of programmed
temperature. This temperature-programmed pyrolysis (TPPy) technique
would provide detailed information to understand the synergistic flame-
retardancy of halogenated organic compounds/Sb2O3 system. Recently, the
thermal degradation process of poly(butylene terephthalate) (PBT) containing
a synergistic flame-retardant system based on brominated polycarbonate
(Br-PC), consisting of tetrabromobisphenol-A and Sb2O3, was investigated
by means of the TPPy technique.33

A discussion of detailed degradation processes on the basis of the chemical
information about the volatile products follows. First TPPy-GC/MS was
applied to identify the thermal degradation products formed from flame-
retarded (FR)-PBT during the programmed heating. In a TPPy-GC/MS
system, a temperature-programmable microfurnace pyrolyzer was directly
coupled with a GC/MS equipped with a metal capillary separation column.
During the heating of the furnace from 60 to 700°C at a rate of 10°C/min, the
degradation products were trapped in a part of the separation column near
the injection port by immersing in liquid nitrogen in a Dewar vessel, and
then the trapped components were analyzed by GC/MS. 

Figure 3.22 shows (a) the TIC chromatogram of cold trapped products
evolved from FR-PBT, and (b) the mass chromatogram for m/z 362 corre-
sponding to the parent ion of SbBr3 observed for FR-PBT. The TIC chromato-
gram for FR-PBT mostly consists of the common pyrolysis products observed
both for PBT and for Br-PC alone. Among these, various flame-retarding
species such as HBr and various bromophenols originated from Br-PC were
observed. Moreover, as might be expected for the synergistic reaction
between Br-PC and Sb2O3, a prominent peak of SbBr3 is found out on the
mass chromatogram at around 11 min shown in Figure 3.22(b), although
the corresponding peak was hardly observed in the TIC chromatogram. The
identification of SbBr3 was confirmed by the facts that the retention time
and the mass fragmentation pattern for this peak shown in Figure 3.22
basically coincided with those observed for the SbBr3 reagent sample.

The molecular evolution profiles of the thermal degradation products were
then studied by a TPPy-MS system in which the capillary separation column
was replaced by a deactivated stainless steel capillary transfer line main-
tained at 300°C. Figure 3.23 shows the thermal degradation profiles using
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single-ion monitoring (SIM) curves traced mostly at the molecular ion peaks
of the main degradation products, together with the corresponding TIC
curves obtained for (a) PBT, (b) Br-PC and (c) FR-PBT.

As shown in Figure 3.23(a), the SIM curves at m/z 54 (1,3-butadiene)
and at m/z 203 (butylene terephthalate) and TIC curve for PBT show
apparent one-stage degradation at ca. 380°C. On the other hand, as shown
in Figure 3.23(b), the SIM curves at m/z 82 (HBr) and at m/z 252 (2,6-
dibromophenol) for Br-PC show that the degradation takes place stepwise
in at least two stages. At the early degradation stage, brominated phenols
such as 2,6-dibromophenol is evolved in a temperature range from 400 to
460°C with a peak at ca. 450°C. At a slightly higher temperature above the
TIC peak, a steep evolution peak for HBr is observed with a maximum at
ca. 460°C. These observations suggest that in the early degradation stage the
degradation of Br-PC takes place through scission of ester linkages, while at
the higher temperatures above ca. 460°C dehydrobromination, forming char
residue, occurs predominantly.

Here, it is interesting to note that the observed TIC curve with a peak-top
at ca. 380°C for FR-PBT shown in Figure 3.23(c) is very close to that for pure
PBT, although the former exhibits significant leading evolution starting at

FIGURE 3.22
Typical gas chromatogram of the degradation products evolved from (a) flame-retarded (FR)-
PBT, and (b) the mass chromatogram for m/z 362 corresponding to the parent ion of SbBr3

observed for FR-PBT along with the mass spectrum of SbBr3, from Ref. 33. Column: a metal
capillary (Frontier Lab Ultra Alloy-1, 0.25 mm I. D. × 15 m, 0.15 µm of immobilized PDMS)
programmed from 35 to 300°C at 10°C/min.
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ca. 320°C. The observed substantial temperature lowering shift for the evo-
lution of both HBr and 2,6-dibromophenol from Br-PC moiety clearly sug-
gests a contribution of the synergistic effects of the flame-retardant additives.
These synergistic effects are mostly attributed to the catalytic effect of Sb2O3

to promote the thermal degradation of carbonate linkages of Br-PC.
These observations also clearly indicate that in this flame-retardant system,

brominated phenols are first evolved at slightly lower temperatures than
those of the flammable product such as 1,3-butadiene and butylene terephtha-
late evolved from the substrate polymer, PBT, to cause the initial flame-retarding
effect. In addition, HBr would then be evolved over the whole degradation
temperature range for PBT to cause free radical trap in volatile phase and char
formation to decrease flammable products.

FIGURE 3.23
SIM curves for representative degradation products and TIC curved observed for (a) PBT,
(b) brominated polycarbonate (Br-PC), and (c) FR-PBT measured by TPPy-MS, from Ref. 33.
The italic numbers in parentheses represent the peak heights.
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Furthermore, it is worthwhile to note that the observed initiation temper-
ature of the flame-poisoning SbBr3 (m/z 362) evolution nearly coincides with
that of HBr evolution, suggesting that the formation of SbBr3 might be
triggered by the evolution of HBr. These observations support the reported
mechanisms that the SbBr3 formation is closely related to the evolution of
HBr in the flame-retardant systems containing brominated flame retardants
in the presence of Sb2O3.

3.5 Conclusions

Py-GC/MS has long been appreciated as a simple, but rapid and extremely
sensitive technique for the characterization of almost any type of polymers,
including insoluble thermosetting and crosslinked polymers and complex
biopolymers, as well as ordinary synthetic polymers. Owing to the recent
progress in the measuring system such as pyrolyzers, separation columns
and detection systems comprising MS, the modern Py-GC/MS has made a
great stride toward becoming a powerful tool not only in polymer identifi-
cation and compositional determination of polymer blends and copolymers
but also in various microstructural characterization of high polymers. The
structural information such as branching, stereoregularity, end-group, network,
and copolymer sequence is often exclusive and/or complementary to that
obtained by the conventional spectroscopic methods such as FT-IR and NMR.
Moreover, pyrolysis in the presence of some specific reagents and/or cata-
lysts has recently acquired a stable position among various analytical pyrol-
ysis methodologies. For example, so-called “thermally assisted hydrolysis
and methylation” technique using organic alkaline reagents is widely uti-
lized for reliable and informative characterization of various condensation-
type polymers that are often intractable for the conventional pyrolysis
techniques.34 Thus, advanced Py-GC/MS will increasingly play a very
important role in the fields of practical material characterization as well as
basic polymer specification.
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4.1 Introduction

The possibility of obtaining gaseous ions via the use of charged droplets has
captured the attention of mass spectrometrists since the late 1960s. Projects
by Dole and co-workers, involving spraying dilute solutions of macromol-
ecules such as polystyrene through a syringe held at high potential into a
gas-filled chamber for mass spectrometric analysis, have been the origin of
today’s electrospray ionization (ESI).1,2 These early efforts ended up with the
developers concluding that problems apparently due to multiply-charged
species and cluster formation prevented the determination of accurate molec-
ular weights of polymers, and work had been abandoned on ESI mass spec-
trometry until the 1980s.3,4 Rediscovered by Fenn and co-workers, it has now
been developed into a powerful technique used extensively to desorb at
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atmospheric pressure biomolecules dissolved in polar solvents. Ironically,
the unique ability of the technique to produce multiply charged gaseous ions
has been found a benefit for these analytes, which allowed for viewing of
macromolecular ions on a quadrupole mass spectrometer having a mass
range extending only to m/z 1500 in the early experiments. Synthetic poly-
mers were among the early focus of research on ESI of high-mass species,
and they have represented a significant application area of the technique.

A catalyst to the development of techniques involving sprays as methods
of sample introduction and/or ionization has also been the pursuit of on-line
coupling of liquid chromatography (LC) with mass spectrometry (LC/MS).4

ESI is inherently suited for this hyphenation. Interfaces that initially accom-
modated liquid effluents at only about 10 µl/min have now been developed
to be compatible with a wide range of flow rates—from nanoliters per minute
(nanospray) to 1–2 ml per min (pneumatically assisted electrospray or ion-
spray). ESI mass spectrometry has become the method of choice in general,
when on-line LC/MS of various synthetic polymers is considered. Atmospheric-
pressure chemical ionization (APCI) is another technique that employs spray
vaporization, but relies on external ionization, and has been applied to the
on-line LC/MS analysis of selected oligomeric mixtures (“prepolymers”).
Thermospray was an earlier method developed as an LC/MS interface that
employed heat instead of an electric field for generation of charged drop-
lets. This spray ionization technique (together with other methods to couple
LC with mass spectrometry such as particle beam and flow-FAB interfaces)
will not be discussed in detail, because it has now been superseded by ESI
and APCI that are more sensitive and amenable to a much wider variety of
analytes, including synthetic polymers, than thermospray.

In this chapter, an overview is presented about the principles and instru-
mentation of atmospheric pressure ionization mass spectrometry, followed
by the application of ESI mass spectrometry and LC/MS to oligomers and
polymers. Representative applications are discussed to highlight benefits
and limitations of the techniques. 

4.2 Electrospray, Ionspray, and APCI

4.2.1 Instrumentation

Today’s mass spectrometers are available with electrospray interfaces of
various designs. However, they all rely on the principle of nebulization of
a liquid into an aerosol of charged microdroplets due to strong electric field.5

The schematic diagram of a typical ESI interface is shown in Figure 4.1. The
solution containing the analyte is injected at a constant flow rate into the
spray chamber through a small-diameter (metal, fused silica, or glass) cap-
illary or needle (isolated by fused silica tubing from the device maintaining
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the sample flow). The solution leaving the capillary is sprayed into the plume
of charged microdroplets because of a ∆V difference (usually 1–5 kV)
between the potential at the tip of the sprayer (Vn) and the potential of an
inlet of a small internal-diameter capillary transfer tube (Figure 4.1) located
a few millimeters away. A cone or flat plate with an orifice (Vc) may also
serve as a counter electrode. The solution fed to the needle is normally drawn
into a liquid cone (the so-called “Taylor cone”) by the applied potential. If
∆V is positive, the microdroplets contain excess positive charge and positive
ions are generated for mass analysis, while negatively charged microdroplets
are formed upon a negative ∆V value and, ultimately, gas-phase negative
ions are obtained.6 The absolute potential values applied depend on the
source design and on the mass analyzer, and they are normally adjusted
(“tuned”) to achieve a stable spray from the sample solution supplied. The
electrospray process, in which only a high electric field at the surface of the
liquid creates the electric stress generating the droplets, is limited to liquid
flow rates of microliters per minute. 

Efforts to develop routine electrospray interfaces have also concentrated
on providing additional ways of stabilizing the production of the charged
microdroplets and/or to increase liquid flow rates that the instrument can
tolerate, compared to the basic design where only electrical forces are used
for nebulization (Figure 4.2a). A high-velocity coaxial gas (usually nitrogen)
flow can be used to assist the process of aerosol formation, as shown in
Figure 4.2b. This technique has been referred to as ionspray7 or pneumati-
cally assisted electrospray. Arrangements that incorporate the infusion of an

FIGURE 4.1
Schematic illustration of a typical ESI source.
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additional solution or sheath flow (Figure 4.2c) during ESI have also been
constructed. In addition to enhancing spray stability under certain condi-
tions, a liquid sheath flow may be used to add an agent necessary for ESI
of selected analytes in LC/MS applications without affecting the chromato-
graphic separation.8 Off-axis electrospray configurations and ESI sources that
employ capillaries pulled to a narrow (5 to 20  µm i.d.) tip and allow for spraying
at nL/min flow rates (nano-ESI) have also been developed. However, the
principle of ionization is the same for all spraying techniques. 

Spraying in ESI is conducted at atmospheric pressure and ambient tem-
perature. Therefore, no thermal effects causing the decomposition of the
analyte are observed. The process of ion formation is extremely soft; usually
no fragmentation occurs. Fragmentation can be induced by increasing the
kinetic energy of the ions leaving the droplet in specific parts of the ion
source and/or by employing collision-induced dissociation (CID). This may
be done, depending on the source design, by increasing the capillary—
skimmer or repeller—collimator potential difference, or increasing the “cone”
voltage. Ions entering through the skimmer or orifice are transferred to the
mass analyzer by using electrostatic lenses, further skimmer systems, collima-
tors, octapoles, and so on, where they are separated according to their mass-
to-charge ratio (m/z).

APCI, in contrast with ESI, employs a heated vaporizer that dispenses a
flowing liquid stream (up to 2 ml/min) in the form of small droplets in a carrier

FIGURE 4.2
Spraying capillaries for ESI: (a) Nebulization and droplet charging by the electric field only,
(b) Pneumatically assisted electrospray or ionspray, and (c) Tri-coaxial probe with sheath flow. 
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gas, and the ionization of the vaporized sample molecules is carried out down-
stream in the gas phase through an atmospheric-pressure ion–molecule reac-
tion (i.e., by chemical ionization).9,10 At a sufficiently high vaporizer and
source temperature, the droplets are vaporized very rapidly, which allows
intact molecules to evaporate or desorb with minimal thermal decomposi-
tion. The primary ionization, usually by a corona discharge maintained in
the source via a sharp needle at kV potential, creates reagent ions from the
solvent vapor that flows through the discharge region. Reagent ions consist
of the protonated solvent ions in the positive-ion mode,11 and solvated oxygen
ions in the negative-ion mode.12 Addition of modifiers such as a buffer may
change reagent-ion composition; e.g., the addition of ammonium acetate
buffer can make protonated ammonia and acetate ions the primary reagent
ions in the positive and negative mode, respectively. Chemical ionization is
very efficient at atmospheric pressure because of the high collision frequency,
and the high gas pressure, as well as the moderating influence of solvent
clusters on the reagent ions minimizing the internal energy transferred to the
analyte ions formed, which reduces fragmentation. Nevertheless, multiply
charged ions are not produced, and the upper molecular-weight limit of
samples that can be addressed by APCI is much smaller than that of ESI,
and APCI has been used mostly for LC/MS. APCI is usually available for
instruments configured for ESI; changeover involves swapping of or switch-
ing to the respective spraying/nebulizing components, and both techniques
may employ a common atmospheric pressure ionization (API) to analyzer
interface (“API stack”).13 However, applications of APCI to LC/MS of syn-
thetic polymers have been scarce.

4.2.2 Mechanism of Electrospray Ionization

The appearance of any particular compound in an ESI mass spectrum depends,
first of all, on whether the compound is ionized in the solution being electro-
sprayed.14 For biopolymers (peptides, proteins, oligonucleotides, and the
like), ionization in the solution depends on the ionization constant (pKa) of
the analyte and on the pH of the solution. ESI produces multiply charged
(protonated or deprotonated) ions from molecules that have multiple charge
sites. Unlike biopolymers, most synthetic polymers have no acidic or basic
functional groups that can be utilized for ion formation through acid–base
equilibria. Cationization has been the preferred technique for producing
gaseous ions from synthetic oligomers and polymers by electrospray ioniza-
tion. A small amount (10−5 to 10−5 M) of an appropriate inorganic salt dis-
solved in the spraying solvent usually affords meaningful ESI mass spectra.
Without the dissolved salt, the ESI process often may be erratic, and only
relies on an uncertain amount of inorganic contaminants present in the
sample for the formation of ionized molecules. On the other hand, ESI can
be achieved from various spraying solvents.

Solvent evaporation upon heat transfer from the heated part of the ESI
source via the ambient gas leads to the shrinking of the droplets and to the
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accumulation of excess surface charge that lead to the generation of gas-phase
ions. According to the description in the previous section, ions of one polarity
(depending on the sign of ∆V) are preferentially drawn into the droplets by
the electric field as they are separated from the bulk liquid. (The separation
is, however, incomplete, as each droplet contains many ions of both polari-
ties.) The function of an ESI source, beyond the generation of the charged
microdroplet, includes the removal of solvent vapor via a differentially
pumped vacuum system and the transfer of analyte ions into the mass
analyzer operating at high vacuum. 

Models have been developed on ion formation in ESI, but there is still no
consensus on the mechanism by which sample ions are obtained for mass
spectrometric analysis. These models rely on the existence of preformed ions
in solution; i.e., the ions observed in the mass spectra were presumed to be
present originally as ionized molecules in solution. According to the charged
residue model of Dole et al., the evaporation of solvent from a charged
droplet increases the surface field until the Raleigh limit is reached:

(4.1)

where dRL is the diameter of the droplet of the Raleigh limit, γ is the surface
tension, and ε0 is the permittivity of the droplet’s ambient medium, and E
is the electric field at the surface of the droplet. At the Raleigh limit, Coulomb
repulsion becomes of the same order as surface tension, and the resulting
instability disperses the droplet into several smaller droplets in a process
sometimes called “Coulomb explosion.” These smaller droplets continue to
evaporate until they also reach their Raleigh limit and, thus, disintegrate. A
series of such solvent evaporation–Coulomb explosion sequences ultimately
produces droplets small enough to contain a single molecule that holds some
of its droplet’s charge. This charged molecule becomes a gaseous ion when
the last of the solvent molecules evaporate.

Another and more widely accepted model proposed by Iribarne and
Thomson15 assumes that solute ions from charged droplets are formed by
field-assisted desorption (also referred to as “ion evaporation”). According
to this model, the surface electric field becomes high enough (up to several
V/nm)16 to desorb analyte ions from the shrinking droplets before they reach
their Raleigh limit. The strong electric field evolved on the surface of the
droplet assists the solute ion in overcoming the energy barrier that blocks
its escape.

Other theoretical aspects of ion formation during ESI have also been
studied.17 Most of them are beyond the scope of this chapter that concentrates
on analytical application of the technique to synthetic oligomers and poly-
mers. One aspect worthy of consideration is the extent of gas-phase charging
in ESI. A basic model to explain multiple charging considers an ESI experi-
ment involving PEGs of varying average molecular weight.18 The charge
capacity of a molecule is expected to reach its limit when, because of Cou-
lomb repulsion by other charges, the electrostatic potential energy of the

dRL 8γ /ε0E2≤

©2002 CRC Press LLC



centermost charge equals the energy that binds the cation (Na+) to the oxygen
atoms on the HO(CH2CH2O)nH oligomers (which theoretically have n + 1
binding sites). The binding energy between Na+ and the oxygen atoms is about
2.05 eV.19 When the electrostatic potential energy of the central charge is taken
to be the pairwise sum over all other charges of terms comprising A/x, where
x is the distance between the charges (in Å) and A is the Coulomb constant
(14.38 eV/Å), and the PEG molecule is considered of a linear “zigzag” con-
figuration, the maximum number of charges according to this model should
reach 10, 18, and 30 at PEG molecular masses of 3.6 kDa (n ∼ 80), 8 kDa
(n ∼180), and 18 kDa (n ∼ 400), respectively. However, the actual charge-
holding capacities of these oligomers are 6, 10, and 22, respectively, which
may be due to the folding of the molecules, making the distance between
the charges less than that of the linear conformers assumed by the model.
In another study, the extent of gas-phase protonation of an entire series of
polyamidoamine (PAMAM) starburst dendrimers was found to exhibit a
linear relationship to Mr

2/3, consistent with theoretical models predicting a
spherical ion structure with maximum charging controlled by Coulombic
effects.20 In general, the extent of charging is expected to increase with the
increase in the binding energy of the cation to its binding site on the mac-
romolecule and, therefore, in the order (H+), Li+, Na+, K+, Rb+, and Cs+.

4.2.3 Interpretation of ESI Mass Spectra

ESI mass spectrometry has found applications for molecular-weight detem-
ination and structural analysis of biopolymers, especially proteins.21 Fewer
reports have been published on its application to synthetic polymers, despite
the fact that the pioneering work of Dole and co-workers and Fenn et al.
showed that macromolecules such as poly(ethylene glycol)s (PEGs) up to
5,000,000 Da could be ionized by this technique.22 It was noted that ions in the
ESI mass spectra of PEG fell, due to multiple charging, consistently within a
certain mass-to-charge (m/z) window, regardless of the actual molecular
weight distribution of the samples. Multiply charged molecules are produced
by ionic species (H+, Na+, K+, and the like) being attached to a neutral analyte
in the positive-ion mode. In negative-ion ESI, removal of protons or attach-
ment of anions yields the ions of the sample molecule. It is very crucial to
recognize the ability of ESI to form multiply charged ions; therefore, ESI
mass spectra may require an interpretation procedure.

Multiple charging and the interpretation method are illustrated by the ESI
mass spectrum of insulin, recorded in the positive-ion mode at mass reso-
lution of ≤1000 upon spraying from an aqueous-methanolic (1:1) solution
that contained acetic acid (1%, v/v), in Figure 4.3. Peaks marked in the
spectrum vary only by the number of attached protons or cations. When
interpreting an ESI mass spectrum of an unknown compound, any pair of
ions that differ in charge state by one can be used to calculate the charge
state and to determine the relative molecular mass (Mr; usually referred to
as the “molecular weight”). In general, the mn mass-to-charge ratio of an ion
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with n positive charges can be calculated as

(4.2)

where Ma is the relative mass of the attached ionic species (1 for H+, 23 for
Na+, 39 for K+, and so on). By expressing m/z for the ion with n − 1 positive
charges,

(4.3)

and solving the above equations to n:

. (4.4) 

After determination of n, Mr for the neutral analyte can be calculated:

. (4.5) 

Taking m/z 1162.5 and 1452.9 as mn and mn−1 and assuming the attachment
of protons (Ma = 1) for the ESI mass spectrum of insulin (Figure 4.3), the

FIGURE 4.3
ESI mass spectrum of recombinant human insulin recorded at low mass resolution (M /∆M <
1,000) by a quadrupole ion-trap instrument (spraying solution: 50/50 methanol/water contain-
ing 1% acetic acid, 3µL/min). Inset: Profile of the multiple-charged ions in the m/z 1160 to 1180
range.
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calculated n and Mr are 5 and 5807.7, respectively. Repeating the calculation
for the other m/z pairs as mn and mn−1 (1452.9 and 1936.7; 968.9 and 1162.5),
additional estimates of Mr may be obtained, and the calculated values may
be averaged. (The standard deviation also can be used to judge the accuracy
of the experimental Mr.)

Direct determination of the charge states can also be done by recording
the ESI mass spectrum on an instrument that allows for the resolution of the
isotope peaks of the analyte. (Chapter 1 in this book discusses mass resolu-
tion in greater detail.) Figure 4.4 shows the resolution of isotope peaks, by
using ESI and Fourier-transform ion-cyclotron resonance mass spectrometry
(FT-ICR) for the multiply charged ion of recombinant human insulin with
m/z 1162.53 as a centroid. (The resolving power of the analyzer used to record

FIGURE 4.4 
ESI mass spectrum showing the charge state of a multiply charged ion of recombinant human
insulin (m/z 1162) directly by the resolution (at M/∆M ≤ 20,000) of the isotope peaks on an FT-ICR
instrument. Bottom trace: measured spectrum; top trace: predicted isotope pattern. (Courtesy
of W. J. Simonsick, Jr., Du Pont Marshall Laboratory, Philadelphia.) 
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the ESI mass spectrum shown in Figure 4.3 was inadequate for mass sepa-
ration of the isotope clusters.) The m/z difference between the peaks resolved
by the analyzer is 0.2 u; by taking its reciprocal value, a charge-state of n = 5
can be obtained directly.

4.3 Electrospray Ionization Mass Spectrometry of Polymers

Few studies have addressed finding ESI mass spectrometric conditions opti-
mal to polymer analysis. Factors to be considered include mainly the com-
position (solvent and the agent promoting the formation of sample ions) of
the spraying solution and the sampling or focusing of the gaseous ions
within the ESI source. 

Compounds with high fluorine content are insoluble or only sparingly
soluble in conventional solvent systems, making them difficult candidates
for mass spectrometry studies.23 In ESI, when precipitation is not an overriding
factor, a minimal amount of water in the employed spraying solvent can vastly
improve fluorinated polymer signal intensities compared to purely organic
solvent systems. Dilution with small amounts of higher polarity solvents
promotes the desorption of longer chain fluorocarbons, presumably due to
augmented solvophobicity. However, a very high aqueous content (high
polarity) may disfavor the desorption of longer chain fluorocarbons, espe-
cially at higher polymer concentration. This latter observation was attrib-
uted to preferential intermolecular aggregation of longer fluorocarbon
chains. The presence of fluorinated groups offers the advantage of inductive
stabilization of anionic charge sites for improved signals in negative-ion MS,
while low molecular-weight halogenated solvents used for dissolution of
fluorinated polymers can suppress the tendency toward discharge in negative-
ion ESI.  The solvent system was also found to influence the ESI mass spec-
trometric efficiency of polyesters.24 Acetone-water, methanol-chloroform,
and methanol-tetrahydrofuran mixtures (1:1, v/v) with 10−5 M polyester and
sodium acetate concentrations gave good signal-to-noise ratios and repro-
ducibility of the ESI mass spectra. However, the sodium acetate concentra-
tion was a particularly critical parameter in these solvent mixtures. 

As discussed in the previous section of this chapter, cationization has been
the preferred technique for producing gaseous ions from synthetic oligomers
and polymers by electrospray ionization. Synthetic polymer samples usually
contain alkali metal cations as impurities from the chemicals, solvents, or
the glassware, and the attachment of these cations (with Na+ adducts being
the most common) may be observed. However, a small amount (10−5 to 10−4 M)
of an appropriate inorganic salt dissolved in the spraying solvent is preferred
to obtain ESI mass spectra. A lower salt concentration usually decreases the
abundance of the analyte ions, while higher concentration of the inorganic
salt may impair the ESI process. 
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A range of metal cations was shown to form adducts with polystyrene.25

Both MALDI and ESI mass spectra contain adduct ion peaks corresponding
to [M + X]+, where PS represents a polystyrene molecule and X a cationic
species. In addition, salt cluster complexes assigned as [PS + X(XA)n]

+, where
XA represents the metal salt, and n = 1 or 2, are observed in ESI spectra. The
addition of K salts led to the most intense and reproducible ESI spectra for
PS. Polysulfide oligomers, H(SC2H4OCH2OC2H4S)nH with n = 1–24 also fur-
nished the best signal-to-noise conditions, low-to-medium cone voltages, and
a spraying solvent of acetone containing 0.5% KI.26 Various cations can be used
to generate the cationized species of poly(3-nitratomethyl-3-methyloxetane)
also known as polynimmo, which contains up to 18 cyclic oligomers in addi-
tion to the dominant tetramer, the highest species detected containing 22
repeat units.27 Highly specific cation-cyclic oligomer interactions were appar-
ent in the adducts with Na+, K+, NH4

+, and H+, some of which have been
rationalized through molecular modeling calculations. 

Analytical ESI mass spectrometry of synthetic polymers concentrated mostly
on the direct application of the technique. Mass spectra of polymers can be
measured in minutes and provide far more detailed mass information than
conventional methods. Polymers are complex mixtures with heterogeneity
not only in size (molecular weight distribution), but in chemical composition
and end-groups. Furthermore, distributions in architecture add another level
of complexity. The characterization of polymer structure is important
because it provides us with the basics for chemical and physical properties
as well as the mechanism of polymerization. ESI mass spectrometry has been
used for the qualitative analysis of various oligomeric mixtures to study
their heterogeneity. Analysis of the mass spectra revealed, e.g., the presence
of individual H(SC2H4OCH2OC2H4S)nH oligomers, of certain oligomers with
repeat units containing additional oxyalkylene groups (and in some cases a
monosulfide link rather than disulfide), and the presence of end-groups such
as epoxy in a complex oligomeric linear polysulfide.28 In another application
of the technique, linear polynimmo oligomers from the tetramer up to species
of mass 3200 Da were detected, affording the characterization of several new
combinations of end-groups. Application of tandem mass spectrometry has
also been useful for the assignments of individual peaks in the ESI mass
spectra and structural or end-group characterization of low molecular
weight polymers.29,30 Figure 4.5 shows the ESI mass spectrum of a polyester
resin obtained by the condensation of 1,4-cyclohexanedicarboxylic acid (A),
2,2,4-trimethylpentane-1,3-diol (B), and a small amount of trimethylolpropane
(TMP), along with CID product-ion MS/MS of the sodiated A2B3 oligomer.
The molecular structure of the sodiated homopolyesters poly(dipropoxylated
bisphenol-A/adipic acid) and poly(dipropoxylated bisphenol-A/isophthalic
acid), as well as their copolyesters, was studied by electrospray ionization
and sustained off-resonance irradiation CID on an FT-ICR instrument and
six different dissociation mechanisms similar to those observed during the
pyrolysis of these compounds were described.31 The formation of the frag-
ment ions observed in the CID spectra after the cleavage of the ester or ether
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bonds was found to be governed by the sodium affinity of the products.
Although sequence-specific fragment ions among the CID products were
present for some oligomers, such fragments were not present for all possible
copolyester sequences. Higher-order fragment analysis or multistage tandem
mass spectrometry (MSn, n ≥ 3) in combination with the ESI, which is
routinely available on quadrupole ion-trap instruments, has also been
employed recently for the structural characterization of mixed polyesters,32,33

polyester-based functional polymers,34 and poly(methyl methacrylate).35

With MSn, the sequence distribution and microstructure of mass-selected
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) biopolyester macroini-
tiator, obtained by partial alkaline depolymerization of natural PHBV containing
5 mol % of 3-hydroxyvalerate units, could be assessed from the dimer up to the

FIGURE 4.5 
a) ESI mass spectrum (in 90% aqueous acetone doped with sodium acetate) of a polyester resin,
a copolymer of 1,4-cyclohexanedicarboxylic acid (A), 2,2,4-trimethylpentane-1,3-diol (B) and a
small amount of trimethylolpropane (TMP); b) MS/MS (product ion) spectrum of m/z 733.
(Reprinted with permission from Ref. 29. Copyright ©1995 John Wiley & Sons, Inc., New York.)
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oligomer with 22 repeat units, but the application of the technique was not
able to furnish similar information for other mixed polyesters.    

When applied to the determination of molecular weight distribution data,
direct ESI mass spectrometric analyses face various obstacles. Similarly to
biopolymers, synthetic polymers may also produce multiply charged ions
when they are electrosprayed; therefore, their ESI mass spectra can be
extremely complex, because the multiply charged ions of the oligomer dis-
tribution may overlap. In addition to “human data reduction,” deconvolu-
tion techniques may be employed to provide molecular-weight information
on many components from an unseparated mixture.36–38 Mass spectra of
multiply charged ions of a polyamidoamine starburst polymer were decon-
voluted to provide molecular-weight information on many components in
a nonseparated mixture, as shown in Figure 4.6.39 These data were also
used for determining the polydispersity value of this synthetic polymer
system.

An increase in the polymer’s average molecular weight requires an appro-
priate increase in the resolving power of the mass spectrometer to afford
meaningful compositional information. While poly(ethylene glycol)s of Mn

<5–10 kDa give ESI mass spectra containing unresolved oligomers due to
overlapping charge-state envelopes of the polydisperse mixture, ESI-FT-ICR
afforded resolved isotopic peaks representing the individual oligomers in
samples up to an average molecular weight of 23 kDa. Approximately 5000
isotopic peaks of 47 oligomers in 10 charge states are identified in the 23 kDa
spectrum, as well as <0.02% -CH2CH(CH3)O- monomer units in the 13 kDa
spectrum (Figure 4.7).40 As an unexpected advantage of ESI, the degree of
mass discrimination was much less than that of mass/charge discrimination
due to averaging of the values from different charge states. For the determi-
nation of molecular-weight distributions, geometric and entropy deconvo-
lution methods yielded unacceptable artifact peaks and abundance
discrimination, respectively. Combining their deconvolution attributes with
isotopic peak restrictions for the 4.3 kDa polymer yielded a distribution
similar to that from human data reduction, which was consistent with that
from size-exclusion chromatography (SEC). While ESI-FT-ICR studies of
PEGs certainly illustrate the power of the technique in the characterization
of synthetic polymers, information on the chemical composition of copoly-
mers can be obtained only by employing mass analysis at ultrahigh resolu-
tion available on FT-ICR instruments. For example, isobaric monomers
glycidyl methacrylate (GMA) and butyl methacrylate (BMA) have the same
nominal mass (142 Da) but differ in exact mass by 0.036 (the difference
between O and CH4). In addition to resolving the isotope peaks, isobaric
resolution is required for detailed structural characterization. Although iso-
baric peaks could not be resolved at all by MALDI-FT-ICR at 3.0 Tesla (T),41

isobaric resolution was obtained up to the hexamers (852 Da nominal mass)
at 3.0 T with m/∆m50% = 80,00042 and up to the 49-mers (molecular mass around
6965 Da) at 9.4 T with m/∆m50% = 500,00043 in narrow molecular-weight frac-
tions (obtained by off-line SEC fractionation). As shown in Figure 4.8,
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FIGURE 4.6 
a) ESI mass spectrum of a polyamidoamine Starburst polymer (Generation 4); b) deconvoluted
mass spectrum; c) expanded view of the deconvoluted mass spectrum. (Reprinted with per-
mission from Ref. 39. Copyright ©1995 John Wiley & Sons, Ltd., Chichester, UK.)
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the copolymer products differing according to the end-groups (azo initiator,
saturated/unsaturated) were clearly distinguished by ESI-FT-ICR, and the
asymmetrical isobaric distribution for the n-mers (GMA)m(BMA)n–m, 0 ≤ m ≤ n,
also indicated that GMA was less reactive than BMA in the polymerization
process. The determination of accurate end-group masses by FT-ICR has
been another example, where the use of ESI may be preferred over MALDI.44

The improvement is actually due to the combined use of multiple charge
states observed with ESI, which results in an increased number of data points
used for the regression procedure in the end-group determination. For
poly(oxyalkylene)s, the end-group masses were determined with an error
better than 5 and 75 millimass units in the molecular weight range of 400 to
4200 and 6200 to 8000 Da, respectively. End-group and monomer masses
have been determined by ESI-FT-ICR analysis for PEG with average mass
higher than 8000 Da that represented a two-fold increase over MALDI on
the same instrument.  

To reflect an accurate molecular weight distribution, the mass spectrometric
method must not significantly discriminate over a wide mass and concen-
tration range. Possible areas of discrimination are the ionization process
itself, propensity to fragmentation of the ions formed, ion transfer/separation,
and detection. To assess the reliability of obtaining accurate molecular-weight
distribution data from ESI mass spectra, isolated monodisperse methyl meth-
acrylate (MMA) oligomers (25 and 50 repeat units) were used to determine
molar signal response and propensity for fragmentation.45 The sum of the
peak areas for the multiply charged MMA 50-mer was found to be only
about 66% of the summed peak areas for the 25-mer for the same molar

FIGURE 4.7
ESI-FT-ICR mass spectrum of PEG 20000, M/∆M = 50,000FWHM. (Reprinted with permission
from Ref. 40. Copyright ©1995 American Chemical Society.)
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concentration, but conversion of the multiply charged peak areas to the
singly charged representation gave equal signal responses for the 25- and
50-mers with peak area compression taken into account. Therefore, it was
proposed that transformation of the polymer spectra to the singly charged
molecular-ion distribution should allow accurate calculation of average
molecular weights, polydispersity, end-group mass, and repeat unit mass.
However, both ESI and MALDI mass spectrometric methods appeared to
emphasize the presence of low-mass material compared to gel-permeation
chromatographic analysis, as revealed by studies on the thermal degradation
of poly(propylene oxide) (PPO), Mn = 2000.46 This was attributed to the
different sensitivity of the techniques as a function of the molecular mass,
and to some in situ fragmentation during mass spectrometric analysis. 

FIGURE 4.8 
ESI-FT-ICR mass spectrum of a GMA/BMA copolymer: (a) 625 < m/z < 2100; (b) Ultrahigh
resolution and accurate mass measurement for the GMA/BMA tetramer. (Reprinted with per-
mission from Ref. 43. Copyright ©1995 American Chemical Society.)
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Discrimination for lower mass against higher mass oligomers in ESI mass
spectrometry has also been described by other publications. The discrimi-
nation was apparent when low molecular weight fractions were removed to
allow for the observation of macromolecules with a high degree of polymer-
ization.47 While off-line fractionation can overcome these problems,48 it is labor-
intensive and time-consuming. A significant bias in transfer efficiencies of
synthetic oligomer ions in monocomponent systems of polymeric mixtures
from solution to gas phase has been found under routine ESI conditions
(1 µL/min flow rate) even for two very similar polymers differing only in
end-group functionality such as methyl-terminated vs. 2-methylpropyl-
terminated poly(dimethylsiloxane) (PDMS).49 For oligomers of similar mass
but very different polarity such as PDMS and PEG, this bias was even more
notable. This ionization dependence would pose a problem in quantitative
analyses of polymer blends by ESI. The solution to gas phase bias correlates
with the surface tension of the solutions containing the polymer blend; thus,
it strongly depends on the molecular weight of the polymer and on the
potential surface activity of the end-groups. Surface tension obviously influ-
ences ESI droplet dynamics, which may be manifested by the profound
influence on the appearance of the ESI mass spectra of polymer blends by the
desolvation conditions such as the application of a drying gas (see Figure 4.1
for the illustration of the drying gas in the ESI source). The ion signal from
the higher surface-tension and more favorably solvated component such as
PEG (γ ≈ 42 dyne/cm) is expected to scale with the drying gas flow rate, and
a component with the lower surface tension such as PDMS (γ ≈ 20 dyne/cm)
may be almost completely suppressed. Less bias in solution to gas phase trans-
fer for diverse analytes should occur when nano-ESI conditions (in sources
optimized for nL/min sample flow rates) are used.42 In a nano-ESI source, the
small-diameter (nanometer range) droplets with a lower volume solvent and
a larger number of analyte molecules existing at the surface of the droplet
introduce far less bias stemming from selective solution to gas phase ion
transfer than ESI carried out routinely at µL/min flow rates. Therefore, nano-
ESI has been suggested as the method of choice for the analysis of complex
polymer blends,42 although this technique is experimentally more demanding
than conventional ESI. 

Shifts in the distribution of multiply charged ions with changes in ion-
optical conditions such as the cone potential have also been recognized in
the multiple-charge distributions of proteins and other biomolecules. The
effect of cone voltage on the molecular-weight distribution of poly(styrene)
samples was studied, and relatively high cone voltages (120 V) were required
to ionize this nonpolar polymer.50 At lower cone voltages (30–60 V), cluster
ions (e.g., [M + 2X]2+ and [2M + X]+) were observed. Singly charged species
predominated only at high cone voltages, but no fragmentation of the oli-
gomer ions was seen. The molecular weight distribution obtained by ESI
was compared with that obtained by size-exclusion chromatography, and
the agreement (generally within 10%) was cone-voltage dependent. The cone
voltage applied in the ESI experiments also had significant effect on the
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relative abundances of high and low molecular-weight ions of polynimmo
and on the relative amounts of H+ and NH4

+ adducts in cationization exper-
iments with NH4Cl. Despite giving highly accurate relative molar masses of
individual species, the ESI technique failed to give accurate molecular-
weight distributions, especially because no doubly or triply charged ions
were formed. The effects of cone potential (related to ion transfer) have been
modeled mathematically,51 and it has been concluded that it exerts a focusing
effect dependent on the m/z of ions. This focusing effect may determine the
dependence of oligomer ion intensities upon the cone potential in the ESI
mass spectra of polymers. For polymers with low polydispersities (e.g., narrow
molecular weight PEG standards with D < 1.5), the variation in determina-
tions of the molecular-weight averages tends to be small (typically <5%),
whereas with synthetic polymers with polydispersities greater than 2, vari-
ations in cone potential can influence molecular-weight determinations
significantly (by 100% or even more). Under nonideal, empirically deter-
mined operating conditions, mass discrimination effects were also shown to
occur in the ESI-FT-ICR analysis of synthetic polymers as a function of
external ion accumulation time, which required a multidimensional tuning
process to eliminate the bias in obtaining accurate molecular weight distri-
bution data by the technique.52

Many other factors that may influence the accuracy of the calculation of
molecular-weight distribution data cannot be investigated rigorously. In gen-
eral, there may be no major sources of inaccuracies, when calculation of
molecular weight averages and polydispersity is based on multiple-charge
distributions of a small number of species. However, obtaining realistic mass
distributions and reliable molecular-weight averages from ESI mass spectra
can be of major concern with most polydisperse synthetic polymers. Table 4.1

TABLE 4.1

Analytical Application of ESI Mass Spectrometry (Without On-Line 
Chromatographic Separation) to Synthetic Oligomers and Polymers

Analyte Refs.

PEG (PEO) 53–55
PEG derivatives 56
PPG (PPO) and EO/PO copolymer 46, 57
Polyglycerols 58
Polyethers 27
Polysulfides 26, 59
Polyesters and acrylates 24, 29, 31–35, 43, 45, 60, 61
Polystyrene and stryrene copolymers 25, 62–64
Amidoamine and diaminobutane dendrimers 39, 65
Polysiloxanes 66
Fluorinated polyphosphazanes 23
Telechelics 67
Conducting polymers 68
Oligomeric surfactants 69
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summarizes selected examples for studies on synthetic oligomers and poly-
mers by ESI mass spectrometry that did not employ on-line chromatographic
separation.

4.4 LC/MS of Polymers

LC techniques are widely used for the characterization of synthetic poly-
mers.70 With the need to control polymer composition and thus the resulting
properties, the demand for more extensive polymer analysis and character-
ization has escalated.71 Differential refractive index (RI) and evaporative
light-scattering (ELS) detectors commonly used in LC, while good concen-
tration detectors, provide very little information about the chemical compo-
sition. Other (such as ultraviolet and fluorescence) detectors can provide
additional, albeit limited, chemical composition information. Mass spectrom-
etry, on the other hand, is one of the most powerful detectors for polymers
as it can provide chemical composition information at every chain length.
The coupling of LC techniques with mass spectrometry addresses more than
just the characterization of the polymer. Other fundamental analytical ques-
tions can be answered. By observing all the species eluting at a given time,
the characteristics of the chromatographic system can be monitored and
column behavior evaluated. In direct mass spectrometry, fragmentation can
be a concern, especially for “fragile” polymers. It is sometimes unclear if
peaks at low m/z are real components or fragment ions. The use of mass
spectrometry alone often yields incorrect or unreliable quantitative data such
as molecular weight averages and polydispersities, particularly for polymers
with broad distributions. On the other hand, LC techniques are quantita-
tively reliable in polymer analysis. 

There have been numerous successful approaches to LC/MS, ranging from
mechanical transport of solute to the mass spectrometer after external solvent
removal (belt/wire systems and particle-beam interfaces) to bulk solution
introduction (with or without splitting) involving nebulization and ionization
direcly from the solvent stream.72,73 However, LC/MS has been surprisingly
underutilized for the characterization of synthetic polymers despite its
apparent advantages over the direct application of mass spectrometry. 

ESI and APCI have become widely available interfaces on today’s mass
spectrometers, and on-line coupling to separation is straightforward, based
on the design of the instruments as discussed in Section 2.1. Together, they
cover a broad range of analyte polarities and molecular weights, are extremely
versatile in accommodating various LC techniques, supercritical fluid chro-
matography (SFC), and even capillary electrophoresis (CE);74 thus, they have
essentially made obsolete other methods of on-line coupling of LC to mass
spectrometry. Table 4.2 summarizes selected applications of LC/MS to the
characterization of synthetic oligomers and polymers.
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LC techniques for synthetic polymers can be categorized according to their
mode of operation. Figures 4.9 to 4.11 illustrate different modes that may
afford separation of oligomers and their mixtures according to specific molec-
ular properties for an oligomeric surfactant Triton X-100 [octylphenoxy-
poly(ethoxy)ethanol] as an example. Figure 4.9 shows the total ion current
(TIC) chromatogram, along with the contour plot (m/z on the axis vs. chro-
matographic elution time on the horizontal axis, and shaded areas in the x-y
plane indicate ESI ions with intensity exceeding the threshold), for a normal-
phase separation by gradient elution. In this mode of LC, the oligomers are
separated, but the elution of different oligomeric series (I-IV) that reflect
chemical heterogeneities overlap.

A reversed-phase LC-ESI-MS analysis of Triton X-100 is shown in Figure 4.10,
which displays separation according to chemical heterogeneity practically
independent of molecular size.The chromatographic resolution of oligomeric
mixtures may also rely on liquid adsorption chromatography (LAC, per-
formed usually on silica gel as a stationary phase) and gradient polymer
elution chromatography (GPEC).  In LAC, all sample components initially
prefer to adsorb on the surface of the stationary phase, and the increase in
the percentage of a strong solvent (displacer) results in the sequential elution
according to the change in the adsorption equilibria involving the analyte
molecules, the stationary phase, and the mobile phase.83 To date, no appli-
cation of LAC coupled with ESI/APCI mass spectrometry has been reported.

TABLE 4.2 

Selected Publications on the Characterization of Oligomeric/
Polymeric Samples by ESI or APCI Mass Spectrometry 
Combined with On-Line Separation

Analyte Separation Interface Refs.

PEG SEC ESI 75
Poly(tetrahydrofuran) SEC ESI 8
Polystyrene SEC ESI 8
Polyesters SEC ESI 8, 42, 89, 96

GPEC ESI 88
RPLC APCI 76–78

Amino resins SEC ESI 73
RPLC ESI 79, 80
RPLC APCI 74, 80
CE ESI 74

Phenolic resins SFC APCI 81
(SEC) (PB-EI) (75)

Poly(propylene imine) 
dendrimers

RPLC ESI 82

Oligomeric surfactants SEC ESI 93–95

SEC: size-exclusion chromatography; RPLC: reversed-phase liquid
chromatography; GPEC: gradient polymer elution chromatography;
CE: capillary electrophoresis; SFC: supercritical-fluid chromatogra-
phy; EI: electron ionization; PB: particle beam.
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FIGURE 4.9
TIC chromatogram (bottom chart) and contour plot for the LC-ESI-MS analysis of Triton X-100,
an oligomeric surfactant, by using gradient normal-phase chromatography (2 mm i.d. cyano-
propylsilica column, from 95/5 hexane/dichloromethane to 50/40/10 hexane/dicholomethane/
methanol in 20 min, 200 µL/min flow rate, no effluent split, nebulizer-assisted electrospray),
and the oligomer series identified (I-IV). The m/z values of the peaks that belong to the major
oligomer series (I) follow the formula [M + NH4

+] = 224 + 44n, where n is the number of ethoxy
units, and doubly charged [M + 2NH4]

2+ ions are also present. (Courtesy of PE Sciex, Foster
City, CA)
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In GPEC (also known as high-performance precipitation liquid chromatog-
raphy),84–87 the oligomeric mixture is dissolved in a good solvent of the
analyte and injected onto the column equilibrated with a poor solvent (“non-
solvent”) as an initial mobile phase that results in the precipitation of the
polymer on the top of the column. An increasing percentage of the good
solvent during gradient elution will redissolve the oligomer molecules
according to both their molecular weight and chemical composition. Ideally,
the stationary phase does not have an effect on the separation process.
Therefore, GPEC may be performed on nonpolar stationary phases such as
octadecylsilica (ODS) bonded phase.88 GPEC/ESI-MS has been used to char-
acterize dipropoxylated bisphenol A/adipic acid polyesters.89 When liquid
chromatography at the critical point of adsorption (LCCC) is used, the chro-
matographic elution becomes independent of the molecular weight and only
depends on chemical heterogeneity. LCCC requires specific solvent compo-
sition and temperature; thus, method development is critical and may be
tedious. Experimentally less demanding gradient separations in which the
method is tuned for a mass-independent elution have been developed
(“pseudo-LCCC”; the analysis of Triton X-100 presented in Figure 4.10 may
be considered as an example) and used on-line with ESI mass spectrometry
for the analysis of alkylated poly(ethylene glycol) and terephthalic acid/
neopentyl glycol polyester resin. Because the separation does not signifi-
cantly decrease the polydispersity of the analyte in this hyphenated technique,
ESI mass spectrometry is useful mainly for identification of the oligomers, and
as a support to LC method development and LC-based quantification. 

FIGURE 4.10
TIC chromatogram (bottom chart) and contour plot for the LC-ESI-MS analysis of Triton X-100,
by using gradient reversed-phase chromatography [2 mm i.d. octadecylsilica column, 20/80 to
50/50 acetonitrile/10 mM ammonium acetate in 20 min, 200 µL/min flow rate, 3:1 effluent split,
nebulizer-assisted electrospray]. See Figure 4.9 for the oligomer series (I-IV) separated. (Cour-
tesy of PE Sciex, Foster City, CA)
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SEC, which is also known as gel permeation chromatography (GPC), is
the most commonly used method for determining polymer molecular
weight distributions (MWD).90 This LC method separates compounds based
on their hydrodynamic volume in solution; larger molecular size materials,
higher molecular weight, eluting first followed by the smaller molecules of
lower molecular weight. The commonly used differential refractive index
(RI) detector provides, again, very little information about the chemical
composition, and molecular weight information obtained by the technique
is highly dependent on the accuracy of the calibration procedure. Although
a well-defined relationship exists only between the hydrodynamic volume
(not molecular weight) of the solute and its retention volume (VR), the com-
mon logarithm of relative molecular weight (log Mr) is correlated to VR in
practice.  Well-characterized, narrow molecular weight distribution oligomer
and polymer calibrants of similar chemical composition provide the most
accurate results. Such calibrants are usually unavailable, and narrow molec-
ular weight polystyrene standards are often used.91 Besides, the mechanism
of separation in SEC may involve solute-solvent-packing interactions that
are not strictly dependent on molecular size,92 and such interactions may
lead to systematic errors in estimation of the molecular weight relying on
calibration curves obtained by polystyrene standards when measuring poly-
mers other than polystyrene. The SEC analyses of oligomeric mixtures may
suffer the most from structure-dependent interactions. Oligomers of dissim-
ilar chemical composition can also assume significantly different hydrody-
namic volumes depending on their conformation in solution, even though
their Mr is identical.

ESI mass spectrometry is compatible with the SEC conditions applied to
the routine analysis of synthetic oligomers and polymers, and the coupling
offers specific benefits in terms of obtaining chemical composition information
and accurate molecular weight calibration.93,94 Figure 4.11 shows the GPC/
ESI-MS analysis of Triton X-100. [No cationizing agent is added to the tet-
rahydrofuran mobile phase; therefore, the major ions represented in the
contour plot are the protonated octylphenoxypoly (ethoxy)-ethanol oligomers
with m/z = 207 + 44n.] Most GPC/ESI-MS applications have relied on the
pre-column or post-column addition of a cationizing agent, most commonly
NaI which has good solubility in the mobile phase. ESI mass spectrometry
can directly handle effluents from analytical (7.8-mm i.d.) SEC columns with
very little (<1%) of that effluent required (spectra are recorded from ∼10 ng of
sample during elution). This approach results in a significant decrease in the
polydispersity of the analyte entering the ion source of the mass spectrom-
eter, as demonstrated in Figure 4.11; therefore, problems associated with the
ESI-MS analysis of polymeric samples with broad molecular weight distri-
bution (discrimination according to cationization efficiency as a function of
molecular weight, bias based on detection efficiencies, choice of experimental
conditions, and so on) are eliminated or greatly reduced.  With the mass
spectrometer continually acquiring spectra as the molecules elute from the
SEC, an on-line absolute molecular weight detector is employed for polymers
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that have been size-separated by the SEC. From the mass spectra, the elution
profiles of individual oligomers are determined from the reconstructed
selected ion current as a function of elution time (tR) or elution volume, VR.
Because ESI uses only a very small fraction of the effluent, conventional SEC
detectors (RI, UV, and the like) can be operated parallel with mass spectrom-
etry. The peak apex for each selected ion chromatogram or selected oligomer
profile (the sum of ion intensities over different charge states) is used for an
accurate elution volume for the given oligomer mass, which is then used to
generate a calibration curve as shown in Figure 4.12. To better demonstrate
the effect of using an SEC calibration obtained by coupling with ESI mass
spectrometry vs. calibration with narrow-dispersity polystyrene standards,
an octylphenoxypoly(ethoxy)ethanol sample with higher average molecular
weights and broader molecular distribution (Igepal), compared to Triton X-
100, was used as an analyte. In Table 4.3, a comparison of quantitative
molecular weight distribution data obtained by direct ESI, analytical SEC
with polystyrene calibration, and SEC after accurate ESI mass spectrometric
calibration is presented. A recent development in GPC/ESI-MS includes
miniaturization of the column (µSEC) that offers various advantages to the
technique, such as low eluent consumption, low cost per column, reduced
maintenance requirement, ability to interface to other chromatographic

FIGURE 4.11
TIC chromatogram (bottom chart) and contour plot for the SEC-ESI-MS analysis of Triton X-100
(30 cm × 7.8 mm i.d. PLGel 3-µm Mixed-E column, tetrahydrofuran mobile phase at 1.0 mL/
min, effluent split 1:100). Major ions are the protonated oligomers.
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techniques (multidimensional LC) and the possibility of coupling to ESI mass
spectrometry without the need for flow splitting.95 In addition, better chromato-
graphic performance can be achieved with microcolumns when compared to
conventional-bore systems, which enables a better separation of sample con-
stituents or significantly reduced time of analysis with separation power
identical to conventional SEC columns. Newer mass analyzers such as
orthogonal acceleration time-of-flight (oa-TOF)89 and FT-ICR instruments96

have been introduced into GPC/ESI-MS of polymers. Larger oligomers, such

FIGURE 4.12
a) UV chromatogram (λ = 254 nm) and [M + nNa]n+ selected-ion traces for octylphenoxypoly
(ethoxy)ethanol oligomers separated on three SEC columns (30 cm × 7.8 mm i.d., 1000 Å, 500 Å,
and 100 Å UltraStyragel) in series. The selected-ion trace for the triply charged n = 50 oligomer
was obtained by summing m/z 824 to 826; the selected-ion trace for the doubly charged n = 35
oligomer was obtained by summing m/z 895 to 826; and the trace for the singly charged n = 20
oligomer was obtained by summing m/z 1108 to 1110 through the duration of the chromato-
gram. b) Calibration curves for octylphenoxypoly(ethoxy)ethanol: polystyrene vs. on-line ESI
mass spectrometry. (Reprinted with permission from Ref. 94. Copyright ©2000 American
Chemical Society.)
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as poly(methyl methacrylate) (PMMA) up to 9000 Da as [M + 5Na]5+ ions, and
minor impurities can be easily detected due to the extended mass range and
high duty cycle of the oa-TOF analyzer, compared to GPC/ESI-MS on a
quadrupole instrument or a quadrupole ion trap. Selected oligomer profiles
for the sodiated (1+ through 5+ charge states) ions were also generated for
a commercial, narrow molecular-weight-distribution PMMA sample, and
they were used for obtaining a calibration curve and calculating accurate
molecular-weight distribution data. In addition, GPC/ESI-FT-ICR mass
spectrometry of PMMA allowed for an unequivocal end-group determina-
tion and characterization of a secondary distribution due to the formation
of cyclic reaction products. A GMA/BMA copolymer with a broad molecu-
lar-weight distribution, where fractionation and high resolving power were
required for adequate characterization, has also been analyzed by this
hyphenated technique, and sodiated GMA/BMA oligomers in excess of
9 kDa were detected. End-groups resulting from the polymerization process
were positively identified, and GPC/ESI-FT-ICR also allowed the accurate
determination of the molecular weight distribution data.

4.5  Conclusion

In this chapter, the principles, instrumentation, and application of atmospheric-
pressure ionization (principally ESI) mass spectrometry to synthetic oligomers
and polymers are discussed through selected representative examples. The
technique has proven potential in this application area from the structural
and compositional characterization discussed here to, perhaps, preparative mass
spectrometry to generate monodisperse synthetic polymers.97 Direct use of the
technique is appropriate for the qualitative analysis of samples with moderate
complexity and molecular weight due to the phenomenon of multiple charg-
ing characteristic of ESI, and it is also well-suited under these conditions
for sophisticated structural studies involving ultra-high resolution or tan-
dem mass spectrometry. ESI mass spectrometry of mixtures with broad
molecular weight distribution should benefit a prior separation, reducing

TABLE 4.3

Molecular Weight Averages and Polydispersity of an
Octylphenoxypoly(ethoxy)ethanol Oligomeric Surfactant
by Direct ESI Mass Spectrometry, SEC with Polystyrene
Calibration, and SEC with Calibration Via On-Line ESI Mass
Spectrometry

Mn Mw PD

ESI mass spectrometry, no separation 1736 1771 1.02
SEC, polystyrene calibration 2001 2162 1.15
SEC, calibration by on-line ESI-MS 1971 2016 1.08
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the polydispersity of the analyte. The advantage of hyphenated LC/MS for
obtaining information about chemical composition, resolution of overlap-
ping charge envelopes in the ESI mass spectra of polymers, SEC calibration,
and complex mixture analysis have been highlighted. 
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5.1 Thermal Stability of Polymers

The thermal stability of polymers is dependent upon the strengths of their
constituent chemical bonds and on the ease of the hydrogen transfer reac-
tions within them. For instance, polymers containing aliphatic units undergo
thermal degradation at lower temperatures compared to aromatic polymers
because (i) their C-C bonds are weaker and (ii) aliphatic hydrogen atoms are
transferred more easily. In the case of “high temperature” polymers (e.g.,
polyimides or other condensed polyaromatics), the thermal stability is the
result of the lack of labile hydrogen atoms within the polymer structure,
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achieving a “quasi-char” structure already in the synthetic stage. As a con-
sequence, these polymers start decomposing at relatively high tempera-
tures yielding large amounts of charred residue.1,2

A great difference exists between the mechanisms of thermal decompo-
sition of addition polymers (like polyolefins, polydienes, and polyvinyls)
and those of condensation polymers. Addition polymers contain aliphatic
hydrogen atoms, along the backbone, which are easily transferred following
homolytic bonds cleavage in the temperature range of 200–500°C. The majority
of addition polymers undergo thermal degradation through the formation of
macro-radicals, which are very reactive species. Their decay may happen
through several parallel routes, involving bond cleavages (e.g., beta scission,
recombination, disproportionation, hydrogen elimination or abstraction.3,4

Elimination of small stable molecules from side groups (e.g., HCl, H2O) may
play also a role.

Condensation polymers can be regarded as a sequence of monomer units
containing functional groups immobilized into the polymer structure. Their
decomposition pathways will often be dominated by the polarity and by the
reactivity of the functional groups within their structure, and their thermal
decomposition reactions will be ionic and selective, rather than radical and
unselective. Such are the thermal degradation processes occurring in poly-
esters, polyamides, polycarbonates, polyurethanes, polyureas, and in several
other cases.1,2

The specific thermal decomposition pathways occurring in these polymers
largely depend upon the nature of the functional groups present and also
upon the chemical structure of the monomer units, which causes drastic
changes in the pyrolysis mechanisms even within the same class of conden-
sation polymers.1,2

These ionic pathways typically occur at temperatures (150–300°C) that
are below those of typical free-radical degradation reactions. However, if
polymers belonging to the above classes are subjected to higher tempera-
tures, radical reactions are likely to prevail. Furthermore, polymers con-
taining less polar functional groups, like ethers and azomethynes, tend to
undergo radical cleavage even when they decompose at relatively low
temperatures.1,2

The moler mass of the pyrolysis products also varies with the thermal
stability of the starting materials, and polymers decomposing at relatively
low temperatures (200–400°C) usually yield large thermal fragments, whereas
polymers thermally stable (∼500°C) tend to generate fragments of smaller
size.

The thermal degradation of polymers was an active field of investigation
long before modern instrumental techniques were available. Earlier studies
generally involved the pyrolysis of large samples and off-line degradation.
The analytical methods often required sizeable quantities of compounds,
and the subsequent identification of the pyrolysis products was difficult.

Contemporary work emphasizes the detection of primary thermal decom-
position products, carrying significant structural information, i.e., polymer
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segments large enough to contain the repeat units or the sequence arrange-
ment of sub-units in copolymers.5–8

This chapter is devoted to the discussion of the direct pyrolysis of polymers
in the ion source of a mass spectrometer (DPMS). 

5.2 Principles and Methodology of DPMS

Mass Spectrometry involves the formation of ions in the gas phase, and early
ionization methods, such as electron impact (EI), chemical ionization (CI),
and field ionization (FI), also require the gas-phase evaporation of the analyte
before ionization.9,10

The low volatility of macromolecules initially precluded the widespread
application of MS analysis to polymer systems. Nevertheless, meaningful
structural information can be extracted from the mass spectra of unvolatile
macromolecules by EI, CI, and FI techniques, and this is due to the consid-
erable attention that has been focused on the methods of characterization of
polymers by Direct Pyrolysis Mass Spectrometry (DPMS).1,2,5–20

In DPMS,5,6,14 polymers are introduced into the ion source via the direct
insertion probe (Figure 5.1a) and the temperature is increased gradually until
thermal degradation reactions occur. The volatile products formed are ion-
ized (both positive and negative ions are produced) and extracted from the
ion source (Figure 5.1b) almost as soon as they are formed, by applying a
positive or negative potential to the repeller.

Besides probe pyrolysis, a filament pyrolysis technique, usually called
Desorption Chemical Ionization (DCI) is also used. The polymeric material
is deposited on a filament, which is rapidly heated to the degradation tem-
perature. The pyrolysis occurs very close to the electron beam, and therefore
DCI is often referred to as an “in-beam” pyrolysis.21–25

A specific advantage of DPMS with respect to other pyrolysis techniques,1,6

is that polymer pyrolysis is accomplished “on-line” under high vacuum at
the µg level, so that pyrolysis products are quickly volatilized, providing
low residence times in the hot zone. This reduces the probability of molecular
collision and the occurrence of secondary reactions, allowing the detection
of almost primary products (however, very reactive primary pyrolysis prod-
ucts may undergo further reaction in the condensed phase).26

The pyrolysis is achieved adjacent to the ion source, so that the primary
pyrolysis products, once formed, are immediately ionized and accelerated
toward the detector thus preventing further thermal rearrangements. In fact,
the rapid evaporation/ionization process tends to “freeze” the structure of the
pyrolysis products, which flee from the ion source to the detector in the order
of a few µ-seconds.

In DPMS the overall residence in the hot zone and transport times are
estimated in the order of milliseconds for probe pyrolysis (EI, CI, FI), and even
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less for filament pyrolysis (DCI). Therefore, it provides low residence times
of the pyrolysis products in the hot zone, allowing the detection of thermally
labile pyrolysis products with very short lifetimes at high temperatures.

Furthermore, ions of high mass, which are often essential for the structural
characterization of the polymer, can be detected on-line whereas they might
be lost using other techniques. 

Relatively long residence times of the pyrolysis products in the hot zone
may cause a further degradation of the compounds initially formed, espe-
cially in techniques such as Flash-Pyrolysis-GC/MS (Py-GC/MS, Chapter 3),
where the pyrolysis products are not immediately converted to ions. In this
case the thermal degradation processes may also occur during the transport
time to the detecting device. 

Py-GC/MS is an alternative technique differing from DPMS in (i) the fast
heating of the probe, (ii) the inert-gas atmosphere of the pyrolysis chamber,
and (iii) the separation of the pyrolysis products prior to MS analysis. In Py-
GC/MS individual MS analysis of the isomeric products separated by GC
is possible; nevertheless, only thermally stable products survive the high
transport times and are volatile enough for the GC analysis.27,28

FIGURE 5.1
a) Direct insertion probe and vacuum lock; b) Schematic diagram of electron impact ion source
and sample holder positioned outside the source. (Reproduced from Ref. 9, copyright 1995, by
permission of John Wiley & Sons.) 
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The time-scale of DPMS and Py-GC/MS is quite different and, in the case
of thermally labile pyrolysis products the two techniques may detect different
compounds.27,28

Ionization methods that minimize the EI fragmentation processes of the
molecular ions, such as FI,5,18,29 CI,30–36 and DCI21–25 are very valuable in
DPMS since the resulting mass spectra contain more intense molecular ions
and therefore the identification of pyrolysis compounds is easier. 

In Figure 5.2a-c are reported the EI, ammonia CI, and NCI mass spectra
of the pyrolysis products deriving from poly(ε-caprolacton) (PCL). The EI
mass spectrum (Figure 5.2a) shows a small amount of monomeric caprolac-
tone (m/z 114) and intense peaks due to EI fragmentation of pyrolysis com-
pounds.32 Instead, the ammonia CI mass spectrum (Figure 5.2b) is dominated
by two series of intense peaks at 115 + n114 and m/z 132 + n114 which are
assigned to protonated molecular ions (M + H)+ and (M + NH4)

+ adducts of
cyclic oligomers of poly(ε-caprolacton), respectively. The pyrolysis mass
spectrum of PCL obtained in ammonia negative CI (NCI) (Figure 5.2c) shows
more intense peaks than the CI spectrum. The peaks at m/z 113 + n114 are
assigned to (M-H)− molecular ions, generated by the loss of a proton from
cycles.

FIGURE 5.2
Mass spectra of pyrolysis compounds of poly-ε-caprolacton evolved at 400°C in (a) EI; (b) NH3

CI; (c) NH3 NCI ionization methods. (Reprinted with permission from Ref. 32. Copyright 1986
American Chemical Society.)
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The DCI technique allows the detection of molecular ions of higher masses
as compared to EI and CI and therefore enables the identification of polymer
structure. 

Figure 5.3a-c compares the EI, CI, and DCI pyrolysis mass spectra of
neopentylpolycarbonate,37 which decomposes producing cyclic oligomers
(Eq. 5.1)

(5.1)

The EI mass spectrum (Figure 5.3a) shows only peaks due to ion fragmen-
tation in the ion source, whereas molecular ions are absent. The isobutane
CI spectrum shows instead the presence of protonated molecular ions at
m/z 131 and m/z 261, due to the cyclic monomer and dimer, respectively.
The isobutane DCI spectrum shows furthermore the presence of proto-
nated molecular ions corresponding to cyclic trimer and tetramer at m/z 391
and m/z 521, respectively.37

FIGURE 5.3
Mass spectra of pyrolysis compounds of poly(neopentylene carbonate) obtained by: (a) DPMS
EI; (b) DPMS CI; (c) Isobutane DCI. (Reprinted from Ref. 37, copyright 1991, with permission
from Elsevier Science.)
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Excellent negative ion mass spectra have also been obtained in the DCI of
poly(hydroxybutyrate-co-hydroxyvalerate) (HB/HV) copolymers.23 The
mass spectrum (Figure 5.4) shows negligible ion fragmentation and intense
molecular ions corresponding to a series of oligomer clusters from dimers
to octamers. The relative peak intensities corresponding to each oligomer
are proportional to the relative abundance of the oligomers in the copolymer,
as proved by comparison with independent NMR measurements. Therefore,
these DCI data provide an accurate estimate of the copolymer composition.

An advantage of DPMS experiments is that they are carried out by gradual
heating (typically at 10°C/min) of the probe and continuously scanning the
MS. The total ion current (TIC) of each scan recorded as a function of the
temperature produces a trace which compares with the derivative thermo-
gravimetric (DTG) traces obtained at the same heating rate. Figure 5.5a,b
shows the DTG and the TIC curves of a polyetherimide (PEI) sample. The
DTG curve (Figure 5.5a), shows the onset of degradation at about 450°C and
a maximum rate of decomposition at about 510°C, followed by a less marked
decomposition step at higher temperatures (600–650°C).38 The TIC curve of
PEI (Figure 5.5b), obtained by DPMS, at the same heating rate used for the
thermogravimetric experiment (10°C/min) nearly reproduces the DTG
curve.38

The DPMS experiment also allows the collection of the single ion current
(SIC) curve of specific pyrolysis compounds evolved as a function of the
temperature. A typical application consists in the detection of residual low
molecular mass compounds (oligomers, additives, solvents) eventually con-
tained in the polymer sample. Due to the high vacuum, the existing preformed
compounds may distill undecomposed, as the temperature increases.15,20,39–42

This experiment is easy to perform with nearly all kinds of polymers to look
for the presence of traces of solvents and/or volatile additives. The evolution

FIGURE 5.4
Ammonia negative DCI mass spectrum of poly(hydroxybutyrate-co-hydroxyvalerate). (Reprint-
ed from Ref. 23.)
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of volatiles is more rapid when the polymers are heated above their Tg, which
increases the segmental mobility allowing the facile evolution of volatile
compounds from the bulk.

Figure 5.6 reports the SIC curves corresponding to the distillation of a
series of cyclic oligomers evolving from a crude sample of 1,3-polyphenyl-
enesulfide (m-PPS). These preformed oligomers distill in the high vacuum
of the MS source, as the temperature is raised.39

FIGURE 5.5
a) Thermogravimetric and Derivative Thermogravimetric Curves and b) Total Ion Current
Curve of a PEI sample. (Reproduced from Ref. 38, copyright 1999, by permission of John Wiley
& Sons.)
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The volatilization of these oligomers depends upon their molar mass and
occurs at a relatively high temperature, which is nevertheless lower than the
temperature at which the onset of the m-PPS pyrolysis is observed.39

When polymer pyrolysis ensues, the SIC curves of the evolving oligomers
have instead a quite different appearance.

Figure 5.7a shows the TIC curve of a crude sample of an aliphatic-aromatic
polyether, together with the evolution profiles of two preformed cyclic oligo-
mers. The latter are distilling undecomposed before the onset of thermal deg-
radation.41 After oligomers extraction (by a solvent), the TIC curve (Figure 5.7b)
shows negligible ion current below 400°C and the evolution of the cyclic
oligomers (dimer and trimer) formed by pyrolysis occurs simultaneously.
The evolution does not depend upon the mass of pyrolysis compounds
produced. This fact is quite understandable, since the polymer decomposi-
tion starts above 400°C and reaches a maximum rate at about 500°C. There-
fore, all the cyclic oligomers are formed at temperatures so high that they
evolve simultaneously.41,42

One of the main problems connected with DPMS is that in the case of
polymers producing pyrolysis compounds, which may have isobaric or iso-
meric structures (such as the case of cyclic and open chain oligomers), it is
not possible to correct the assignments of the corresponding mass peaks.
The advent of high resolution MS5,9 and hyphenated methods such as tandem
mass spectrometry (MS/MS)43 has added much precision to DPMS for the

FIGURE 5.6
Single-ion current curves of cyclic oligomers evolved in the DPMS of a crude m-PPS sample.
Inset: Total ion current curve. (Reprinted with permission from Ref. 39. Copyright 1986 American
Chemical Society.)
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structural identification of the mass peaks. The MS/MS experiment is carried
out selecting ions with the first mass analyzer, which are fragmented by a
collision with a target gas located between the two analyzers. The collision-
induced dissociation (CID) will generate product ions which will be detected
by the second mass analyzer. CID product ions spectra can be also obtained in
a double focusing MS with a forward geometry. The collision cell is located
in the first free-field region between the source and the electrostatic analyzer.
Selecting a specific ion and then reducing the electrostatic and magnetic
fields together, maintaining the ratio B/E constant, a product ion mass spec-
trum is obtained.43

The structural identification of ion peaks arising from complex mixtures,
such as those obtained in pyrolysis experiments, is achieved by the compar-
ison of CID spectra of selected ions, with the CID product ion spectra of
authentic model compounds.44–53

As an example, the application of the CID (B/E) method to the structure
elucidation of mass peaks generated in the DPMS of poly-β-propiolactam
(Nylon 3) is illustrated.46 The pyrolysis mass spectra of Nylon 3 are charac-
terized by a series of peaks at m/z 71 + n71 which can be assigned to cyclic
lactams, formed by an intramolecular exchange process, or to open chain
oligomers formed through a β-hydrogen transfer reaction (Scheme 5.1).

FIGURE 5.7
Total ion curve and evolution profiles of dimer (m/z 480) and trimer (m/z 720) of a polyether
sample, (a) crude; (b) purified. (Reprinted with permission from Ref. 41. Copyright 1986 Amer-
ican Chemical Society.)

©2002 CRC Press LLC



Therefore, the ion with mass 71 (monomer) might correspond to two isomeric
structures, namely acrylamide or cyclic propriolactam.46

Three CID MS/MS spectra were compared in this case (Figure 5.8a-c): 

i) ion at m/z 71 from the EI DPMS mass spectrum of Nylon 3 (Figure
5.8a);

ii) ion at m/z 71 from the EI spectrum of an authentic sample of
acrylamide (Figure 5.8b); 

iii) ion at m/z 71 from an authentic sample of cyclic propio-β-lactam
(Figure 5.8c).

The first two CID spectra appear very similar, while the third one shows
a different fragmentation pattern and allows the assignments of the ion at
m/z 71 (originated in the DPMS experiment) to acrylamide. As a consequence,
this assignment helps to establish the mechanism of thermal decomposition
of Nylon 3.46

Because of the importance of the information obtainable by DPMS, it has
been widely used not only for the analysis of the compounds produced in
the polymer pyrolysis, but also for polymer identification purposes.54–58

In general, the DPMS analysis of a polymeric material provides the fol-
lowing information: 

i. the structure of the volatile compounds present in the sample
(monomers, oligomers, additives, solvents, impurities), which usu-
ally distill undecomposed in the high vacuum of the MS ion source,
before the polymer starts decomposing; 

ii. the structure of the polymer, through the detection of a series of
oligomer ions containing one or more structural units of the
polymer. Although the molar masses of the oligomers produced
by DPMS seldom exceed 1000–2000 Da, the information pro-
vided is generally sufficient for the structural identification of
polymers;

SCHEME 5.1
Thermal degradation processes of Nylon 3.

CO-CH2-CH2-NH-

CH2=CH-CO-NH2

H H H

O=C N-H

H

+ Higher Homologs

Intramolecular
Exchange

β−β−β−β−CH Hydrogen Transfer

+ Higher Homologs

Nylon 3 
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iii. the structure of the terminal groups produced in the pyrolysis.
The structure of these end-groups generally provides insight on
the mechanism of the thermal decomposition processes occurring
in the pyrolysis of polymers. 

The development of desorption/ionization techniques (FAB, SIMS, LD,
MALDI), which allow the detection of intact polymer molecules, up high

FIGURE 5.8
Collision induced dissociation (B/E) mass spectra of: (a) ion at m/z 71 from Nylon 3 pyrolysis;
(b) acrylamide; (c) caprolactam. (Reprinted from Ref. 46, Copyright 1986, with permission from
Elsevier Science.)
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masses, has recently provided alternative and powerful methods for the
structural analysis of polymeric materials. The advent of MALDI-TOF
(Chapter 10) has recently opened the possibility of coupling DPMS and
MALDI data to study the thermal degradation processes. In fact, one may
proceed to partially degrade a polymeric sample, keeping it under inert
atmosphere at a certain temperature, and then take the MALDI spectrum to
observe the thermally induced changes. Intact polymer molecules can be
desorbed in the MALDI mode, and therefore the spectrum will consist of a
mixture of undegraded and degraded chains. 

This off-line type of analysis may suffer from the fact that only the degra-
dation products thermally most stable may survive to the heating at atmo-
spheric pressure. DPMS data, being taken on-line and in a continuously
evacuated system that provides very short transport times from the hot zone,
may then complement the MALDI data by supplying information on less
thermal stable pyrolysis products.52,53,59

Therefore, the uniqueness of DPMS today lies in the study of all kinds of
catalyzed and uncatalyzed thermal decomposition processes of polymers, of
polymer blends, and in the fire-retardant area, sharing this capability with
Pyrolysis-GC/MS. 

5.3 Selected Applications of DPMS 
to Polymers 

In the following, we will discuss some examples, which better illustrate the
applications of the DPMS and the power of this technique in the assessment
of the thermal degradation mechanisms of polymers.

5.3.1 Polystyrenesulfide

The thermal degradation of poly(styrenetetrasulfide) (PST) occurs in the tem-
perature range of 150°–250°C, and it was investigated in parallel by DPMS
and by Py-GC/MS.28 The results provided a nice illustration of capabilities and
differences of the two techniques.

The time-scale of the two pyrolysis techniques is quite different, and owing
to the thermal lability of the sulfur-containing primary products, significantly
different compounds were detected by the two methods. However, the results
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obtained were not contradictory and provided complementary information
about the primary and secondary products formed in the thermal degrada-
tion of PST.28

The DPMS analysis of PST was performed both in EI and CI ionization
modes, since they yield complementary information. 

The EI and CI mass spectra of the degradation compounds originating
from PST at the top of TIC maximum (200°C) are shown in Figure 5.9a-b, and
the structural assignments for the most intense molecular ions are given in
Table 5.1.

TABLE 5.1 

Structural Assignments of Molecular Ions Detected in the DPMS of PST

Structure M(x,y)

Sn 64(2), 96(3), 128(4), 160(5), 192(6), 224(7), 256(8)

46

104

136(1), 168(2), 200(3), 232(4), 264(5), 296(6), 328(7)

180

212

272(1,1), 304(2,1), 336(2,2), 368(3,2), 400(3,3), 432(4,3), 

464(4,4)

408                                                        440                                                           472 

CH2=S
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CH=CH
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FIGURE 5.9
Mass spectra of pyrolysis compounds detected in the DPMS of polystyrenetetrasulphide: (a) EI; (b) CI. (Reprinted
from Ref. 28, Copyright 1994, with permission from Elsevier Science.)
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The EI mass spectrum (Figure 5.9a) shows the presence of sulfur peaks at
m/z 64(S2), 96(S3), 128(S4), 160(S5), 192(S6), 224(S7), 256(S8); the presence of
styrene at m/z 104 (base peak) and a series of peaks at m/z 168, 200, and 232
that were assigned to styrene disulfide, trisulfide, and tetrasulfide, respec-
tively (Table 5.1).

In the CI spectrum of PST (Figure 5.9b) peaks due to pure sulfur species
are absent, because they are not ionized by the isobuthane plasma. Cyclic
styrene sulfides appear as protonated molecular (M + H)+ ions at m/z 137(S1),
169(S2), 201(S3), 233(S4), 265(S5), 297(S6), 329(S7), containing up to seven sulfur
atoms per ring (Table 5.1).

At higher masses are also present the (M + H)+ ions corresponding to
diphenyldithianes (i.e., cyclic styrene sulfide dimers) at m/z 273(S2), 305(S3),
337(S4), 369(S5), 401(S6), 433(S7), 465(S8), together with ions at 409(S3),
441(S4), 473(S5), corresponding to cyclic styrene sulfide trimers.28 The pres-
ence of these pyrolysis compounds suggests that PST thermally decom-
poses through the formation of cyclic styrene tetrasulfide oligomers
(Scheme 5.2). 

SCHEME 5.2
Thermal degradation processes of polystyrenetetrasulphide.
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The pyrolysis products identified by DPMS leave little doubt that PST does
indeed contain alternating styrene and sulfur units, although head-to-head
and tail-to-tail structures cannot be distinguished.

The GC/MS pyrogram of PST (Figure 5.10) obtained by pyrolysis at 400°C
shows a limited number of pyrolysis compounds with respect to DPMS. The
most abundant pyrolysis compound (peak 1) is due to styrene, while peak 2
corresponds to styrene sulfide and peak 3 is due to S8 (octasulfur ring). The
broad and flat shape of the latter peak is most likely due to the condensation
of elemental sulfur on cold spots and successive slow evaporation as S8. The
peaks 4 and 5 are due to two isomeric thiophenes: 2,4-diphenylthiophene
and 2,5-diphenylthiophene.28

The striking difference among the pyrolysis products detected by DPMS
and by Py-GC/MS may be explained by the specific difference of the two
techniques. The DPMS method allows the gradual heating of the polymer,
and the primary pyrolysis products are evolved and detected as soon as they
are formed, at about 200–250°C in this case. In the Py-GC/MS method, PST
is heated at 400°C and pyrolysis compounds may undergo further decom-
position during the transport time to the detector, i.e., before the pyrolysis
products get into the GC column or just within the GC column.

As a consequence, monomeric styrene polysulfides (from mass 168 up
to m/z 328, Table 5.1) detected by DPMS, lose sulfur and yield the most

FIGURE 5.10
Flash pyrolysis-GC/MS pyrogram of polystyrenetetrasulphide obtained at 400°C. (Reprinted
from Ref. 28, Copyright 1994, with permission from Elsevier Science.)
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thermally stable styrene sulfide (m/z 136), which is observed in the Py-GC/MS
(Eq. 5.2).

(5.2)

A similar mechanism applies to the diphenyldithianes, i.e., the cyclic sty-
rene polysulfide dimers. However, in this case the most thermally stable
compound is not the simplest cyclic dimer (m/z 272), but a thiophene deriv-
ative produced by thermal induced loss of H2S and sulfur (Scheme 5.3). As
a consequence, 3,4-diphenylthiophene can be generated from head-to-tail
poly(styrene tetrasulfide) units and 2,4-diphenylthiophene from tail-to-tail
units. The formation of thiophene derivatives from 1,4-dithiadiene rings, by
thermal loss of sulfur, is well-known in the literature.28

SCHEME 5.3
Further degradation reactions of cyclic compounds formed in the pyrolysis of PST. (Reprinted
from Ref. 28, Copyright 1994, with permission from Elsevier Science.)
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5.3.2 Evolution of Aromatics in the Thermal Degradation of PVC

The thermal decomposition of PVC involves the complete elimination of HCl,
leading to the formation of macromolecular residues with polyene sequences.
The latter then rearrange and decompose to yield sizeable amounts of aromatic
hydrocarbons.60–65

Since the thermogravimetric curve of PVC (Figure 5.11) shows two well-
defined degradation steps (maxima at 320°C and 450°C), it can be argued
that the first weight loss step corresponds to the HCl evolution (theoretical
content of HCl in PVC 58%, by weight), whereas the second degradation
step would be due to the evolution of aromatic hydrocarbons.

Instead, the secondary thermal degradation of polyene sequences starts as
soon as they appear along the PVC chains, and it does not wait for the complete
dehydrochlorination. Aromatic compounds are therefore produced simulta-
neously with HCl, already in the first decomposition stage.63–65

In fact, the EI mass spectra in Figure 5.12 show that at 340°C unsubstituted
aromatic compounds (benzene, naphthalene, anthracene) are present together
with HCl, whereas at 450°C are mainly found alkyl aromatics (toluene, xylene,
methylnaphthalene, and the like).63–65

FIGURE 5.11
Thermogravimetric and derivative thermogravimetric curve of PVC. (Reprinted from Ref. 65,
Copyright 1991, with permission from Elsevier Science.)
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FIGURE 5.12
EI mass spectra of pyrolysis compounds evolved in the DPMS of PVC at: (a) 340°C and (b) 450°C.
(Reprinted from Ref. 65, Copyright 1991, with permission from Elsevier Science.)

 36

78

128
178

91

105
117

142

156
131 181

206

��� � ���

��� � ���

 36

m/z

HCl

CH3
CH3

CH3

100

50

0
0 100 200 300

R
el

at
iv

e 
In

te
ns

it
y

100

50

R
el

at
iv

e 
In

te
ns

it
y

CH3

CH3

CH3

©2002 CRC Press LLC



Similar to the DTG curve, the total ion current (TIC) curve (Figure 5.13)
reveals two well-separated degradation steps. The evolution of HCl and
unsubstituted aromatics occurs in the first stage, whereas toluene, together
with other alkyl aromatics, are responsible for the second decomposition
stage (Scheme 5.4).

FIGURE 5.13
TIC curve and evolution profiles of some pyrolysis compounds evolved in the DPMS of PVC.
(Reprinted from Ref. 65, Copyright 1991, with permission from Elsevier Science.)
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Polyacetylene (PA) is a good model for studying the thermal decomposi-
tion of the polyene sequences formed from PVC by HCl loss.65

The TIC curve of PA (Figure 5.14) shows a maximum rate of polymer
decomposition at about 470°C and a less pronounced broader decomposition
step at lower temperature, centered at about 350°C. The maximum of evo-
lution of benzene, naphthalene, and anthracene appears at about 350°C
whereas, toluene (and the other alkyl-aromatics as well) are evolved at higher
temperatures in a further decomposition process. Therefore, in the pyrolysis
of PA are reproduced the main features characterizing the thermal behavior
of PVC. 

Further support to the hypothesis that the two families of aromatics orig-
inate from different chemical reactions comes from the effect of metal oxides.
It is well-known that the addition of metal oxides to PVC produces a notice-
able suppression of the amount of aromatic hydrocarbons evolved during
the pyrolysis with a consequential increase of the char residue, allowing the
explanation of the smoke suppressant action of these additives in the com-
bustion of PVC. In the case of PA pyrolysis, metal oxides were not found
able to suppress the evolution of aromatics, whereas metal chloride produced
the selective suppression of benzene, naphthalene, and anthracene.63–65

These results show that the aromatic suppression agents are the metal
chlorides and not the metal oxides. In fact the metal oxides were trasformed
into the corresponding chlorides by the HCl evolved during the early stages
of the PVC pyrolysis. 

The chemical processes occurring in the thermal degradation of PVC are
summarized in Scheme 5.4, which is designed to accommodate the two
distinct processes that may cause the evolution of aromatic compounds and
the mechanism of metal halide catalysis. 

SCHEME 5.4
Thermal degradation processes of PVC.
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In fact, linear polyenes are predicted to disappear through two competing
processes: (i) intramolecular cyclization reactions producing only unsubsti-
tuted aromatics; (ii) intermolecular crosslinking leading to the formation of
crosslinked polyene structures. 

FIGURE 5.14
TIC curve and evolution profiles of some pyrolysis compounds evolved in the DPMS of poly-
acetylene. (Reprinted from Ref. 65, Copyright 1991, with permission from Elsevier Science.)
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The amount of benzene, naphthalene, and anthracene evolved from PVC
is subject to the relative rates of the two (intramolecular and intermolecular)
processes.

Once formed, crosslinked polyene chains are predicted to undergo further
reaction through two competing processes (Scheme 5.4): (i) further thermal
decomposition to produce char residue; (ii) intramolecular cyclization reac-
tions to produce alkyl-aromatics. 

Therefore, alkyl-aromatics are generated from crosslinked polyacetylene
sequences.

Since their formation requires not only the intramolecular cyclization of
the polyenes but also the cleavage of some crosslinked structures, their
evolution occurs at higher temperatures compared to the unsubstituted
aromatics.

This reaction scheme also accounts for the selective suppression of the
two families of aromatic compounds formed in the pyrolysis of PVC
induced by metal oxides.63–65 In fact, metal oxides (or better, the metal
chlorides) are able to accelerate the rate of crosslinking of the linear polyene
sequences and this process would compete with the parallel intramo-
lecular cyclization of the polyenes. In the meantime, the amount of
crosslinked polyene chains produced would be appreciably higher with
respect to that formed in the pyrolysis of pure PVC. In fact, a reasonable
increase of the residual char formed in the pyrolysis of PVC has also been
observed.

The mechanisms concerning the chemical processes occurring in the ther-
mal decomposition of PVC have been somewhat controversial in the past,
but at present Scheme 5.4 is widely accepted in the literature.66–68

5.3.3 Nylon 6,6

Although DPMS has been valued as a method that allows the fast detection
of primary thermal degradation products, in some cases this is not true. For
instance, in some thermal degradation processes occurring through free radical
mechanisms, macro-radicals undergo fast rearrangements and only second-
ary and tertiary products are detected.2–4

Another case may occur when primary pyrolysis products quickly react
among themselves, in the condensed phase, so that they are detected
together with the products of further reaction. The latter situation occurs
in the pyrolysis of Nylon 6,6 (Ny66), where a specific structural effect due
to the adipic acid unit is responsible for the formation of very reactive
pyrolysis compounds.69

The presence of cyclopentanone, hexamethylenediamine, and cyclic
monomer among the pyrolysis products of Ny66 was early recognized.1,2

Recently MS studies suggested the occurrence of a β-CH hydrogen transfer
process (Eq. 5.3), leaving unexplained the presence of cyclopentanone,

©2002 CRC Press LLC



hexamethylenediamine, and other pyrolysis products.1,2

(5.3)

A DPMS investigation69 finally established that the thermal degradation
processes occurring in Ny66 are governed by the presence of the adipic acid
units along the chains (Scheme 5.5). This process involves a hydrogen trans-
fer to nitrogen, which causes the formation of oligomers with cyclopentadi-
enone and amino end-groups. Further thermal scissions of these chain ends,
then, account for the formation of cyclopentanone, hexamethylenediamine,
and other compounds.69

The DPMS analysis was performed on a Ny66 sample free of cyclic oligo-
mers to avoid the presence of residual cycles among the pyrolysis products.

SCHEME 5.5
Thermal degradation processes of Nylon 66. (Reprinted with permission from Ref. 69. Copyright
1987 American Chemical Society.)
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The mass spectra were recorded in CI mode, because the EI mode does not
produce sizeable molecular ions (similar to many other aliphatic polymers). 

The CI mass spectrum of the pyrolysis products from Nylon 66, taken at
400°C (Figure 5.15), shows the presence of intense protonated molecular ions,
which are identified in Table 5.2. 

The identification of the structure of these pyrolysis products was a com-
plex task, since there were several isobar structures corresponding to each
peak in the CI spectrum.

The structural assignments were achieved by the comparison of the prod-
uct ions (CID, B/E) spectra of authentic compounds, synthesized for this
purpose, with those of products arising from the pyrolysis mixture.69

The ion at m/z 227 might be assigned to the cyclic monomer of Ny66;
however, the CID (B/E) product ions mass spectrum of this ion arising from
the pyrolysis mixture does not match with that of the cyclic monomer.
Therefore, this ion is most likely due to a pyrolysis compound with amino
and cyclopentanone as end-groups (Table 5.2), indicating that cyclic oligo-
mers are not formed in the thermal degradation processes of Ny66.

Figure 5.16 reports the CID product ions mass spectrum of the ion at m/z
209 evolving from the pyrolysis of Nylon 6,6, which appear identical to the
spectrum of the authentic cyclic compound with the same mass.69

The structure of this compound suggests that the ion at m/z 209 may
originate from further thermal degradation of the primary pyrolysis com-
pounds (molar mass 226), possessing cyclopentanone and amino chain ends,
which are very reactive species and immediately react to produce Shiff-bases
by water elimination (Scheme 5.6b). The monomeric oligomer also reacts

SCHEME 5.6
Further reactions of compounds formed in the pyrolysis of Nylon 66.
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FIGURE 5.15
Isobuthane CI mass spetcrum of pyrolysis compounds evolved at 400°C in the DPMS of Nylon 66. (Reprinted with permission
from Ref. 69. Copyright 1987 American Chemical Society.)
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TABLE 5.2

Structural Assignments of Protonated Molecular Ions Appearing in the CI DPMS 
Mass Spectra of Ny66
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with cyclopentanone and hexamethylenediamine producing the ions at m/z
293 and 343, respectively (Scheme 5.6c,d).

Remarkably, several of the compounds identified in Table 5.2 possess Shiff-
bases as end-groups originating from the fast reaction of amino end-groups
and cyclopentanone. This reaction was reproduced, and authentic samples
of compounds with masses 182 and 248 (Scheme 5.6a) were prepared and
used for the identification of the corresponding pyrolysis products by CID
(B/E) product ions experiments.69

Further support for the thermal degradation mechanisms suggested for
Ny66 (Schemes 5.5 and 5.6) comes from the structure of thermal degradation

FIGURE 5.16
CID B/E mass spectra of the ions at m/z 209 obtained in the isobuthane CI of: (a) ion at m/z 209
from Ny66 pyrolysis; (b) authentic model compound. (Reprinted with permission from Ref. 69.
Copyright 1987 American Chemical Society.)
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products of Nylon 11,6 and other polyamides containing the adipic acid unit.
In fact, the CI mass spectra of these polymers show intense peaks due to
pyrolysis products having cyclopentanone, amine, and azomethyne end-
groups, as in the case of Nylon 6,6.70–72

5.3.4 Polyethyleneterephthalate

The mechanism of thermal degradation of polyetheleneterephthalate (PET)
has been studied over many years by off-line analysis of the pyrolysis
products73–76 and by Py-GC/MS studies.77 The results suggested a β-CH
hydrogen transfer process leading to the formation of oligomers with olefin
and carboxylic end-groups (Eq. 5.4).

(5.4)

However, the formation of cyclic oligomers in the pyrolysis of several
aliphatic and aromatic polyesters is well-known,1,2,15,20,78–80 and a distribution
of cyclic compounds is expected if the thermal degradation proceeds through
macrocyclization processes involving ester-exchange reactions.15,20

The presence of cyclic oligomers in melt PET was first reported in 1954.81

Since then, the mechanism of rings formation from melt PET has been
studied in detail,82–87 and the molar cyclization equilibrium constants for
rings, both in melt and in solution, have been measured.86–88 Numerous
studies81,83,84 have established that the cyclization occurs in PET through an
intramolecular alcoholysis reaction (end-biting), which is activated already
in the temperature range of 250–300°C, implying the attack of hydroxyl ends
on the inner ester groups of the polyester chain (Scheme 5.7).

Therefore it appears, that the intramolecular exchange reaction (an ionic
process) leading to the formation of cyclic oligomers is the primary thermal
process occurring in PET at temperatures below 300°C, and that the β-CH
hydrogen transfer reaction occurs only as a secondary process. However, the
temperature range explored in pyrolysis studies goes well beyond 300°C,
and the question might rise if the cyclic oligomers are still the primary
pyrolysis products at higher temperatures.

Thermally labile compounds, such as cyclic oligomers, which may have
very short lifetimes at high temperatures, may escape detection. As a matter
of fact, another important pathway of thermal decomposition of these poly-
esters was neglected in these studies: the intramolecular exchange process
that leads to the formation of cyclic oligomers (Scheme 5.7).

Direct pyrolysis-MS (DPMS, an on-line technique) was used to investigate
the thermal degradation of PET.51 The EI mass spectra do not exhibit significant
molecular ions of the cyclic oligomers.41,51,78 On the contrary, the NCI mass
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spectrum of PET, reported in Figure 5.17, is dominated by a series of intense
molecular ions at m/z 192, 384, 576, and 768 corresponding to oligomers
of PET.51

However, the cyclic structure cannot be directly deduced from the mass
of the molecular ion. In fact, the open-chain oligomers with an olefin and a
carboxylic end-group, which are originated by a β-CH hydrogen transfer
reaction (Eq. 5.4), are isomeric with the cyclic oligomers that might originate
from an exchange process (Scheme 5.7).

The structure of the pyrolysis products has been identified by the compar-
ison of their CID (B/E) product ion spectra with that of authentic samples
of cyclic and open-chain oligomers with olefin and carboxyl end-groups.

Figure 5.18 reports the CID (B/E) product ion spectrum of the ion at m/z
576 arising from the pyrolysis mixture and those of the cyclic and open-chain
trimers. Although the three spectra appear quite similar, they differ in some
details, i.e., the ion at m/z 505 is absent in the MS/MS spectrum of cyclic
trimer, whereas the ions at m/z 460, 546, and 558 are absent in the spectrum
of the open-chain trimer. Therefore, these peaks can be considered as diag-
nostic for the structural identification of the two compounds. The CID (B/E)
product ion spectrum of the ion at m/z 576 arising from PET pyrolysis shows
the simultaneous presence of the peaks at m/z 505, 546, 488, and 460, indi-
cating that both cyclic and open-chain oligomers are contributing to the
formation of the fragmentation spectrum.

This evidence appears to support the hypothesis that the pyrolysis of PET
proceeds through the primary formation of cyclic oligomers, which are

SCHEME 5.7
Thermal degradation processes of poly(ethyleneterephthalate).
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FIGURE 5.17
NCI spectrum of pyrolysis compounds detected in the DPMS of PET, at 440°C. (Reprinted from Ref. 51, Copyright 1993, with
permission from Elsevier Science.)
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unstable at the temperatures necessary to further pyrolyze the polymer, and
therefore, these decompose to generate open-chain oligomers (Scheme 5.7).
The two series of oligomers are both present in the pyrolysis spectra, and they
appear to be the predominant pyrolysis products in the time-scale of the
DPMS experiments. If other pyrolysis techniques are used, where the resi-
dence time of the pyrolysis products in the hot zone (and also the transport
time) is higher, then compounds originating from the further thermal deg-
radation of the primary products may be exclusively detected.76–78

5.3.5 Poly(Bisphenol-A Carbonate)

The thermal decomposition processes occurring in poly(bisphenol-A carbon-
ate) (PC) have received continued attention in the literature,89–97 since this
polymer is an important engineering thermoplastic that is subjected to injection

FIGURE 5.18
CID B/E product ion mass spectra of (a): ion at m/z 576 from PET pyrolysis; (b): ion at m/z 576
from authentic sample of open-chain PET trimer; (c): ion at m/z 576 from authentic sample of
cyclic PET trimer. (Reprinted from Ref. 51, Copyright 1993, with permission from Elsevier
Science.)
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molding operations at temperatures above 300°C. Degradation reactions are
likely to occur at this temperature, and therefore the understanding of its
thermal behavior is of crucial importance in the end-use application. 

The thermal degradation of PC starts at about 350°C, with a maximum
degradation rate at about 500°C. There is about 20–30% residue at 800°C,
and there are no indications in the literature about its structure.

Davis and Golden90,91 studied the isothermal pyrolysis of PC in the temper-
ature range of 300–400°C and noticed a decrease in the molar mass of PC when
it is thermally degraded in a sealed system, whereas in a continuously evacu-
ated system PC rapidly crosslinks to form an insoluble gel. Rearrangement of
the carbonate group to form a pendant carboxyl group, ortho to an ether link,
which then leads to xanthone units and to a crosslinked structure with ester
linkage between chains, have been hypothesized on the basis of the structure
of pyrolysis compounds obtained from diphenylcarbonate, a model compound. 

The thermal degradation of PC was also performed at higher temperatures
(500°–850°C) by flash pyrolysis GC/MS (Py-GC/MS),89,92,95,97 but only low molar
mass compounds (H2O, CO2, bisphenol A, phenol, isopropenylphenol, diphe-
nylcarbonate) were detected and therefore, they cannot allow the prediction
of a complete pattern of the thermal decomposition processes of PC.

Since the mechanism of thermal cleavage of a polymer can be better inferred
if larger primary pyrolysis products are detected, thermal degradation studies
of PC were focused on DPMS,96 which allows the detection of large primary
products of pyrolysis and therefore the assessment of the thermal degrada-
tion processes. The structure of the pyrolysis compounds detected by DPMS
suggests that PC undergoes thermal decomposition by a number of different
pyrolysis processes (Scheme 5.8a-e), as can be recognized through the inspec-
tion of the time-temperature resolved evolution profiles of some pertinent
pyrolysis compounds (Figure 5.19a-h).

The TIC curve (Figure 5.19a) shows the presence of three decomposition
steps, with the maxima centered at about 380°C, 500°C, and 550°C, respectively. 

In the initial stage of the thermal degradation of PC (about 300–400°C),
cyclic oligomers are generated94,96 through an intramolecular exchange reac-
tion (Scheme 5.8a); this is a typical degradation pathway of polymers con-
taining reactive functional groups. As a consequence, the evolution profile
of the cyclic dimer (ion at m/z 508, Figure 5.19b) is included within the first
TIC maximum.

At higher temperatures (500–700°C) other decomposition reactions are
observed, with formation of open-chain compounds whose structures orig-
inate from molecular rearrangements or decomposition of the polycarbonate
structural unit (Scheme 5.8).

The formation of CO2, observed in the first decomposition stage (Figure 5.19c),
is in large measure due to electron impact fragmentation processes, and to the
hydrolytic cleavage of the carbonate group, which leads to the formation of
hydroxyl terminated oligomers and CO2 (Scheme 5.8b). CO2 is also evolved in
the second degradation step, most likely due to an intramolecular (1-3 shift) CO2

elimination (Scheme 5.8c), yielding compounds with diphenylether linkages

©2002 CRC Press LLC



(ion at m/z 318, Figure 5.19e). At higher temperatures (third degradation step),
the ether moieties undergo dehydrogenation (Scheme 5.8c) producing dibenzo-
furan units (ion at m/z 418, Figure 5.19g). 

A disproportionation reaction of the bisphenol A unit (Scheme 5.8d), with
consequent polymer chain cleavage, accounts for the formation of pyrolysis
compounds with phenyl and isopropenyl end-groups, such as phenol (ion
m/z 94, Figure 5.19d) and isopropenyl phenol. 

Compounds containing xanthone units are detected in the second decom-
position step (ion at m/z 370, Figure 5.19f), most likely formed through an
isomerization of the carbonate group (Scheme 5,8e). This rearrangement may
occur through a Fries rearrangement, which would also explain the formation
of compounds containing fluorenone units (Scheme 5.8e), evolved in the
third degradation step (ion at m/z 340, Figure 5.19h).96

SCHEME 5.8
Thermal degradation processes occurring in poly(bisphenol-A-carbonate). (Reprinted with per-
mission from Ref. 69. Copyright 1999 American Chemical Society.)
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Furthermore, the analysis of the pyrolysis residue of PC obtained at 400°C,
after 1 hour of isothermal heating, showed the presence of several consecutive
xanthone units indicating that at this temperature the isomerization and
condensation processes are quite extensive.59,96

FIGURE 5.19
TIC curve and time-temperature resolved profiles of some selected pyrolysis compounds
obtained in the DPMS of PC. (Reprinted with permission from Ref. 69. Copyright 1999 American
Chemical Society.)
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Therefore, the pyrolysis residue can be considered as constituted by long
ether/xanthone sequences that undergo aromatization and cross-linking
processes, leading to a graphite-like charred residue as the temperature
increases. This is analogous to several other bridged polyaromatics (PPO,
PPS, PES, PEK),98–100 which show a marked tendency to produce graphite-
like pyrolysis residue.

5.3.6 Polyetherimide

Polyetherimide poly(2,2’-bis(3,4-dicarboxyphenoxy)phenylpropane)-2-phe-
nylenediimide) (PEI) is a commercial engineering thermoplastic with excel-
lent mechanical properties and high thermal stability. 

This polymer is amorphous and thermoxidatively stable, with a Tg of
215°C, and it is subjected to injection molding operations at temperatures
above 300°C. At these temperatures degradation reactions are likely to occur,
and therefore the understanding of the thermal behavior of PEI is of crucial
importance in the end-use applications. 

A key problem in studying the thermal degradation processes of PEI is
that this polymer has a repeat unit of 592 daltons, and therefore the detection
of structurally significant pyrolysis products is a difficult task, since many
will have masses beyond 600 Daltons.

In this respect, DPMS has the advantage of allowing the detection of high
mass pyrolysis products that are crucial in defining structures and thermal
degradation mechanisms of aromatic polymers bearing large repeat units.

Due to the phthalimide rings present in the backbone, PEI is thermally
stable and starts decomposing at about 450°C (Figure 5.5a). It shows a tem-
perature of maximum rate of decomposition (PDT) at about 510°C, followed
by a less marked decomposition step in the temperature range of 600–650°C.
At 800°C about 6% of charred residue is left.38

The total ion current (TIC) curve of PEI (Figure 5.5b), obtained by DPMS
at the same heating rate used for the TG experiments (10°C/min), closely
reproduces the two maxima appearing in the DTG curve. 

The EI mass spectrum obtained at 520°C from PEI is reported in Figure 5.20
and shows the presence of mass peaks up to 830 Daltons. The structures of
the pyrolysis compounds, given in Table 5.3, suggest the occurrence of
several thermal degradation processes (Scheme 5.9a-g).

The most abundant pyrolysis compounds detected in the major degradation
step (Figure 5.20) possess intact phthalimide rings containing the aromatic
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FIGURE 5.20
EI mass spectrum of pyrolysis compounds evolved in the DPMS of a PEI sample, at 520°C. (Reproduced from Ref. 38,
Copyright 1999, by permission of Wiley-VCH Publications.)
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TABLE 5.3 

Structural Assignments of the Most Intense Molecular Ions Observed in the DPMS 
of Ultem Sample

(Continued)
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ether moiety, and bearing hydrogen, methyl, ethyl, ispropenyl, and isopropyl
end-groups, generated by disproportionation of the isopropylidene bridge of
the BPA units of PEI, followed by hydrogen transfer reactions. (Scheme 5.9a).

Furthermore, pyrolysis compounds containing phthalimide units, with the
phenyl rings substituted with H/OH and/or bisphenol A, are formed by the
scission of ether bridges (Scheme 5.9b–c), whereas compounds with N-H
and/or N-phenyl as end-groups may be formed by the scission of phenyl-
phthalimide bonds (Scheme 5.9d). 

TABLE 5.3

Structural Assignments of the Most Intense Molecular Ions Observed in the DPMS 
of Ultem Sample (Continued)

Reproduced from Ref. 38, copyright 1999, by permission of Wiley-VCH Publishers.
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Concomitant extensive hydrogen transfer reactions may account for the
high amount of char residue generated in the pyrolysis of PEI. 

The temperature time-resolved evolution profiles of some relevant pyrol-
ysis compounds of PEI (Figure 5.21) indicate that compounds generated from
the scission of isopropenyl and ether bridges (e.g., ions at m/z 518 and 632)
are evolved exclusively within the first TIC maximum, indicating that these
bonds are the weakest units.

The low mass pyrolysis compounds such as aromatic nitriles (e.g., ben-
zonitrile, m/z 103) and CO2 (m/z 44) are evolved in both thermal degradation

SCHEME 5.9
Thermal degradation processes of polyetherimide. (Reproduced from Ref. 38, Copyright 1999,
by permission of Wiley-VCH Publishers.)
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steps, and their formation most likely takes place from a high temperature
secondary pyrolysis process due to the N-H phthalimide end-groups. This
involves the formation of a thermally labile isocyanate intermediate that
decomposes to generate nitriles and carbon dioxide (Scheme 5.9e).38

Another reaction that may account for the formation of char and CO2 is
the heat-induced hydrolysis of the phthalimide rings. This forms polyamic
acid, which undergoes decarboxylation at above 600°C producing aromatic
amide bonds (Scheme 5.9f). The tautomerization equilibrium of amide

FIGURE 5.21
TIC curve and temperature-resolved evolution profiles of the ions at m/z 518, 632, 103, 93, 78,
44, 27, and 18 as obtained by DPMS of a PEI sample. (Reproduced from Ref. 38, Copyright
1999, by permission of Wiley-VCH Publishers.)
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bonds is shifted toward iminolization at high temperatures, and the imino
products undergo water elimination and crosslinking, providing an addi-
tional source of nitrile compounds and char (Scheme 5.9g).38

5.3.7 Polymer Blends 

Blends of condensation polymers such as polyesters, polyamides, polycar-
bonates, and in general polymers bearing reactive backbone or pendant
functional groups, may yield chemical exchange reactions in the molten state.
These exchange processes may lead to the formation of copolymers that may
drastically change the properties of the blends. At temperatures below 300°C,
these reactions may be induced by the presence of catalysts or reactive terminal
groups (OH, COOH, NH2) originally present in the polymers or generated
in situ by thermal and/or hydrolysis degradation reactions. At temperatures
above 300°C, a thermally activated exchange (i.e., in the absence of catalyst)
may occur, generating copolymers that may further decompose. 

The DPMS method has been successfully used for monitoring the
exchange reactions that may occur during the thermal treatment of polymer
blends  because, being performed under vacuum and on-line, it allows
(i) the detection of primary pyrolysis products of high mass (containing at
least one repeat unit), and (ii) the prediction of the structure of the decom-
posing systems.101–107

5.3.7.1 PC/Ny6

The melt mixing of a PC/Ny6 blend at 240°C gives rise to the formation of
copolymers through an exchange reaction involving the attack of amino ter-
minals groups of Ny6 on the inner carbonate groups of PC (outer-inner,
Scheme 5.10).103 The yield of copolymer is small at the beginning of the

SCHEME 5.10
Exchange reactions occurring in the melt mixing of PC/Ny6 blends.
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reaction, owing to the low amount of reactive amino end-groups initially
contained in the Ny6 sample. After twenty minutes of heating at 240°C,
amino terminal groups are generated by hydrolysis reactions of the Ny6
chains, and therefore the amount of copolymer increases with the reaction
time. The amount of urethane units increases as the reaction time increases,
with a consequent reduction of the size of PC and Ny6 blocks in the
copolymer.103

The direct amide/carbonate exchange reaction (inner-inner, Scheme 5.10)
cannot take place at 240°C because it would necessitate an appropriate
catalyst. To obtain information on the chemical reaction that may occur at
higher temperatures, TG and DPMS techniques were used.

The thermogravimetric curve of a PC/Ny6 blend (Figure 5.22) indicates a
marked lowering of the thermal stability as compared to that of the unmixed
polymers, with the onset of thermal degradation at about 300°C.

The structures of the thermal degradation products obtained in the
DPMS of PC/Ny6 blend permitted the identification of the chemical reac-
tions occurring at higher temperatures.103 The CI spectrum of PC/Ny6
blend (Figure 5.23) contains the ions at m/z 114 and 509 corresponding to
protonated molecular ions of caprolactam and cyclic dimer of PC, respec-
tively. The peak at m/z 112 can be assigned to an unsaturated aliphatic
isocyanate whereas the ion at m/z 324 corresponds to an unsaturated ester
(Table 5.4). The peak at m/z 367 may possess an open-chain isocyanate-
ester or a cyclic urethane-ester structure. The pyrolysis compounds containing

FIGURE 5.22
Thermogravimetric curves of Nylon 6, PC, and PC/Nylon 6 (1/1, mol/mol) blend obtained at
10°C/min under nitrogen flow. (Reprinted from Ref. 103.)
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FIGURE 5.23
Isobutane CI mass spectrum of pyrolysis compounds evolved in the DPMS of a PC/Nylon 6 (1/1, mol/mol) blend sample,
at 385°C. (Reprinted from Ref. 103.)
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the isocyanate and ester moieties are diagnostic for the identification of
exchange reactions occurring in PC/Ny6 blend. In fact, the direct amide-
carbonate exchange (Scheme 5.10, inner-inner) generate copolymer chains
containing aliphatic-aromatic ester and urethane units, which undergo
decomposition at these higher temperatures, producing isocyanate and OH

TABLE 5.4

Structural Assignments of Mass Peaks Observed in the CI DPMS Spectra of PC/
Ny6 Blend
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phenolic groups (Eq. 5.5).1,2

(5.5)

The evolution profiles of these ions (Figure 5.24) indicate that the unsatur-
ated aliphatic isocyanate (ion at m/z 112) is evolved at a lower temperature
than the ester-containing pyrolysis compounds (ions at m/z 324 and 367).
This suggests that the direct amide/carbonate exchange reaction takes place

FIGURE 5.24
Temperature-time resolved evolution profiles of the ions at m/z 112, 324, and 367 as obtained
by the DPMS of a PC/Nylon 6 (1/1, mol/mol) blend sample. (Reprinted from Ref. 103.)
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at temperatures above 300°C and that the early evolution (below 300°C) of
the isocyanate ion (m/z 112) is due to the decomposition of the urethane units
that are generated by the attack of the amino end-groups of Ny6 on the
carbonate groups of PC.103

5.3.7.2 PC/PBT

It has been observed that in the melt mixing of high molar mass PBT and
PC (i.e., containing nondetectable amounts of reactive end-groups) at 240°C
a direct ester-carbonate exchange occurs in the presence of a catalyst, pro-
ducing a four-component copolymer at the equilibrium. Instead, in the
absence of a catalyst, the exchange reaction between the two polymers takes
place above 280°C (Scheme 5.11a).107

The DTG traces in Figure 5.25 (obtained at a heating rate of 10°C/min)
show that PBT and PC undergo thermal decomposition in a single step,
whereas their blend decomposes in three steps showing the maxima at 370°C,
410°C, and 500°C, respectively. The onset of thermal degradation of PC/PBT
blend appears at a lower temperature (about 300°C), and this is an indication
that the exchange reaction produces less thermally stable compounds com-
pared to the unmixed polymers.104 The structure of pyrolysis compounds
detected by DPMS indicates that they arise by the thermal decomposition
of copolymer chains formed through a thermal-activated exchange reaction
(Scheme 5.11a), and also indicates that the equilibrium is affected by their
evolution.104

The TIC curve of PC/PBT blend obtained by CI DPMS is shown in
Figure 5.26, together with the temperature-time resolved evolution profiles
of some of the most important pyrolysis compounds. The evolution of

SCHEME 5.11
Chemical reactions occurring in the thermal treatment of PC/PBT blend.
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butylenecarbonate (BTC) (ion at m/z 117) takes place within the first maxi-
mum of the TIC curve. This is most likely due to the formation of copolymer
sequences containing BTC units, which are the less thermally stable and
decompose as soon as they are formed, by a rearrangement reaction involv-
ing the unimolecolar elimination of BTC molecules (Scheme 5.11b). This
leaves the more stable aromatic moiety in the residue. This behavior is not
unusual in condensation copolymers containing units with a marked differ-
ence of thermal stability.1,2

BTC units may also undergo CO2 elimination (Scheme 5.11b), generating
copolymer sequences with ether linkage along the chains, which are then
decomposed at higher temperatures. In fact, the evolution of compounds
with ether linkages (i.e., ion at m/z 547, Figure 5.26) occurs essentially in the
second thermal decomposition step, whereas CO2 (ion at m/z 44) is evolved
in the first step.

Furthermore, the evolution of BTC-containing pyrolysis compounds (i.e.,
ion at m/z 475) and that of cyclic dimer of PC (i.e., ion at m/z 509) take place
in the first degradation step. This is most likely due to the high rate of
carbonate-carbonate exchange, which allows the faster reaction of PC with
copolymer sequences containing butylenecarbonate.104

As the temperature increases, sequences containing totally aromatic poly-
ester accumulate in the residue, indicating that the overall thermal reaction
has resulted in the formation of the most thermally stable compound, i.e., a
totally aromatic polyester. As a consequence, the last decomposition stage is
solely due to the evolution of the cyclic dimer (ion at m/z 717) formed by the
thermal degradation of the aromatic polyester sequences (Scheme 5.11c), as
confirmed by the DPMS analysis of pure poly(bisphenol A terephthalate).104

FIGURE 5.25
DTG curves of PC, PBT, and PC/PBT (1/1, mol/mol) blend sample. (Reprinted from Ref. 104.)
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FIGURE 5.26
TIC curve and temperature-time resolved evolution profile of some selected pyrolysis com-
pounds as obtained by CI DPMS of a PC/PBT blend sample. (Reprinted from Ref. 104.)
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6.1 Introduction

In the past several years, a number of new ionization methods in mass spec-
trometry have been introduced. These new techniques have extended mass
spectrometric analysis to a wide variety of labile (thermally unstable), highly
polar, and higher molecular weight materials. Field ionization (FI) and field
desorption (FD) are two of the pioneering techniques in this list of alternative
ionization methods. FI-MS, which was introduced for organic molecules in
1954, was the first soft ionization method. (Soft ionization refers to processes
that produce high relative abundances of molecular, or quasimolecular, ions.)
FD-MS, which was invented in 1969, was the first desorption/ionization
method. (Desorption/ionization refers to processes in which the vaporization/
desorption, and ionization steps occur essentially simultaneously.)

FI-MS and FD-MS have a number of useful features, including very high
molecular ion abundances, higher mass capability, and applicability to a wide
variety of compound types. In this chapter, we will give an overview of FI-MS
and FD-MS as techniques for the analysis of polymeric systems. Readers
interested in more detailed explanations of FI/FD-MS theory, procedures, and
applications are referred to various reviews and monographs on the subject.1–7

6.1.1 Development of FI-MS and FD-MS

The invention of field ion microscopy by E. W. Mueller8 initiated several
fields of study, including FI/FD-MS. In 1954, M. G. Inghram and R. Gomer
at the University of Chicago described the attachment of an FI microscope
to a mass spectrometer.9 They were able to generate mass spectra from a
number of small molecules. In 1957, H. D. Beckey at the University of Bonn
began a systematic investigation of FI-MS.1 His research focused on the mass
spectrometric applications of the technique, and he made many fundamental
discoveries including the use of FI/FD-MS for organic chemical structure
analysis. Beckey and co-workers made several major contributions to our
understanding and practice of FI/FD-MS, including the first focusing FI
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source (1958), field dissociation of organic ions (1961), field ionization kinet-
ics (1961), the development of activated carbon microneedle emitters (1968),
and the invention of field desorption (1969).1

The first commercial FI/EI ion source was introduced for magnetic sector
instruments by MAT (Bremen, Germany) in 1967. The emitter could be
retracted for EI operation, but the system had to be vented to change the
emitter. The first commercial FD/FI/EI ion source, with the emitter on a
sliding pushrod probe, was introduced by Varian MAT in 1973. This pro-
vided a marked improvement, because the emitter could easily be replaced
or loaded with sample without venting the system. Today all of the major
magnetic sector manufacturers offer FI/FD sources as accessories for their
instruments.

The number of FI/FD-MS publications rose rapidly in the early to mid-
1970s, reaching a peak in the late 1970s.6 A noticeable drop in FI/FD use
occurred after 1983 because of the advent of fast atom bombardment (FAB-
MS), and later other desorption/ionization methods. A high percentage of
FI/FD-MS articles have come from Germany, which is not surprising in view
of the early development of the techniques in Bonn.

6.1.2 Principles and Procedures

The principles involved in FI/FD-MS are fundamentally different from those
for methods that rely on beams (electron, ion, atom, particle, laser) or liquid
sprays (thermospray, electrospray) for ionization. A simple diagram of a
combination FI/FD ion source is shown in Figure 6.1. The field emitter
consists of a thin (usually 10 µm) tungsten wire that is supported on two
metal posts with a ceramic base. The emitter is on a sliding pushrod probe,
which can be removed from the ion source for sample loading or emitter
replacement. The emitter wire is covered with microneedles (or dendrites)
of pyrolytic carbon or silicon (Figure 6.2). The emitter is held at the accelerating
potential, and the wire is situated within a few millimeters of a counterelectrode

FIGURE 6.1
Diagram of an FI/FD ion source.
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(or extraction plate), which is held at a potential 8–12 kV lower than that
of the emitter. The high field strengths necessary for field ionization
(107–108 V/cm) are present near the tips of the microneedles.

Field ionization involves the removal of electrons from a species by quantum
mechanical tunneling in a high electric field. In practice, FI-MS refers to the
technique in which the sample to be analyzed is introduced as a vapor using
a heatable direct probe, heated batch inlet, or GC/MS interface.

Field desorption refers to the technique in which the sample is deposited
directly on the emitter before it is inserted into the ion source. This is an
ambiguous term, because it implies that it is the electric field that causes
desorption and ionization of the analyte from the probe. It is well-known,
however, that the field is only one factor in the process; “field ionization” is
only one of the ionization processes that may occur. Thus, most practitioners
use the term “field desorption” to refer to the sample introduction technique
and not necessarily to the method of ionization.

Most practitioners use carbon microneedle emitters, and a few others use
silicon emitters.6 Silicon emitters can be manufactured more rapidly, but
carbon emitters are more rugged and can be heated to much higher tem-
peratures (for flash cleaning). Other types of emitters (bare wire, metal
microneedles, metal tip, razor blade, or volcano) are only sparingly used.
Users either make their own emitters (with commercial or home-built
devices) or else purchase them (from mass spectrometer manufacturers or
independent vendors). The choice of making or buying emitters usually
comes down to cost and time.

For FD-MS analysis, the emitter must be loaded with sample. The first
step is to dissolve the material in a suitable solvent (preferably a volatile one

FIGURE 6.2
Photomicrograph of a carbon microneedle emitter.
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like acetone or dichloromethane). If dissolution is not possible, suspension
with sonification may be sufficient. The emitter is then dipped into the
analyte solution, or the solution is touched onto the wire using a microliter
syringe. The dipping technique is a little faster, but the syringe technique
should be used when the amount of available sample is very small or when
careful control of sample amount and position on the wire is necessary (as
in quantitative work). Microsyringe manipulators can be made (or purchased
commercially) if the ultimate in sample loading care and convenience is
desired. Most practitioners use syringe deposition.6 Other emitter loading
methods (e.g., dipping, aerosol deposition, and freeze loading) are used only
infrequently.

6.1.3 Ion Formation Mechanisms

Part of the versatility of the FI-MS and FD-MS methods comes from the variety
of ionization mechanisms that can be observed with different analytes. The
four most common mechanisms are field ionization, cation attachment, ther-
mal ionization, and proton abstraction.

6.1.3.1 Field Ionization

Field ionization is the first mechanism that mass spectrometrists think of
when considering FI/FD-MS, but it is only one of several possibilities. As
stated earlier, field ionization is the removal of electrons from a species by
quantum mechanical tunneling in a high electric field. This leads to the
production of molecular ions (M+  in positive ion mode), and this mechanism
of ionization is generally observed for nonpolar or slightly polar organic
compounds.

Poly(2,2,4-trimethyl-1,2-dihydroquinoline), an oligomeric antioxidant for
rubber, is a typical example for this ionization method. Figure 6.3 shows the
FD mass spectrum of a poly-TMDQ sample.10 Molecular ions for “normal”
oligomers (M+ = 173n) are observed, along with minor peaks due to impu-
rities (with differing end-groups) from the synthesis.

Figure 6.4 shows the FD mass spectrum of the TMDQ dimer that was
isolated from the polymer by liquid chromatography.11 This is a typical
“single peak” FD mass spectrum that is appealing to many organic chemists.
The spectrum immediately confirms (or establishes) the molecular weight
of the analyte and tells something about the purity of the material. In the
case of mixtures (polymers are always mixtures), one peak is normally
observed for each component/oligomer. Therefore, FI-MS or FD-MS can be
used as a screening technique for complex samples.

In FD-MS analysis the emitter is normally heated resistively to aid in the
desorption process. Chemicals that are reasonably volatile and not too polar
will desorb with the emitter held at ambient temperature. Most organics,
however, will require the application of some emitter heating current (EHC)
to get them to desorb. The amount of heat needed is much less than that

˙

˙
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required to vaporize the material from a direct probe. The term best anode
temperature (BAT) is sometimes used to describe the temperature at which
the intensity of the molecular ion is maximal and that of the fragment ions
is minimal. As the emitter is heated, the BAT occurs shortly after the point
at which molecular ions begin to form. For typical organic molecules, this
is in the range of ∼10–25 mA EHC, which for 10-µm tungsten wires corre-
sponds to the range ∼50–200°C.

FIGURE 6.3
FD-MS of poly-TMDQ. (Reprinted with permission from Ref. 10. Copyright 1979, American
Chemical Society.)

FIGURE 6.4
FD-MS of TMDQ dimer. (Reprinted with permission from Ref. 11. Copyright 1980, Rubber
Division, American Chemical Society.)
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6.1.3.2 Cation Attachment

Cation attachment is also called cationization or desolvation. In this process,
cations (typically H+ or Na+ ) attach themselves to receptive sites on analyte
molecules in the condensed phase. The combination of emitter heating and
high field results in the desorption of cation attachment ions (e.g., MNa+ ).
This mechanism is typically observed for more polar organic molecules (e.g.,
those with aliphatic hydroxyl or amino groups).

The spectrum of poly(ethylene imine) (Figure 6.5) is a typical example of this
ionization method.12 In this case the principal FD ions are MH+ for the
polymer H2N-(-C2H4-NH-)n-H. Weak fragment ions and MNa+ ions (from
adventitious sodium in the system) are also observed. By doping the sample
with a sodium salt, the intensities of the sodiated ions can be enhanced. Too
much salt may result in “sputtering,” however; during sputtering the sample
bursts irregularly off the emitter, which results in a poorly reproducible
spectrum.

FIGURE 6.5
FD-MS of poly(ethylene imine). (Reprinted from Ref. 12. Copyright 1985, with permission from
Elsevier Science.)
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6.1.3.3 Thermal Ionization

Thermal ionization of preformed ions may be observed for organic and
inorganic salts. In this case the field lowers the desorption temperature,
facilitates focusing, and enhances the ion current. The emitter is used as a
“solid probe” to hold and heat the sample. Thermal ionization is most com-
monly observed for organic and inorganic salts; it is hardly ever observed
for polymers.

6.1.3.4 Proton Abstraction

Proton abstraction is a common ion formation mechanism in the negative
ion (NI) FD-MS mode. It is not often reported in the literature because little
NI-FD-MS work is done. (Field electron emission has to be contended with
in NI-FD-MS.) Polar organics in the NI mode will often show (M − H)− ions,
but polymers to date have only been analyzed in the positive ion mode. It
is interesting to note that mixtures of poly(ethylene glycol) (PEG) and water
are typically used as a viscous solvent in NI-FD-MS studies of organic
molecules.13 In this case, however, no NI-FD signals are observed from the
PEG.

6.1.4 Advantages

The principal advantages of FI-MS and FD-MS include fairly high molec-
ular ion abundances, fairly high mass capability, applicability to a wide
variety of compound types, and availability on general-purpose organic mass
spectrometers.

6.1.4.1 High Molecular Ion Abundances

Many low molecular weight organic polymers will produce intense molec-
ular or quasimolecular ions (M+ , MH+, MNa+) with few fragment ions or
none at all. FI-MS and FD-MS are therefore excellent for the determination
of oligomer molecular weights. Polymeric mixtures can be screened to assess
the number of components (or oligomeric series) and their approximate
relative abundances. Chemical structures can often be elucidated from just
the molecular weights of the components plus a knowledge of the chemistry
and history of the sample.

FI- and FD-MS are truly “soft” ionization methods, with little excess energy
being deposited into the ions that are formed. In a recent study some labile,
low molecular weight polyesteramides were analyzed by FD-MS, electro-
spray (ESI-MS), and MALDI-MS—all of which are techniques that produce
high abundances of molecular or quasimolecular ions.14 In this study ESI-MS
was found to be the “softest” method (i.e., the one showing the least ion
fragmentation and sample decomposition); FD-MS finished second, and
MALDI-MS was third.

˙
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6.1.4.2 Fairly High Mass Capability

As with most ionization methods, FI and FD mass spectra are most often
acquired for compounds of mass <1000 Da (1 kDa). There are many examples
in the literature, however, of FI/FD mass spectra for compounds/polymers
in the mass range 1–5 kDa. Based on a few literature examples, the maximum
practical FD mass range would appear to be 10–15 kDa; thus FD-MS is a
technique of intermediate mass range capability. Molecular ions can be
obtained at higher masses than have been reported, for example, for EI-MS
and CI-MS. However, some desorption/ionization methods, such as
MALDI- and ESI-MS, have demonstrated higher mass capabilities.

Figure 6.6 is an example that approaches the upper mass limit for FD
analysis of polymers.15 The sample in this case is a polystyrene standard:
C4H9−(−CH2−CHφ−)n−H. This is the type of soluble, nonpolar polymer that
is ideally suited for FD-MS analysis.

6.1.4.3 Applicability to a Wide Variety of Compound Types

FI-MS and FD-MS have been used successfully for both polar and nonpolar
materials; organic, inorganic, and organometallic compounds; and neutral
molecules and salts. The many compound classes that have been investi-
gated include organic polymers, polymer additives, oils, waxes, surfactants,

FIGURE 6.6
FD-MS of polystyrene. (Reproduced from Ref. 15 by permission of John Wiley & Sons Limited.)
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synthetic organics, natural products, pharmaceuticals, pesticides, organo-
metallic complexes, coal liquids, organic salts and dyes, carbohydrates, and
polypeptides. The principal reasons for this versatility are the variety of ion-
ization mechanisms that are observed, the soft character of the ionization,
and the ability to desorb many thermally labile materials intact. Because
FI-MS and FD-MS work best for nonpolar and slightly polar compounds,
they often complement other methods (FAB-MS, CI-MS, MALDI-MS, ESI-MS)
that are more amenable for use with polar molecules.

6.1.4.4 Availability on General-Purpose Mass Spectrometers

FI/FD-MS ion sources are available from all major magnetic sector instru-
ment manufacturers. Combination FI/FD/EI/CI sources are common. No
specialized mass analyzer, such as time-of-flight (TOF-MS) or Fourier trans-
form (FT-MS), is needed. In short, FI-MS and FD-MS are quite compatible
(and in fact are optimal) for use with the normal types of double-focusing
mass spectrometers typically used for analysis of organic compounds. Since
high electric fields are required in the ion source, commercial FI/FD ion
sources have not been developed for use with “low voltage” mass spectro-
meters (such as those with quadrupoles and ion traps).

6.1.5 Disadvantages

Coupled with these features are a number of disadvantages, including dif-
ficulty of use, emitter problems, low sensitivity, and ion current stability.

6.1.5.1 Difficulty of Use

Over the years, FI-MS and FD-MS have developed an uneven reputation.
Although experienced users practice the techniques routinely, nonusers
sometimes have the impression that FI-MS and FD-MS are difficult to master.
In our experience, FI-MS and FD-MS are perhaps somewhat more difficult
than other methods, but the degree of difficulty is certainly not as severe as
some nonusers would imagine.

6.1.5.2 Emitter Problems

Various problems with emitters are often cited. One area of concern is avail-
ability; emitters are sometimes said to be too difficult to make and too
expensive to buy. In reality, emitters can be readily made with the proper
equipment and by properly trained staff, and emitters are no more costly to
buy than most other mass spectrometry consumables. Another area that is
cited is emitter breakage. The wires are indeed fragile, but with proper care
and a reasonably clean ion source (to prevent discharge), breakage should
not be a serious problem.
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6.1.5.3 Low Sensitivity

It is generally true that absolute FI/FD-MS sensitivities (signal per unit
sample) are an order of magnitude or so less than those for EI-MS or CI-MS.
Also, FI/FD-MS sensitivities can be highly variable, depending on a number
of factors such as quality of the emitter, tuning and cleanliness of the ion
source, the chemical class of the compound being analyzed, and matrix
effects (such as the presence of inorganic salts). Although these consider-
ations are real, none of these points presents a serious problem for experienced
users. Typical FI/FD signal intensities are quite adequate for most applica-
tions. Examples can be found in the literature in which FI-MS or FD-MS
has been used successfully for high-sensitivity applications such as trace
analysis, high-resolution accurate mass measurements, and tandem mass
spectrometry (MS/MS).

6.1.5.4 Ion Current Stability

Fluctuations in ion current may occur for certain “difficult” molecules, typ-
ically salts or other highly polar organics. However, this is not a problem
for organics that yield reasonable FI/FD signal intensities.

6.1.6 Recommendations for New Users

For experienced users, FI-MS and FD-MS techniques are quite manageable
and not particularly difficult. For new or potential users, we offer the fol-
lowing suggestions:

• Take time to learn the techniques and their peculiarities. As with
almost anything else, there is no substitute for practice.

• Choose a reasonable approach for resupply of emitters. Purchasing
emitters may be a better option than making them in-house. The
cost can probably be fit into your normal expenses for mass spec-
trometry consumables.

• Use FI/FD-MS regularly, not just as a “last resort.” Our experience
is that organic chemists will become enamored of the simple spec-
tra that are produced via FI/FD-MS, and they will begin to request
FI/FD results on a regular basis.

6.2 Applications

FI-MS and FD-MS are valuable because they can solve real characterization
problems in polymer synthesis and industrial analysis. These techniques often
provide information that is unique—i.e., not obtainable by other methods.
FI-MS and FD-MS are also complementary to other analytical techniques,
both spectroscopic (e.g., IR, NMR) and chromatographic (e.g., LC, GPC).
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6.2.1 Direct Analysis of Polymeric Mixtures

FI-MS and FD-MS have proven themselves to be excellent techniques for the
screening and profiling of complex samples. The number of components,
their molecular weights, and their approximate relative abundances can
normally be obtained. FI/FD-MS can be a very informative first approach
to the analysis of polymeric mixtures.

Often the FI/FD molecular weights alone, combined with a knowledge of
the chemistry and history of the sample, are sufficient to obtain the infor-
mation needed. For example, FI/FD-MS may be used to identify end-groups
for linear low molecular weight polymers. Figure 6.7 is the FD spectrum of
a polystyrene standard.10 If one subtracts an integral number of monomer
units (104 Da) from the observed molecular ions, a “residual” molecular
weight of 58 Da is obtained (e.g., MW 474 − 4 × 104 = 58). This is consistent
with a butyl group on one end of the chain and a hydrogen on the other:
C4H9–(–CH2–CHφ–)n−H. In this instance, the polymerization initiator was
n-butyl lithium.

FI/FD-MS may also help to determine if cyclic oligomers are present.
Figure 6.8 is the FD spectrum of a toluene extract from a segmented poly-
urethane.16 Solvent extraction is often used to remove low molecular weight
material from a polymer for analysis. In this case three series of cyclic ester/
urethane oligomers could readily be identified from the FD-MS molecular

FIGURE 6.7
FD-MS of polystyrene. (Reprinted with permission from Ref. 10. Copyright 1979, American
Chemical Society.)
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weights alone:

–(–O–CO–C4H8–CO–O–C4H8–)n–
MW = 200n

–(–O–CO–C4H8–CO–O–C4H8–)n–O–CO–NH–φ–CH2–φ–NH–CO–O–
C4H8–MW = 340 + 200n

–(–O–CO–C4H8–CO–O–C4H8−)n−(–O–CO–NH–φ–CH2–φ–NH–CO–O–
C4H8−)2–MW = 680 + 200n

MH+ ions were dominant for the polyester series, while M+  ions were
dominant for the other two series.

In more complex or less well-characterized systems, the FI/FD molecular
weights alone may not be sufficient to elucidate the proper chemical struc-
tures. In these cases, the FI/FD results can suggest appropriate methods
(spectroscopic and/or chromatographic) for further study. For example,
other ionization methods can be used to obtain additional mass spectra.
Tandem mass spectrometry (MS/MS) can be used to obtain fragmentation
patterns, and high resolution accurate mass measurements can be used to
obtain atomic compositions (AC-MS) for various components.

There are many examples in the literature of the structural characterization
of polymeric systems by FD-MS. Some of these will be briefly mentioned here.
Saito and coworkers in Japan have studied a number of polymers by FD-MS.5

FD spectra were used to identify various poly(ethylene glycol) and poly(pro-
pylene glycol) initiators (water, ethyleneimine, glycerol, sorbitol, sucrose).17

Structures of bisphenol A-based epoxy resins were elucidated.18,19 The degree
of methylation in methylol melamine resins was assessed.20 Various novalak
resins (made from phenol, alkylphenols, and epoxidized phenols) were
characterized.21 Styrene polymerized with various initiators and chain trans-
fer agents was studied; in some cases deuterium labeling was used to help

FIGURE 6.8
FD-MS of extract from polyurethane. (Reprinted with permission from Ref. 16. Copyright 1980,
Rubber Division, American Chemical Society.)
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assess the polymerization mechanism.22–28 Other systems studied included
aromatic nitro-containing polymers,29 blocked urethane prepolymers,30 poly-
esters,31 and acrylics.32

Derrick and coworkers have investigated polyglycols (PEG, PPG),33–36

polybutadiene,37 polystyrene,36 and poly(methylmethacrylate)36 by FD-MS.
Prokai38 and Scrivens et al.39 have looked at various phenol-formaldehyde
(novalak and resole) resins. Wiley and Cook obtained FD spectra of lactone,
lactam, and carbonate polymers.40 Matsuo et al. investigated polystyrene and
poly(propylene glycol) as high mass reference compounds.41 Lattimer and
Schulten studied several hydrocarbon polymers (polybutadiene, polyiso-
prene, polyethylene, polystyrene).42 Evans et al. used FD-MS to investigate
mechanistic aspects of the metal-catalyzed polymerization of ethylene and
other olefins.43–44

6.2.1.1 Tandem Mass Spectrometry

There are few reports in the literature of FD being used as the ion source in
tandem (MS/MS) experiments. The relatively weak ion currents and tran-
sient signals make FD-MS/MS spectra (as one paper has put it) “technically
challenging to obtain.”45 Most analysts, it would seem, obtain “survey” spectra
by FD-MS for screening purposes. Then if more information is needed, MS/
MS experiments are performed using other ionization methods (e.g., EI, CI,
FAB). In our experience it is almost always preferable to do MS/MS with
ionization methods other than FI or FD. Thus the FD-MS/MS data that do
appear in the literature seem to have been obtained, for the most part, for
demonstration purposes.

In some early FD-MS/MS work, Craig and Derrick studied polystyrene
ion dissociation using a double-focusing instrument; both metastable and
collisional dissociation experiments were carried out.46–48 In a recent paper
Jackson et al. described the collisional dissociation of polystyrene using a
hybrid sector orthogonal time-of-flight (oa-TOF) instrument.49 This configu-
ration is well-designed for high sensitivity MS/MS experiments, and excel-
lent FD-MS/MS spectra of polystyrene and other chemicals were obtained.
Even with this instrument, however, the authors conceded that the applica-
bility is “limited to simple mixtures with relatively strong FD signals.”49

6.2.1.2 High-Resolution Accurate Mass Measurements

Due to the low ion current and lack of suitable mass reference compounds,
high-resolution FI/FD measurements are seldom reported in the literature.
In fact, Schulten in Germany is the only mass spectrometrist worldwide who
regularly carries out high resolution FI/FD experiments. For high resolution,
Schulten uses a double-focusing mass spectrometer with photoplate recording.
As an example of its use in polymer analysis, Schulten and Plage recorded
high resolution EI and FI spectra of pyrolysis products from nylon 6.10.50

The accurate mass measurements were used to deduce atomic compositions
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and chemical structures for various pyrolyzate components. This type of
work requires great skill and patience, particularly with the transient nature
of FI/FD ionization. Nearly all workers prefer to perform high resolution
mass measurements with other ionization methods, usually EI or CI.

6.2.2 Molecular Weight Averages

Molecular weight averages are routinely used by polymer chemists to char-
acterize synthetic macromolecules. The two most common values deter-
mined are the number average (Mn) and the weight average (Mw), defined as
follows: Mn = ΣNiMi/ΣNi and Mw = ΣNl /ΣNiMi. The Mw/Mn ratio, often
called the polydispersity index, is a measure of the narrowness or broadness
of the molecular weight distribution.

In principle it should be possible to determine Mn and Mw by mass spec-
trometry, since the technique directly provides the information needed—
oligomer molecular weights (Mi) and relative abundances (or number of
molecules, Ni).

51 Field desorption was the first mass spectral method to be
used to directly determine molecular weight averages of synthetic polymers
(1980).52

Since that first paper, several other examples showing the calculation of
polymer molecular weight averages by FD-MS have appeared in the
literature.12,15,42,53–55 A summary of most of these results is given in Table 6.1.
For the hydrocarbon polymers (PSty, PBd, PIso, PE) and polyglycols (PPG,
PEG, PTHF), the FD-MS Mn values agreed well with those determined by
“classical” methods (usually vapor pressure osmometry, VPO). The average
deviation between the two Mn values is ∼5% (Table 6.1). In some cases the
FD-MS value is higher than the “reference” value, and in other cases it is
lower.

The hydrocarbon polymers and polyglycols in Table 6.1 are all standards
used for gel permeation chromatography (GPC) calibration. Thus their poly-
dispersities (Mw/Mn) are all quite low (<1.3). These polymers are also rea-
sonably “well-behaved” when studied by FD-MS. That is, these are “good
desorbers” that give relatively intense, long-lasting signals. The polydisper-
sity determined by FD-MS is similar to the “reference” value for each poly-
mer, although in most cases the FD-MS value is slightly lower. This probably
represents some mass discrimination at the high end of the oligomer enve-
lope; this would tend to narrow the observed distribution slightly.

Other polymers that are poorly desorbing or have higher polydispersities
may not give such good agreement, however. One example from the litera-
ture is the FD-MS analysis of t-octylphenol/formaldehyde (novalak) resins.54

For the lower molecular weight resin (Mw/Mn ∼1.28), the Mn values deter-
mined by FD-MS and liquid chromatographic (LC) analysis agree reasonably
well (Table 6.1). The higher mass resin has a broader distribution, however
(Mw/Mn ~1.72), and Mn determined via FD-MS is about a third lower than
that measured by vapor pressure osmometry (VPO). The polydispersity

Mi
2
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determined by FD-MS is also much too low. The low FD-MS values may be
attributed to “poorer desorption efficiencies for the higher mass oligomers.”54

That is, there tends to be a mass discrimination against the higher mass species.
Evans et al. measured molecular weight averages for three polyethylene

samples by FD-MS.55 Results for two of the samples are given in Table 6.1,
and for these the agreement between FD-MS and GPC was reasonably good.
The highest mass sample (Mn = 1870 by GPC), however, showed a “loss of
sensitivity in the FD-MS data for the higher molecular weight ions of poly-
ethylene.”55 A bimodal distribution was actually observed, and the lower
mass envelope was overrepresented in the spectrum. In this case, mass
discrimination was a problem even though the polymer itself was of reason-
ably low polydispersity (Mw/Mn = 1.15 by GPC).

TABLE 6.1

Molecular Weight Averages for Synthetic Polymers

Ref. Polymera Mn (MS)b Mw//// Mw////

52 PSty 1690 1.15 1710 <1.1
52 PSty 2890 1.12 3100 <1.1
15 PSty 5010 — 5100 <1.04
15 PSty 7200 — 7600 <1.04
15 PSty 9350 — 10200 <1.07
15 PSty 11900 — 12500 <1.04
42 PBd 430 1.03 420 1.1
42 PBd 885 1.04 960 1.07
42 PBd 2450 1.02 2350 1.13
42 PIso 931 1.08 940 1.10
42 PE 644 1.05 640 1.10
42 PE 1030 1.08 910 1.10
55 PE 535 — 680e 1.18e

55 PE 955 — 960e 1.20e

53 PPG 805 1.04 790 ∼1.05
53 PPG 1240 1.03 1220 ∼1.03
53 PPG 1930 1.03 2020 ∼1.02
53 PEG 1010 1.03 1041 1.05
53 PEG 1360 1.03 1396 1.02
53 PTHF 1110 1.10 1050 1.15
54 OPFR 789 1.23 693f 1.28f

54 OPFR 822 1.19 1194g 1.72e

a PSty = polystyrene, PBd = polybutadiene, PIso = polyisoprene,
PE = polyethylene, PPG = poly(propylene glycol), PEG =
poly(ethylene glycol), PTHF = polytetrahydrofuran, OPFR =
t-octylphenol/formaldehyde resin.

b Determined by field desorption (FD-MS).
c Value reported by the manufacturer, usually determined by

vapor pressure osmometry (VPO).
d Value reported by the manufacturer, usually determined by

gel permeation chromatography (GPC).
e Determined in-house by GPC.
f Determined in-house by liquid chromatography (LC).
g Determined in-house by VPO.

Mn
b Mn

c Mn
d
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In general, we would expect polymers that are good FD desorbers with
low polydispersities (less than ∼1.3) to give reliable molecular weight aver-
ages via FD-MS analysis. Polymers that are poorly desorbing and/or have
broad distributions (Mw/Mn greater than ∼1.3) would not be expected to give
reliable Mw and Mn values. High polydispersity is not a problem just in FD-
MS; other methods (e.g., MALDI-MS) have the same difficulty when it comes
to the determination of molecular weight averages.

6.2.3 Direct Polymer Pyrolysis

6.2.3.1 Pyrolysis Field Ionization

Pyrolysis (thermal degradation) is used extensively with mass spectrometry
for (i) elucidation of chemical structures of unknown polymers, (ii) assessing
the thermal behavior of polymeric materials (e.g., in thermal processing or
combustibility studies), and (iii) investigation of polymer decomposition
kinetics and mechanisms. Pyrolysis field ionization (Py-FI-MS) turns out to
be a very informative method for use in polymer decomposition studies, for
several reasons. 

First, since the pyrolysis is carried out in vacuo using a heated direct probe,
the degradation occurs in the ion source very close to the ionization region.
Thus, secondary reactions are minimized so that (to a large extent) primary
pyrolysis products are observed. Second, since the direct probe is heated
slowly (typically 5–20°C/min), pyrolyzates formed at the onset of pyrolysis
may be readily detected. These “early pyrolyzates” represent the simplest
(lowest energy) pyrolytic reactions, and the highest mass organic pyrolyzates
are almost always the first ones that are formed. Third, because of the soft
nature of FI-MS, higher mass pyrolysis products can be detected than are
observed by other mass spectral methods (such as EI or CI). Fourth, since
pyrolyzate mixtures are generally very complex, the very high abundances
of molecular (or quasimolecular) ions afforded by FI-MS generally result in
the simplest possible spectrum.

A typical Py-FI mass spectrum for a hydrocarbon polymer (isotactic
polypropylene) is shown in Figure 6.9.56 The spectrum shows the initial
pyrolyzates that are formed as the polymer is held at 400°C in the direct probe.
Volatile pyrolyzates are observed at every carbon number up to ∼1400 Da (C100).
It is interesting that the principal oligomer series at low mass is simply
multiples of the propylene monomer unit (MW = 42n, series A). The principal
series at higher mass values, however, is an α, ω -diene series (MW = 42n +
12, series E). The pyrolysis mechanism may be explained by a free radical
degradation pathway.56

Hummel and coworkers showed the potential of Py-FI-MS for polymer
analysis in some early experiments in the 1970s. For example, in one study
polymers containing methylmethacrylate, α-methylstyrene, and acrylonitrile
were examined, but only low mass products (<250 Da) could be detected
with the instrument used.57
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The largest number of Py-FI-MS studies has been carried out by Schulten
and coworkers, beginning in 1980.50,58–73 Most of these studies were con-
ducted with a specially designed “high-temperature, high-sensitivity” direct
probe that provides programmed heating up to 800°C.62

Schulten’s group has studied a large number of polyamides, including
aliphatics (nylons),50,59,65 aromatics (Kevlar, Nomex),61 and mixed aliphatic/
aromatic materials.58 Other nitrogen-containing polymers studied include
polyquinones66 and acrylonitrile homo- and copolymers.70 Some hydrocarbon
polymers were also investigated, including polyethylene,62 polystyrene,67

and copolymers containing butadiene or styrene.70

Oxygen-containing polymers studied by Schulten’s group included
epoxy resins,63 acrylate and methacrylate polymers,68,69,71 and polyesters.60,64

Polyester degradation by Py-FI-MS provides an interesting example.64 When
single polyesters—for example, poly(ethylene succinate) (PES) or poly(buty-
lene adipate) (PBA)—were degraded, the principal pyrolyzates observed
were cyclic oligomers. The degradation mechanism involves intramolecular
ester exchange, which is a low energy process occurring below 250°C. When
physical mixtures of two different polyesters were pyrolyzed at temperatures
below ∼250°C, the spectra contained the same signals as with single compo-
nents. At temperatures above ∼300°C, intermolecular exchange started to
occur, and pyrolyzates were detected that contained fragments from both of
the starting polymers. This effect is illustrated in Figure 6.10, which is the
Py-FI mass spectrum of mixed PES and PBA. Most of the cyclic oligomer
pyrolyzates (A = monomers, B = dimers, and so forth) contain fragments
from both of the starting polymers.64

FIGURE 6.9
Pyrolysis FI-MS of isotactic polypropylene. (Reprinted from Ref. 56. Copyright 1995, with
permission from Elsevier Science.)
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Lattimer and coworkers have studied a number of saturated and unsatur-
ated hydrocarbon polymers by Py-FI-MS.56,72–75 These include cured and
uncured diene rubbers,72,73,75 and a number of polyolefins (polyethylene,
polypropylene, polyisobutylene, et al.).56,74

6.2.3.2 Pyrolysis Field Desorption

Most of the pyrolysis FI/FD studies in the literature have been done in
the Py-FI-MS mode. An alternative approach is to place the polymer
(from solution) directly on the field emitter, and then heat the wire to
induce pyrolysis. Some of the earlier studies from Schulten’s laboratory used
this method (Py-FD-MS). Polymers examined were polyamides58,59,63 and a
polyester.60 Derrick et al. reported the Py-FD-MS analysis of a poly(olefin
sulfone).76

Py-FD-MS is somewhat more difficult to carry out experimentally as com-
pared to Py-FI-MS. It may be noted that Schulten used Py-FD only in his
earlier polymer degradation studies; all the reports after 1988 give Py-FI
results only. There are a number of reasons why Py-FD is more challenging.
First, the polymer needs to be dissolved (or at least suspended in a solvent)
for deposition on the field emitter. Py-FI-MS, on the other hand, can easily
be run with intractable solids. Second, ion “sputtering” can occur as the
polymer degrades and desorbs on the emitter. This leads to transient (inter-
mittent) signals and, in the worst case, to emitter breakage. Third, temper-
ature control while heating the emitter is inexact. There is, in fact, a significant
temperature gradient along the length of the wire (with the center being the
hottest). A programmed direct probe, on the other hand, provides precise
temperature control in Py-FI-MS.

FIGURE 6.10
Pyrolysis FI-MS of a mixture of poly(ethylene succinate) and poly(butylene adipate) (A =
monomers, B = dimers, etc.). (Reprinted from Ref. 64. Copyright 1989, with permission from
Elsevier Science.)

100

50

x 5

100 200 300 400 500

CCCC
BBBBBA

AA

R
el

at
iv

e 
A

bu
nd

an
ce

100

50

D

C C C

D D

600 700

D
D D

E E
D D

DE E

800

E

m/z

E E E E
F

F F F FE

900 1000

©2002 CRC Press LLC



Nevertheless, Py-FD-MS does have the advantage that there is essentially
no time separation between the degradation and ionization events. Thus
primary products are most likely to be observed. An excellent example is
shown in Figure 6.11. This is the Py-FD mass spectrum of nylon 6, which
was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol for deposition on the
emitter.59 A very clean spectrum of the oligomeric pyrolyzates is seen; the
major peaks are MNa+, and the minor peaks are MH+.

6.2.4 Polymer Additives

Commercial rubbers and plastics are often very complex materials. In addi-
tion to various polymers, commercial formulations contain a number of com-
pounding ingredients (additives) that are included to give particular physical
and/or chemical properties. These additives include plasticizers, processing/
extender oils, waxes, carbon black, inorganic fillers, antioxidants, antiozo-
nants, antifatigue agents, heat and light stabilizers, tackifying resins, proc-
essing aids, crosslinking agents, accelerators, retarders, adhesives, pigments,
smoke and flame retardants, and others. In this section we will be concerned
exclusively with organic additives, since these are the ones that are most
readily analyzed by FI/FD mass spectrometry. All of the examples in this

FIGURE 6.11
Pyrolysis FD-MS of nylon 6. (Reprinted with permission from Ref. 59.)
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section are of field desorption applications, although there is no inherent
reason why field ionization could not be used for the analysis of more volatile
additives as well.

We will consider direct FD-MS analysis and off-line LC/FD-MS analysis
separately. This section considers the analysis of additives as “raw materials.”
The next section considers the analysis of additives that are found in polymer
formulations/compounds.

6.2.4.1 Direct FD-MS Analysis

It has been known for a number of years that FD-MS is an effective analytical
method for direct analysis of many rubber and plastic additives. Major
components and impurities in commercial additives can be assessed quickly,
and the FD-MS data can be used to help determine what (if any) additional
analytical characterization is needed. Lattimer and Welch showed that FD-MS
gives excellent molecular ion spectra for a number of polymer additives,
including rubber accelerators (dithiocarbamates, guanidines, benzothiazyl, and
thiuram derivatives)16,77 antioxidants (hindered phenols, aromatic amines)16,77

p-phenylenediamine-based antiozonants,16,77 processing oils,77 and phthalate
plasticizers.77 Zhu and Su characterized alkylphenol ethoxylate surfactants
by FD-MS.78 Jackson et al. analyzed some plastic additives (hindered phenol
antioxidants and a benzotriazole UV stabilizer) by FD-MS.79

Lattimer et al. have used direct FD-MS in some mechanistic model com-
pound studies. Reaction products of a p-phenylenediamine antiozonant and
cis-9-tricosene (a model olefin) were assessed by FD-MS.80 Several products
from a model compound study of phenolic resin vulcanization were char-
acterized by FD-MS.81

6.2.4.2 Liquid Chromatography and FD-MS

Schulten has reviewed applications combining liquid chromatography (LC
or HPLC) with FD-MS.82 In considering whether an on-line LC/FD-MS sys-
tem was feasible, Schulten concluded that “there is no practical and efficient
way of transferring the HPLC eluents onto the emitter without increasing
the technical complexity considerably. Hence these methods should be used
in the off-line mode….”82

Lattimer and coworkers have used off-line LC/FD-MS in a number of
studies.10,11,54,83–86 In a typical example, an oligomeric antioxidant—poly
(2,2,4-trimethyl-1,2-dihydroquinoline), or poly-TMDQ—was separated by
LC, giving the chromatogram in Figure 6.12.10 LC fractions were collected for
individual peaks, and the solvent (tetrahydrofuran/water) was evaporated
with gentle heating under a stream of nitrogen. The residues were then taken
up in tetrahydrofuran for deposition on the field emitter. FD spectra for three
fractions are shown in Figure 6.13.10 It may be noted that the FD spectra
clearly indicate when there are multiple components present from unre-
solved or adjacent LC peaks. This is especially noticeable in the spectrum
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for Peak I (Figure 6.13c). In addition to the main component at M+  1038 (TMDQ
hexamer), there is a small amount of a second component at M+  1022 (TMDQ
hexamer minus methane).

In later work, Lattimer et al. identified eight oligomeric series in a com-
mercial version of poly-TMDQ by using the LC/FD-MS combination.11

Components of t-octylphenol/formaldehyde resins were also characterized
using this method.54 In a series of studies, ozonation products of several p-
phenylenediamine compounds (rubber antiozonants) were separated by LC
and identified by using FD-MS.83–85 In another study, model “efficient vul-
canization” products were separated by column chromatography and char-
acterized by FD-MS.86

6.2.5 Polymer Compound Analysis

The identification of the ingredients in a compounded polymer can be a
difficult task for the analytical chemist. A wide variety of components is
involved—polymers, fillers, solvents, organic and inorganic additives.

FIGURE 6.12
Liquid chromatogram of poly-TMDQ. (Reprinted with permission from Ref. 10. Copyright 1979,
American Chemical Society.)
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Various methods have been developed to separate, identify, and quantify
the numerous ingredients. In recent years there has been an increasing inter-
est in direct methods of analysis, i.e., examining the compounded polymer
with no or minimal pretreatment of the material. It has been demonstrated
that FI-MS and FD-MS can play an important role in this type of analysis.87

FIGURE 6.13
FD-MS of poly-TMDQ LC fractions. (a) Peak A, (b) Peak D, (c) Peak I. (Reprinted with permis-
sion from Ref. 10. Copyright 1979, American Chemical Society.)
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There are two basic approaches to mass spectral analysis of a compounded
rubber or plastic material: extract analysis and direct polymer analysis. Com-
paring these approaches, analysis of a solvent extract has these advantages:
(i) the organic additives are isolated, which eliminates mass spectral inter-
ferences that may arise from the rubber and filler components; (ii) isolation
of the additives facilitates further chromatographic or spectroscopic analysis;
and (iii) higher mass, less volatile components (e.g., oligomeric antioxidants)
can generally be identified more readily. On the other hand, direct polymer
analysis has these advantages: (i) this is a more rapid approach; (ii) one
avoids problems due to variable extraction efficiencies of different solvents;
(iii) the more volatile additives (e.g., solvents, accelerator fragments) may
be detected more readily; and (iv) one has the possibility of identifying both
the organic additives and the polymer components in the same experiment.

Lattimer and coworkers have published several reports on polymer com-
pound analysis by mass spectrometry.74,87–91 In earlier studies, the emphasis
was on field desorption analysis of rubber extracts.88–90 A typical example is
shown in Figure 6.14, which is the FD mass spectrum of the acetone extract
from an EPDM vulcanizate.88 The spectrum shows the presence of several
ingredients: phenyl-β-napthylamine antioxidant (MW 219), fatty acid (MW
256, 282, 284), dioctylphthalate plasticizer (MW 390), and a paraffin wax
(MW 324, 338, et al.).

In later papers in this series, there was more emphasis on direct analysis
of the rubber or plastic material by field ionization.74,89–91 Figure 6.15 is the
total ion current (TIC) vs. time (or temperature) profile for a diene rubber
compound.90 The sample was heated in the direct probe from 50–750°C, with
FI-MS. There are two distinct regions in which TIC maxima are observed.
The first occurs between 50–400°C and largely represents the evaporation of
organic additives from the rubber (Figure 6.16). Additives in the rubber
include fatty acid (MW 256, 284), a p-phenylenediamine antiozonant (MW 332),

FIGURE 6.14
FD-MS of extract from an EPDM vulcanizate. (Reprinted with permission from Ref. 88. Copy-
right 1984, Rubber Division, American Chemical Society.)
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FIGURE 6.15
FI-MS total ion current vs. time (temperature) profile for diene rubber compound. (Reprinted
with permission from Ref. 90. Copyright 1988, Rubber Division, American Chemical Society.)

FIGURE 6.16
FI-MS of volatile components in diene rubber compound. (Reprinted with permission from
Ref. 90. Copyright 1988, Rubber Division, American Chemical Society.)
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a t-octylated diphenylamine antioxidant (MW 393, 505), a t-octylphenol/
formaldehyde tackifying resin (MW 424, 536), and a processing oil (weaker
ions in the “background”).

The second TIC maximum occurs at higher temperatures (400–750°C) and
represents the evolution of rubber thermal decomposition products (pyro-
lyzates). The major FI-MS peaks in this region are isoprene oligomers (MW =
68n, Figure 6.17).90 Note that the two envelopes in Figure 6.15 are well-
separated in time (or temperature); thus one can obtain separate mass spectra
for the organic additives and the rubber pyrolyzates.

6.3 Conclusion

FI-MS and FD-MS are only used in a handful of laboratories worldwide.
Those of us who have used the methods for several years still rely upon
them heavily. Despite the large number of other ionization methods that
have become available, it is clear that FI-MS and FD-MS still possess some
capabilities that have not been duplicated by newer methods. In particular,

FIGURE 6.17
Pyrolysis FI-MS of diene rubber compound. (Reprinted with permission from Ref. 90. Copyright
1988, Rubber Division, American Chemical Society.)
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essentially all of the newer methods (e.g., MALDI and ESI) work best for polar
molecules, while FI/FD-MS is optimal for nonpolar and slightly polar com-
pounds. FI-MS and FD-MS are superb techniques for the “survey” analysis
of complex polymeric mixtures, as long as the molecular weight range needed
is not too high.

Perhaps an encouraging sign is the recent commercialization by MicroMass
of a new benchtop orthogonal acceleration time-of-flight (oa-TOF) mass
spectrometer that offers field ionization as an accessory. This is the first
commercial FI-MS system that is not connected to a magnetic sector instru-
ment. Hopefully this may open up the FI-MS technique to a new generation
of users.

At any length, those who think of FI-MS and FD-MS as pioneering tech-
niques that are no longer useful should rethink their position. It is premature
to put these methods on the endangered species list. FI-MS and FD-MS
have some attractive features that make them both complementary to other
desorption/ionization methods and unique in their applications.
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7.1 Introduction

In this chapter we discuss the role of Fast Atom Bombardment Mass Spec-
trometry (FAB-MS) in the structural characterization of synthetic polymeric
materials.

The FAB technique can be used for the chemical structural characterization
of some samples not amenable to conventional ionization methods such as
electron impact or chemical ionization mass spectrometry. It permits the analysis
of polar and ionic compounds, often without the need for purification, iso-
lation, and derivatization.
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Historically, FAB has had a great impact on the use of MS in the biological
sciences, and it has provided the bioanalyst with the ability to obtain mass-
specific detection of individual compounds in complex mixtures.1–4

FAB belongs to the wide range of desorption/ionization techniques
(Chapter 1) that avoid evaporating molecules into the gas phase prior to the
formation of ions.

Fast atom bombardment of a chemical compound dissolved in a viscous
organic liquid matrix (usually an alcohol) induces desorption phenomena
that lead to the detection of quasimolecular ions in the mass spectra.1–12

Intense “molecular ions” (M+ , M− ) and/or “quasimolecular ions” (e.g,
MH+, MLi+, MNa+, MK+, [M-H]−) corresponding to low mass oligomers are
detected in FAB mode (some appear in positive mode, others in negative
mode, some in both modes).

For a few years after the introduction of FAB (in 1982), there was a limited
interest in applying it to synthetic polymers,8 and FAB was mostly used for
proteins and other biomolecules.1–12

Later on, however, the importance of the FAB technique for polymer anal-
ysis grew considerably. For instance, the chain statistics method for the
determination of copolymer sequence by MS (Chapter 2) was originally
developed using the FAB technique.

Reasons for the delay in the application of FAB to the analysis of synthetic
polymers are related to the understanding of the ionization mechanism on
which FAB is based.

Initial uncertainties in the interpretation of FAB spectra of polymers indeed
existed and were debated.13–16 Peaks obtained in earlier work on the FAB
spectra of crude aliphatic polyesters were interpreted as corresponding to
the products originating from thermal degradation or from ion fragmenta-
tion reactions induced by atomic bombardment of the macromolecules
investigated.13,14

Further work showed instead that the peaks appearing in the FAB mass
spectra of the crude polyesters were not due to degradation or fragmentation
processes.15 They were identified as protonated molecular ions (MH+) of pre-
formed low mass species (cyclic and linear oligomers) contained in the
polymer samples, which desorb intact from the liquid matrix under FAB
conditions.15

Liquid Chromatography (both SEC and HPLC) has conclusively shown
that condensation polymers (polyesters, polyamides, and the like) often con-
tain sizeable amounts of low molar mass components. Even a small amount
of oligomers may produce intense peaks in the FAB spectra of a high polymer
sample. Assuming a degree of polymerization of about 100–200, a content
of only 1% (on a weight basis) of oligomers in the polymer would yield a
1:1 mixture on a molar basis. Lower mass components generally desorb/
ionize much more efficiently.

When the crude polyester samples were accurately purified from the lower
mass oligomers, no significant peaks were observed. On the contrary, FAB

˙ ˙
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spectra of the material extracted from the polyesters were found to be very
similar to those obtained for the crude polymers.15

The exact mechanism of ionization occurring in the FAB experiment remains
uncertain. Whether it is exclusively a surface phenomenon, or whether there
is a contribution of sputtered ions from the bulk, remains unclear. Instead,
studies on the mechanism of formation of ions in FAB-MS agree that the
species desorbed from the liquid matrix are not those that collide directly with
the fast atom beam.7–11

The molecules hit by the fast atoms are destroyed in the collision and
do not appear in the spectrum, whereas the molecules not directly hit
(matrix and analyte) acquire enough energy to ionize and desorb from
the target surface. Therefore, fast atom bombardment in a liquid matrix
should allow desorption of the intact analyte molecule from the condensed
phase.

The earlier contention that FAB is a “soft” ionization method with no ion
fragmentation of the desorbing molecules is not tenable today, but it is true
that the ion fragmentation level is usually modest in many cases.1–16

In general all desorption/ionization methods, including FAB, are intended
to produce ions of high mass and to minimize the fragmentation processes.

In fact, even for the simplest homopolymers one often experiences several
mass peaks due to oligomer series having the same repeat unit but different
end-groups.

Ion fragmentation complicates the mass spectra and may prevent quanti-
tative analysis. However, the ion fragmentation level of specific FAB adducts
has often been found to be nearly constant (i.e., independent of the molar
mass of the oligomers, within the mass range accessible to FAB), thus yield-
ing useful structural information, especially in copolymer sequence analysis
(Chapter 2).

Together with SIMS (Chapter 8), and prior to the advent of MALDI tech-
nique (Chapter 10), FAB was the most important ionization method that
allowed the analysis of intact polymer molecules, and therefore the MS
literature on synthetic polymers in the last fifteen years is in sizeable part
based on FAB analysis.

Today FAB has to compete with the formidable analytical power of the
most recent MS soft ionization techniques such as MALDI (Chapter 10);
however, it is still used in current polymer work because it allows one to
obtain mass spectra with excellent resolution in the region up to 1000–2000 Da,
whereas MALDI spectra are sometimes obscured by the matrix clusters in
the mass range above 1000 Da.

Due to the relatively low mass range accessible to FAB (Chapter 1), FAB
spectra do not yield direct structural information on large macromolecules.

However, the polymer structure can be inferred from the analysis of the
relatively low molar mass species (oligomers) that often present in high
polymer samples, if it is assumed that these low molar mass oligomers have
the same structure as the undetected larger ones.15–17
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As an alternative approach, polymer degradation can be used to produce
low molar mass species. Partial degradation of high polymers, followed by
FAB-MS analysis, provides a suitable method for the identification of the
oligomeric species formed and affords the structural characterization of homo-
polymers and copolymers.16,18

Direct MS analysis of oligomer mixtures by FAB can be combined with
the Collision Induced Dissociation (CID) technique, which is used to induce
the fragmentation of selected molecular ions by means of collision with an
inert gas (MS/MS). This allows one to obtain daughter ions: classical MS/
MS techniques utilize the linked scanning of two or more mass analyzers
to obtain product (daughter) and/or precursor (parent) ion spectra; see
Chapters 1 and 4. Systematic application of tandem Mass Spectrometry (MS/
MS) has produced important results in the analysis of polymeric materials by
FAB.16–22

Specific examples and significant applications of FAB-MS to the analysis
of polymeric materials are illustrated in the following sections.

7.2 Structure of Low Molar Mass Oligomers
Contained in Polymers

The production of high molar mass polymers is often accompained by the
formation of sizeable amounts of linear and/or cyclic low molar mass oligo-
mers, and the identification of their structures in crude homopolymer and
copolymer samples is a task in contemporary polymer characterization work.

The formation of low mass oligomers during polymerization has been
ascertained in the synthesis of polyesters, polysulfides, polyureas, polyamides,
polyethers, polysiloxanes, and in several other condensation polymers.15–18

Therefore, the knowledge of the structure and amount of oligomers present
in a crude polymer sample is often desirable for evaluating the synthetic
process, for the characterization of the sample, and for the evaluation of the
polymer properties. 

Traditional procedures of detecting oligomers contained in polymer samples
are based on gas, liquid, and size exclusion chromatography (SEC), com-
bined with several structure identification methods. These techniques are
indeed powerful, but sometimes low volatility of samples, low solubility in
suitable organic solvent, or low resolution in chromatography make alter-
native and rapid methods of detection and direct identification of mixtures
highly desirable. 

Mass Spectrometry is particulary suitable to the detection of these materials.
Numerous reports have appeared where GC/MS and DPMS (using conven-
tional EI, CI, DCI, and FI ionization modes), were coupled to detect cyclic
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oligomers present in a variety of condensation polymer samples. However, if
the oligomers are thermally labile or if they are not stable under EI or CI
modes, the identification of higher molar mass species becomes increasingly
difficult.

FAB-MS does not in general have this limitation, and it permits the direct
analysis of a polymer sample without prior clean-up (purification) procedures.

The FAB-mass spectrum of the crude commercial polycaprolactam (Ny6)
consists (Figure 7.1a) of three peaks at m/z 114, 227, and 340. These correspond
to the protonated cyclic monomer (m/z 114), dimer (m/z 227), and trimer
(m/z 340), respectively.15 The FAB mass spectrum of the oligomers extracted
from Ny6 with methanol (Figure 7.1b) shows also the presence of peaks due
to cyclic oligomers from tetramer up to decamer.17 These cyclics were iden-
tified by comparison with the collision-induced decomposition (CID) mass
spectra (i.e., by the product ion (B/E) spectra) of the authentic cyclic dimer
and cyclic trimer.17 Furthermore, the B/E mass spectra revealed that the lower
cyclic oligomers of Ny6 (monomer, dimer, and trimer) are also generated by
ion fragmentation processes occurring in the cyclic trimer and tetramer.
Therefore, it is not possible to estimate the real distribution of cyclic oligo-
mers in crude Ny6 by FAB-MS analysis.17

FIGURE 7.1
Positive ions FAB mass spectra of the crude Ny6 (a) and of the oligomers extracted from Ny6
with CH3OH (b). (Reprinted with permission from Refs. 15 and 17, Copyright 1987, American
Chemical Society.)
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When Nylon 6 was carefully purified, removing the low molar mass com-
punds, no significant peaks were observed in the FAB mass spectra of the
polymer.15

Similar work was performed on several polyesters (polycaprolactone,
polyethyleneadipate, polybutylene isophthalate) and on Nylon 6,6, allowing
the identification of the mixtures of cyclic and linear low mass oligomers
contained in all these polymers.15,17

In other investigations, several cyclic sulfides were found to be present in
the corresponding sulfur-containing polymers, and FAB-MS allowed the
identification of all the oligomers resolved in the SEC traces.23, 24

An FAB-MS study on several aromatic, aliphatic, and aliphatic-aromatic
polysulfides doped with heavy metal salts allowed the detection of adducts
of the cyclic sulfides with heavy metal ions Ag+, Hg+, and Cu+⋅24 The molec-
ular ions of the cyclic sulfides and those corresponding to the metal adducts
appeared in the spectra with widely differing intensities, providing a tool
to investigate the selectivity of metals toward macrocyclic sulfides of differ-
ent structure and size.24

The positive ion FAB mass spectra of the mixtures of cyclic sulfides
extracted from poly(hexamethylene sulfide), and that of the same sample
doped with AgNO3 or CuCl are reported in Figure 7.2. Only protonated
molecular ions are present in the FAB spectrum of the undoped mixture

FIGURE 7.2
FAB mass spectra of the cyclic oligomers extracted from poly(examethylene sulfide) (PHMS):
(a) crude PHMS, (b) PHMS doped with AgNO3, and (c) PHMS doped with CuCl. (Reprinted
with permission from Ref. 24, Copyright 1988, American Chemical Society.)
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(Figure 7.2a). These peaks have been replaced by peaks due to cyclics containing
Ag+, , or  in the FAB mass spectrum of the cyclic oligomers
doped with AgNO3 (Figure 7.2b). Furthermore, the intensity of the peak at
m/z 742 (M4Ag2N ) is much higher than that at m/z 510 (M2Ag2N ),
indicating that the formation of complexes with the Ag salt in these cyclic
sulfides is a size-dependent process. In fact, the relative abundance of dimer
(M2H

+) and tetramer (M4H
+) are reversed in the FAB mass spectrum of the

pure mixture (Figure 7.2a).24

The FAB mass spectrum of the cyclic sulfide doped with CuCl (Figure 7.2c),
shows the peaks due to the MnCu+ and MnC2Cl+ species, together with the
protonated molecular ions (MH+) of the cyclic dimer and trimer. In this case
the relative intensity of the M2Cu+ and M4Cu+ is similar to that of the M2H

+

and M4H
+ in the FAB mass spectrum of the undoped mixture (Figure 7.2a),

indicating a lack of selectivity of copper salt toward the cyclic sulfide dimer
and trimer linked with the Cu+ ion.24 Similar results have been obtained for
the mixture of cyclic oligomers extracted from poly(hexamethylene-co-m-
phenylene sulfides).24

FAB-MS analysis also has been used to characterize low mass commercial
polyethylene- and polypropylene-glycols, by detecting the oligomer ion
abundances in the mass spectra of the samples.20 However, the relative peak
intensities of the lower mass oligomers are distorted by the fragmentation
processes of the oligomers at higher molar masses. Therefore it is not possible
to estimate molar mass distributions by FAB-MS.19, 20

The complex fragmentation pathways leading to the ions observed in the
FAB spectra of polyglycols were also studied by the MS/MS technique.20–22,25

In these studies it was observed that [M+Li]+ adducts provide a number of
important advantages as precursors for the MS/MS study of polyglycols as
compared to the use of [M+H]+ or [M+Na]+.21,25 In fact, [M+Li]+ ions are
generally much more intense than the corresponding [M+H]+ adducts. Also,
[M+Li]+ product ions are formed over the entire mass range for low molar
mass polyglycols. 

[M+Li]+ ions yield excellent MS/MS spectra for polyglycols because the
lithium cation is more tightly bound to oxygen in organic compounds than
are the other alkali metals. Furthermore, for sodiated ions, the metal ion
(Na+) is released preferentially upon collisional activation, leaving the
organic molecule as a neutral fragment. For lithiated ions, the metal has a
greater tendency to stay attached to the organic molecule. This allows cleav-
ages of the organic portion of the molecule to proceed more readily, leading
to lithiated organic product ions.21,25 Using [M+Li]+ both charge-site initiated
and charge-remote decomposition reactions were observed; while using
[M+H]+ a charge-site initiated decomposition occurred. This behavior is useful
for the chemical structure elucidation (i.e., monomer sequence and end-group
characterization) of unknown polyglycols.21,25

Also studied by FAB-MS/MS were the proton- and deuteron-attachment
ions in several ethylene glycol polymers (PEG).22 Considerable H/D exchange

Ag2
+ Ag2NO3

+

O3
+ O3

+
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was observed, which occurs during the formation of hydroxyl-terminated
carbonium product ions from [M+D]+ precursors. These carbonium ions can
be formed from either cyclic or linear PEG [M+D]+ precursors, and it was
proposed that reversible H/D exchange occurs between the deuterated
hydroxyl end-group and the carbonium center ( ) of this intermediate.
The decomposition of this intermediate via backbiting leads to elimination
of one or more ethylene oxide units, with some loss of deuterium.22 Frag-
mentation processes induced by the fast atom beam were also observed in
the FAB-MS analysis of two poly(ethylene imine) samples.26

The structure of polyethers containing mesotetraarylporphyrin units in the
backbone of the polymer chain has been investigated by FAB-MS. These
polyethers contain linear aliphatic linkages of different lengths (methylene,
hexamethylene, or octamethylene) between the porphyrin units (Scheme 7.1).27

The SEC curves of these polyethers show low molar masses, calculated by
using polystyrene standards.

The FAB mass spectrum of the oligomers present in the polyether I
(Scheme 7.1) shows essentially three clusters of peaks due to cyclic (species
C; Figure 7.3a) and open-chain oligomers (species A and B; Figure 7.3a). 

The peaks at m/z 1437 and 2155 correspond to the protonated molecular
ions of cyclic dimer and trimer, whereas the peak at m/z 719 is a fragment
ion formed from oligomers having higher molar mass, as confirmed by the
product ion mass spectrum (B/E) of the cyclic dimer (m/z 1437). The formation
of the monomeric cyclic structure (m/z 719) is sterically hindered. The other
peaks marked in the spectrum correspond to open-chain oligomers having
hydroxy end-groups.27

The positive ion FAB mass spectrum of polyether II (Figure 7.3b, Scheme 7.1)
reveals, in addition to the above features, that many peaks correspond to
unexpected oligomers having one (peaks at m/z 762 and 1550; 863 and
1551; 881 and 1669) or two butyl end-groups (peaks at m/z 819 and 1607).
These products were formed by reaction between the butyl group of the

SCHEME 7.1
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tetrabutylammoniumbromide (TBAB), used as a phase transfer agent in the
synthesis, and the porphyrin hydroxy groups. In fact the oligomers con-
taining butyl groups disappear in the FAB spectrum of the same polymer
prepared using 18-crown-6 ether (instead of TBAB) as a phase transfer
agent.27

For polyethers III and IV (Scheme 7.1), inspection of the FAB-mass spectra
(Figures 7.3c,d) reveals that cyclic oligomers having an aliphatic ether con-
nection between two porphyrin units were also formed (species G).27

FIGURE 7.3
Positive ions FAB mass spectra of porphyrin-polyethers I-IV (Scheme 1): (a) polyether I,
(b) polyther II, (c) polyether III, (d) polyether IV, and (e) polyether IV reacted with cobalt(II)
acetate. For the oligomers having the A, B, and C structures, X = 1, 6, 8, 6 indicate the methylene
chain in polymer I, II, III, and IV, respectively (Scheme 1). (Reprinted with permission from
Ref. 27, Copyright 1992, American Chemical Society.)
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The formation of metaloporphyrin derivatives could also be ascertained
for these polyethers.27,28 In fact, the positive ion FAB spectra of these poly-
ethers, treated with the acetate of bivalent transition metals (Co, Mn, Cu, Ni,
Fe, and Zn), show the presence of the peaks corresponding to compounds
in which the two NH hydrogen atoms of each porphyrin ring have been
replaced by one metal atom. Figure 7.3e shows the effect of cobalt on the
spectrum of copolyether IV.27,28 A similar behavior was observed in copoly-
ethers containing different amounts of porphyrin and bisphenol-A units.28

The FAB-MS technique has been used to identify oligomers with different
end-groups obtained either by carbonate interchange reaction of bisphenol-A
with dimethyl carbonate or by partial methanolysis of poly(bisphenol-A
carbonate) (PC).29 The molecular peaks due to these oligomers appear as
lithiated ions (M+7) in the FAB spectra, since they were recorded using
3-nitrobenzyl alcohol as matrix doped with LiCl. The FAB-mass spectra show
that two series of oligomers (A and B) are present in the case of carbonate
interchange between bisphenol-A with dimethyl carbonate (Figure 7.4a),
whereas three species of oligomers (A, B, and C) were obtained in the
methanolysis of a PC (Figure 7.4b). Oligomers with two hydroxy end-groups
(species A), and with one hydroxy and one methyl carbonate at the chain
ends (species B), were detected in both cases. A third series of oligomers
with two methyl carbonate end-groups (species C), was obtained only by
methanolysis of PC. This interesting difference between the two sets of exper-
iments reflects the different mechanisms operating in the two synthetic methods.
Methanolysis, which involves a random scission of the carbonate linkages,

FIGURE 7.3
(Continued.)
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produces all the three possible series of oligomers. The complete absence of
oligomers bearing two methyl carbonate end-groups (series C) in the carbonate-
carbonate exchange raction indicates the high reactivity of methyl carbonate
groups, which prevents their accumulation among the reaction products.29

FAB-MS has been applied also to the characterization of the oligomers
present in copolymers, in order to obtain detailed information on the como-
nomer sequence.30,31 For instance, an exactly alternating copolyester (PET/
PETx) containing ethylene terephthalate (PET) and ethylene truxillate (PETx)
units

was analyzed in comparison with an equimolar random copolyester corre-
sponding to the same structural formula, and the differences observed in
their FAB spectra were used to elucidate the microstructure of the two
copolymers.30,31 In the FAB spectrum of the alternating copolymer were
detected open-chain oligomers containing ethylene terephthalate (A) and
ethylene truxillate (B) comonomer units in 1:1 ratio, together with oligomers
containing a number of A units differing by only one from the number of

FIGURE 7.4
Positive ions FAB-MS spectra of poly(bisphenol-A carbonate) oligomers obtained: by (a) syn-
thesis and (b) by methanolysis of high molar mass poly(bisphenol-A carbonate). (Reprinted
with permission from Ref. 29.)
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B units. Cyclic oligomers were also present, and these had an even number
of both comonomer A and B.30

Figure 7.5 reports both negative and positive ions FAB mass spectra of this
alternating copolyester. In the negative ion FAB mass spectrum (Figure 7.5a) are
observed only the linear oligomers bearing both truxillic acid (species �) and
either hydroxy and truxillic acid end-groups (species �). Their intensity
decreases in the positive ion FAB mass spectrum (Figure 7.5b), in which the
cyclic oligomers (species �) give the most intense peaks. Linear oligomers with
two hydroxy end-groups (species �) are also present in Figure 7.5b, although
with low intensity.31

For the random PET/PETx copolyester, the FAB spectrum (Figure 7.6b)
reveals peaks corresponding to oligomers containing the comonomers A and
B in different ratios, as expected for a random copolymer. Oligomers containing
only ethylene terephthalate units (A) and oligomers containing only ethylene
truxillate units (B) were also detected. These results (Figure 7.6a,b) show
the different sequence distributions in the two isomeric copolyesters.31 The
relative abundance of oligomers containing different amounts of terephthalic
(A) and truxillic (B) units is subject to change as a function of the copolyester
composition, and this fact is observed in their FAB mass spectra.31

Telechelic prepolymers having epoxide end-groups as well as telechelics
containing amino end-groups and cyclooligomers were found in the FAB
mass spectra of epoxy-amine addition polymers.32,33 An FAB-MS study
characterized in detail the oligomeric products formed in the synthesis of
Novalak-type resin.34

FIGURE 7.5
Negative (a) and positive (b) ions FAB mass spectra of alternating PET/PETx copolyester.
(Reprinted with permission from Ref. 31, Copyright 1989, American Chemical Society.)
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Application of FAB-MS to the identification and quantification of additives
contained in polymer samples has been reported. In fact, the amount of
phthalate contained in plasticized PVC could be determined by analyzing
directly on the FAB probe the solid pieces of PVC suspended in the glycerol
liquid matrix.35

7.3 Characterization of Cyclic Oligomers Formed
in Polymerization Reactions

As mentioned above, the production of synthetic polymers in polyconden-
sation and ring-opening reactions is often accompanied by the formation of
sizeable amounts of cyclic oligomers.36–48 Cyclic oligomers of different sizes
may be produced in the polymerization or in a variety of degradation proc-
esses, and it is of great interest to determine their relative abundances (dis-
tributions), which are related to the mechanism of formation of the cyclic
species.36–39

The molar mass values resulting from step-growth or ring-opening poly-
merization processes depend solely on the extent of reaction (p) and, since
they follow a Flory distribution at any p, low mass oligomers should be
absent for values of p close to unity.

FIGURE 7.6
Positive ions FAB mass spectra of (a) alternating PET/PETx copolyester and (b) random PET/
PETx (50.50 mol/mol) copolyester. (Reprinted with permission from Ref. 31, Copyright 1989
American Chemical Society.)
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If low molar mass oligomers are present at the end of these polymeriza-
tions, they might originate: (i) from an intramolecular cyclization reaction
competing with the polymerization process; (ii) from a depolymerization
reaction involving the linear polymer that is formed. 

Depolymerization of a high molar mass polymer to cyclic oligomers may also
be induced by certain catalysts, or it may occur during thermal degradation.36

Macrocyclization equilibria are able to describe the behavior of linear poly-
mer chains when they are allowed to reach thermodynamic equilibrium and
generate cyclic oligomers.36–44

According to Jacobson and Stockmayer (JS),44 the cyclization probability
is related to the mean separation of the reaction sites, and the equilibrium
concentration of each cyclic oligomer is predicted to decrease according to
Equation 7.1:

Cn = A n−2.5 (7. 1) 

where Cn is the concentration of the given cycle with n repeating units; n
is the ring size expressed in the number of repeat units present and A is a
constant. Systems that depend on ring-chain equilibrium have been iden-
tified, and the theory has been verified in detail.38

Sometimes the distribution of cyclic oligomers may deviate from the ther-
modynamic equilibrium because of kinetic factors. In fact, the end-groups
may be capable of reacting at a higher rate compared to the reaction rate of
the functional groups attached to the inner portion of the chain molecule.
When this happens, an end-biting process takes place (negating the equal
reactivity principle), and a kinetically controlled distribution occurs. The con-
centration of the cyclic oligomers formed by end-biting is predicted to decrease
proportionally to n−1.5.43,44

Consequently, determining the experimental distributions of cyclic oligo-
mers allows one to distinguish between thermodynamically and kinetically
controlled cyclization processes. In the former case the cyclic oligomer con-
centration should decrease with n−2.5, and in the latter with n−1.5.43

In a comparative study, the distributions of cyclic oligomers formed in the
polymerization of cyclic stannoxanes such as 2,2-dibutyl-1,3,2-dioxastanno-
lane with diacylchlorides (Scheme 7.2), were determined by SEC and by
FAB.45

SCHEME 7.2
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The relative abundances of cyclic oligomers formed in the polymerization
of cyclic stannoxanes such as 2,2-dibutyl-1,3,2-dioxastannolane with diacyl-
chlorides, determined by SEC, provided unambigous evidence that the prod-
uct mixtures are well-behaved eqilibrium distributions, showing that the
experimental data are in essential agreement with the n−2.5 law predicted by
the JS theory.45

The relative abundances of the cyclic esters formed in the polymeriza-
tion reactions were obtained on the basis of the “molecular ion” (M+ , M− )
and/or “quasimolecular ion” (e.g., MH+, MNa+, [M−H]−) intensities recorded
in the FAB spectra. When these experimental FAB data were compared with
the distributions calculated according to the JS theory, a very reasonable
agreement is found in all three cases (Figure 7.7, Table 7.1, polymers I-III).45

This result suggests that cyclic oligomer distributions generated in polymer-
ization reactions can be quickly estimated, when FAB-MS data are available.

A number of polycondensation systems have been investigated by FAB-
MS. Table 7.1 reports the relative abundances, estimated from FAB, for the
cycles formed in the polycondensation of bis(2-hydroxyethylene)terephtha-
late with truxylloyl chloride.31 These appear to follow a distribution law of the
type n−1.5, indicating a kinetic control in the ring formation.43

Table 7.1 also reports the relative FAB abundances for the cycles contained in
polycaprolactone obtained by ring-opening polymerization. Their concentra-
tion decreases in proportion to n−2.5, following therefore the thermodynamic
equilibration process, a result in agreement with SEC estimates.43,46

The same result is obtained analyzing the FAB data for polycaprolactam,
reported in Table 7.1, polymer 6. In this case, however, there are significant

FIGURE 7.7
Experimental cycle concentrations for polymerization data reported in Table 7.1: (�) Polymer 1;
(�) polymer 2; (x) polymer 3; compared with theoretical distribution laws. (Reprinted with
permission from Ref. 43, Copyright 1991, American Chemical Society.)
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TABLE 7.1

Distribution of Cyclic Oligomers Generated in Polymerization Reactionsa

a Data from step-growth and ring-opening polymerization are reported here.
b FAB-MS data are from Ref. 43.
c The relative intensity of the first MS peak has been taken equal to that calculated theoretically

for the corresponding cyclic oligomer.
d Theoretical values calculated according to the n−2..5 distribution law (see text).
e Theoretical values calculated according to the n−1,.5 distribution law (see text).
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deviations from equilibrium values, and this fact has been already observed
using chromatographic methods.39,43

FAB-MS data showing the relative abundances for the cyclic oligomers
contained in a solid sample of Nylon 6,6 are reported in Table 7.1 (polymer 7).
Their concentration decreases in proportion to n−1.5, indicating the presence
of kinetic factors in this cyclization process.43

The last three examples in Table 7.1 are concerned with the distributions
of some cyclic sulfides formed in polycondensation reactions of dithiols with
dibromides. The FAB spectra have a sufficient number of peaks, and there-
fore the distribution laws can be derived with some confidence. Poly(tri-
methylene sulfide) and poly(m-phenylene sulfide) appear to yield mixtures
of cyclic oligomers corresponding to JS equilibrium conditions. However,
MS data for poly(hexamethylene sulfide) show a better fit for the n−1.5 dis-
tribution law, indicating the possible control of an end-biting reaction.43

FAB analysis, together with the application of Eq. 7.1, has been also per-
formed in order to detect the distribution of cyclic oligomers formed in the
polycondensation of isophthalaldehyde with ethylenediamine.47 The FAB-MS
spectrum of the crude polymer (Figure 7.8) shows only peaks due to cyclic
Schiff bases from dimer up to heptamer. This indicates that the reaction
proceeds essentially without the concomitant formation of linear oligomers.
The relative abundance of the macrocycles formed decreases in proportion
to a factor close to n−2.5, consistent with a thermodynamic equilibrium.47

FAB-MS analysis established the cyclic nature of the aliphatic polyester
synthesized by polymer-supported reactions.48 The cyclic polyester was pre-
pared by intramolecular alkylation of an ω -bromo-carboxylic acid using an
anion-exchange resin. This method offers an advantage over classical prepar-
ative procedures, because the excess and spent reagent may easily be removed
from the final reaction mixtures. This method also makes it possible to per-
form the reaction on columns, where the reagents can be generated. The FAB
analysis of the reaction products showed that the specimens were predom-
inantly cyclic, with little evidence for bromine-terminated species.48 Cyclic
aliphatic and aliphatic-aromatic oligo-esters (such as PET and PBT), obtained

FIGURE 7.8
Positive ions FAB mass spectrum of macrocyclic Schiff bases formed in the condensation of
isophthaldehyde with ethylenediamine. 
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by ring-chain equilibration in dilute solutions or extracted from the crude
polymers, were characterized by FAB-MS.49–51

Ring-chain equilibrations in solution were carried out in appopriate sol-
vents, using a variety of catalysts, for poly(decamethylene terephthalate)
(PDT), poly(ethylene terephthalate) (PET), and poly(butylene terephthalate)
(PBT). The reactions were monitored up to equilibrium and the molar cyclization
equilibrium constant (Kx) for the individual oligomers was deduced using
Flory and Jacobson-Stockmayer theories. The Kx values were calculated from
SEC traces by analyzing peak areas of individual resolved cyclic species.48–51

In the case of polydecamethyleneterephthalate (PDT), the FAB-MS spec-
tra showed that a large portion of cyclic species uncontaminated by linear
oligomers was obtained. The FAB spectra show also that no monomeric
cycles are formed, and that the products consist of dimer and higher cyclic
oligomers.49

FAB-MS analysis and liquid chromatography tandem mass spectrometry
(LC-MS/MS) of the oligomers obtained from PET, show that two series of
cyclic oligomers are formed.51 The FAB spectrum, together with the peaks
corresponding to the cyclic oligomers containing the repeat unit of PET,
shows also a series of molecular peaks due to the cyclic oligomers containing
one diethylene glycol residue. Cyclic oligomers from trimer up to heptamer of
both species were identified as protonated and sodiated ions in the FAB-MS
spectrum. The structure of these oligomers was confirmed by LC-MS/MS.50

A similar study was carried out for the cyclic oligomers of PBT, obtained
both from the extract of a commercial polymer and by solution ring-chain
equilibration.51 Besides the peaks due to the cyclic compounds, corresponding
to multiples of the repeat unit (m/z 220.2), peaks were observed due to the
ion fragmentation of the cyclic trimer of PBT.51 This fragmentation process
was confirmed by the detailed results obtained by negative ion chemical
ionization MS/MS of the authentic cyclic trimer of PBT.52

Large cyclic ether-esters from oxyethyleneglycol succinate, prepared by
dilute solution transesterification, were also characterized by FAB-MS.53,54 As
for the PDT cyclic oligomer, the molar cyclization equilibrium constant Kx

was found in agreement with the Jacobson-Stockmayer theory. 
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OH
OH

OH

OH

OHOH

Ar=

Ar=

Ar=

Polyester I

Polyester II

Polyester III

C

O

C

O

Ar OO
n

©2002 CRC Press LLC



Cyclic oligomers formed in the synthesis of isomeric polyesters obtained
by condensation of phthaloyl chloride and catechol (Polyester I), resorcinol
(Polyester II), or hydroquinone (Polyester III) (Scheme 7.3), respectively, were
characterized by FAB-MS.55

The positive ion FAB mass spectra of these polyesters are very similar, since
these polymers differ only in the isomeric structure of the dihydroxybenzene
unit present in their repeating unit. Figure 7.9 shows the FAB-mass spectrum
of Polyester II, which indicates, essentially, a series of intense peaks at m/z
241, 481, 721, 961, 1201, 1441, 1681, and 1921, corresponding to protonated
molecular ions of cyclic oligomers (from monomer up to octamer). The other
two mass series, which appear with low intensity at m/z 371 + n240 and 389 +
n240, are due to secondary ion fragmentation phenomena.55

Poly(1,2–dihydroxybenzene phthalate) and poly(1,2–dihydroxy-4-methyl-
benzene phthalate) were prepared by ring-opening bulk polymerization of
spiro compounds I and II without the addition of a catalyst (Scheme 7.4).56

FAB and MALDI mass spectrometric analyses of both polymers reveals that
only macromolecules having hydroxy end-groups are formed by this inter-
esting synthetic procedure. Figure 7.10 reports the FAB spectrum of the
oligomers present in the unfractionated poly(1,2–dihydroxy-4-methylbenzene
phthalate). Remarkably, the spectrum shows peaks up to m/z values of 6000,

FIGURE 7.9
Positive ions FAB mass spectrum of poly(resorcinol phathalate) (polyester II). (Reprinted with
permission from Ref. 55, Copyright 1994, American Chemical Society.)
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and is constituted mainly by two families of peaks. The most intense series
consists of peaks at m/z 131 + n254, with n = 2-25, corresponding to linear
oligomers detected as MLi+ ions, having both dihydroxy-4-methylbenzene
end-groups.

The other series of peaks corresponds to the lithiated ions of the cyclic
oligomers (species �), due to secondary fragmentation processes which occur
in the FAB-MS source.56 In fact, the MALDI-TOF spectrum of this polymer
sample shows only one series of peaks due to open-chain macromolecules.56

FAB and MALDI-TOF techniques revealed that macrocyclic oligoesters
were the main condensation products of catechol or O,O’-Bistrimethylsilyl
catechol (BTSC) with adipoyl chloride, sebaroyl chloride, and sebacoyl
chloride, respectively.57 Macrocyclic polyesters were also obtained when the
noncyclic 1,3-bis(tributylstannoyl)butane was used as monomer.58

FAB-MS was also used for the characterization of tin-containing macrocy-
clic oligo- and polylactones prepared by ring expansion polymerization.59

Molecular peaks due to these macrocyclics were not detected, because the
alcohols (i.e., 3-nitro-benzyl alcohol) used as matrix cleave the Sn-O bonds
and the FAB-spectra showed only the signals of OH-terminated telechelic
polylactones. However, the macrocyclic polylactone containing the Sn-S bond
yields the corresponding molecular peaks in the FAB spectra. This result,
confirmed also by MALDI-TOF analysis, suggested that Sn compounds con-
taining the more stable Sn-S bond survive the interaction with the matrix
much better than compounds containing Sn-O bonds.59

FIGURE 7.10
Positive ions FAB mass spectrum of poly(1,2-dihydroxy-4-methylbenzene phthalate). (Reprinted
with permission from Ref. 56, Copyright 1996, American Chemical Society.)
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FAB-MS analysis revealed that a carbazole cyclic tetramer was obtained in
a high yield in the synthesis of carbazole main chain polymers by the Knoev-
enagel polycondensation of 3,6-diformyl-9-heptylcarbarzole with 3,6-bis
(cyanoacetoxymethyl)-9-heptylcarbazole.60

Fast Atom Bombardment-Fourier Transform-Mass Spectrometry (FAB-FT-
MS) and low-energy collisional activation experiments proved that the oli-
gomers of β-ketolactone generally have a macrocyclic ring structure rather
than a catenane ring.61

The FAB-MS technique has been used for quantitative studies of complex
formation between alkali metal cations and macrocyclic ligands such as
18-crown 6 and cyclogentiotetraose peracetate. A method to calculate the
stability constant from the FAB spectra was proposed, and the stability con-
stants obtained were in good agreement with those calculated by calorimetric
techniques.62

7.4 Sequence of Copolymers. Partial Degradation
of Polymers Coupled with FAB-MS Analysis

The characterization of sequence arrangement in multicomponent conden-
sation polymers having large comonomer subunits sometimes cannot be
easily achieved by current NMR methods, that otherwise have proven to be
of general utility in the case of vinyl, olefin, and diene copolymers.63

Fast atom bombardment mass spectrometry (FAB-MS), being able to detect
the masses of the individual molecules in a mixture of homologues, is partic-
ularly suitable for the detection of a series of oligomers in copolymer samples.
The assumption on which the sequential analysis of a copolymer by mass
spectrometry is based is that ions detected in FAB-mass spectra originate
from species already present in the polymeric sample. Furthermore if FAB
ionization produces the fragmentation of macromolecules, it is assumed that
this is independent of chain length.18,64–66

MS peak intensities reflect the relative abundance of the oligomers present
in the spectrum and are directly related to the composition and sequence
distribution of copolymers.

FAB spectra do not yield direct structural information on higher macro-
molecules, but this can be deduced from the structural analysis of relatively
low molar mass oligomers, since the sequence present in the oligomers reflects
the comonomer sequence present in the copolymer.30,31,64

Chain statistics modeling of the mass spectral intensities of copolymers
has been used to derive information on the distribution of monomers along
the copolymer chain (Chapter 2), and an automated procedure to find the
composition and the sequence of copolymers has been developed. 

Chain statistics (Bernoullian, first- or second-order Markoffian), allows
one to generate any arrangement of comonomer units along the chain.
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Starting from any sequence, a theoretical mass spectrum can be generated,
based on the assignment of each spectroscopic peak to a set of sequential
arrangements of monomers. The intensity of each peak is related to the relative
abundances of the sequential arrangements present in the copolymer, and
their relative intensities reflect the comonomer distribution.39,40

This means that one has the possibility to build a theoretical mass spectrum
for any given copolymer sequence, and that this can be compared with the
experimental mass spectrum corresponding to the copolymer sample being
investigated. By this modeling it is also possible to distinguish a pure copol-
ymer from a binary mixture of copolymers.66,67

Because of the relatively low mass range limit of FAB, the high mass
copolymer chains may not be seen in FAB spectra. This problem can be
solved by partial degradation of the copolymer before FAB analysis. Several
thermal and chemical degradation processes, which produce compounds of
low molecular mass without altering the original sequence of the monomer
units along the chains (such as hydrolysis, methanolysis, ammonolysis, ozo-
nolysis, photolysis, and pyrolysis), have been used for the partial degrada-
tion of many copolymers before FAB analysis.

7.4.1 Partial Photolysis and Partial Hydrolysis

Photolytic degradation was used for the partial degradation of two copolya-
mides containing truxillic units (Scheme 7.5) that are highly photodegradable
materials, since the cyclobutane ring may be easily cleaved by UV irradia-
tion.68 By increasing the exposure time, a marked lowering of the copolymer
molar mass was obtained. 

The photolytic cleavage of the cyclobutane rings generates oligomers
containing cinnamoyl end-groups. The lower molar mass fraction of the
irradiated sample (up to about 2000 Daltons) can be detected by direct FAB-
MS analysis.68 The inspection of the FAB mass spectrum in Figure 7.11a
reveals that in the case of an equimolar adipic/truxillic copolyamide, oligo-
mers containing both adipic and truxillic units and having cinnamoyl end-
groups are formed in the photolysis.

The random structure of the copolymer was deduced from the relative
abundance of the two comonomeric units in the photolyzed compounds.68

SCHEME 7.5

COCO N N CO (CH2)4 CO N N
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.
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Acid-catalyzed hydrolysis was also used to partially degrade these
copolyamides and the FAB spectrum (Figure 7.11b) confirmed the random
structure of the equimolar adipic/truxillic copolymers. It was also possible
to distinguish the different structure of the end-groups formed in the two
partial degradation experiments. In fact, it can be observed that the hydrol-
ysis reaction produces oligomers with the piperazine, truxillic and/or
adipic end-groups, whereas the oligomers with cinnamoyl end-groups are
absent.68

7.4.2 Partial Ammonolysis

Polycarbonates are known to undergo ammonolysis quite easily at room
temperature. 

FAB-MS has been used to identify the low molar mass oligomers produced
in the partial ammonolysis of an essentially alternating copolycarbonate
containing resorcinol and bisphenol-A (BPA) units.69

The positive ion FAB mass spectrum of the crude mixture obtained by
ammonolysis shows protonated molecular ions (MH+) that can be unequiv-
ocally assigned to sequences with an alternating structure. However, several
peaks present in the FAB spectrum do correspond to sequences containing
blocks of two, three, or four consecutive units of BPA. This indicates that a

FIGURE 7.11
Positive ions FAB mass spectra of oligomers generated by (a) photolysis and (b) by hydrolysis 
of random copolyamide containing equimolar truxilloylpiperazine and adipoyl piperazine
units. (Reprinted with permission from Ref. 68, Copyright 1989, American Chemical Society.)
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sizeable portion of bisphenol-A-bischloroformate, used in the interfacial syn-
thesis of the copolymer, underwent hydrolysis during the course of the
polymerization reaction, yielding BPA and/or BPA chloroformate, which
reacted further, producing blocks of bisphenol-A carbonate units that were
included in the copolymer chains.69 Thus, FAB analysis revealed the presence
of minor side-reaction products in this copolymer.

In another study, ammonolysis of the main-chain carbonate groups
(Scheme 7.6), followed by FAB-MS analysis, was performed to characterize
the pyrolysis residue of poly(bisphenol-A carbonate) (PC).70

The FAB-mass spectra of the aminolyzed residue of the PC sample heated
at 400°C (Figure 7.12), showed the presence of PC oligomers containing
several consecutive xanthone and ether units (Table 7.2).

The mass spectra indicate that the isomerization and condensation proc-
esses leading to these structures are quite extensive during the thermal deg-
radation of PC.70

SCHEME 7.6

FIGURE 7.12
Positive ions FAB mass spectrum of the aminolyzed residue of poly(bisphenol-A carbonate)
sample heated at 400°C for 1 hour. (Reprinted with permission from Ref. 70, Copyright 1999,
American Chemical Society.)
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TABLE 7.2
Molecular Ions Detected by FAB-MS Analysis of the Aminolyzed Residue Obtained After Heating PC at 
400°°°°C for 1 h

a The protonated molecular ions are desorbed as adducts with piperidine. In presence of xanthone units one, two, three,
and four molecules of piperidine are added, depending on the number of  these units.

Structures
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FAB-MS analysis of the partial ammonolysis products has been also used
to characterize the random structure of copolyester containing 20 mol% of
ethylenetruxillate and 80 mol% of ethyleneterephthalate units.71

7.4.3 Partial Methanolysis and Partial Methoxidation

The composition and sequence distribution of equimolar multicomponent
copolyesters, obtained from 1,4-butandiol (B) and mixtures of succinic (Su),
adipic (A), sebacic (Se), and terephthalic acid (T), were determined by analysis
of the FAB-MS spectra of the oligomers obtained in the controlled metha-
nolysis reaction of these copolymers (Scheme 7.7).72,73

Figure 7.13 reports the experimental and calculated FAB mass spectra of
the partial methanolyzed random P(BA-co-BT-co-BSe) terpolyester. The
majority of peaks can be assigned to lithiated molecular ions of oligomers
(dimer up to hexamer) bearing two types of end-groups, namely, HO/…/
OCH3 (species �) and CH3O/…/ OCH3 (species �) (Figure 7.13a, Table 7.2).
The intensity of the whole spectrum was used to compute the composition
of the copolymer through a computer program (MACO4), which performs
a least-squares minimization in which the experimental intensities of the
oligomers are compared with the theoretical mass spectra (Figure 7.13b)
generated by chain statistics (Chapter 2).65,72

The partial methanolysis was also applied for the characterization of poly
(β-hydroxybutyrate) (PHB) and poly(β-hydroxybutyrate-co-β-hydroxyval-
erate) P(HB-co-HV), as will be discussed in Section 7.6.

The sequence distribution of four poly(ether-sulfone)/poly(ether-ketone)
(PES/PEK) copolymer samples were determined by FAB-MS analysis of their
oligomers obtained by controlled partial degradation with sodium methox-
ide in dimethyl sulfoxide solution.74 As for the aliphatic copolyesters dis-
cussed above, the sequential arrangements of ether-sulfone/ether-ketone
units in these copolymers were estimated by a best-fit minimization method
using the MACO4 algorithm.65

The methoxidation occurs selectively at the ether bonds and the negative
ion FAB spectra of the methoxidated PES/PEK copolymer showed peaks

SCHEME 7.7
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due to the oligomers with OH and OH/OCH3 end-groups.74 The FAB-mass
spectra of the methoxidation products show peaks only up to trimers due
to the difficult desorption of the oligomers from the matrix solution. 

Random PES/PEK copolymers yielded oligomers having the sequence
arrangements expected from the monomer-to-feed ratios used in the synthesis.

Instead, a PES/PEK copolymer sample expected to be exactly alternating
(from the synthesis procedure), showed the presence of 44% random
sequences, owing to transetherification rearrangements which occur during
the synthesis.74

7.4.4 Partial Ozonolysis

It is well-known that the cleavage of olefinic double bonds by ozone attack
produces compounds having aldehyde, ketone and/or carboxyl end-groups
(Scheme 7.8).

Partial degradation induced by an ozonolysis process was used to produce
low molar mass oligomers, and FAB-MS was applied for the identification of
the ozonolysis-formed oligomers, from polyisoprene,75 poly(chloroprene),75 and
butadiene/acrylonitrile and butadiene/styrene copolymer samples.76,77

It was ascertained that poly(chloroprene) is degraded by the ozone more
rapidly than poly(isoprene) and poly(butadiene).75

FIGURE 7.13
Mass spectra of the partial methanolyzed PBA/PBT/PBSe terpolyester: (a) experimental FAB
mass spectrum; (b) simulated mass spectrum. (Peak assigments are reported in Table 7.2.)
(Reprinted with permission from Ref. 72, Copyright American Chemical Society.)
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According to Scheme 7.8, the negative ion FAB-mass spectra of the ozo-
nized poly(isoprene) and poly(chloroprene) consist mainly of a family of
peaks corresponding to molecular ions (M–H−) of compounds having car-
boxyl and ketone end-groups.75

In the case of poly(chloroprene), the ozonized mixtures were treated with
piperidine before the FAB-MS analysis to transform the reactive acyl chloride
groups, formed by cleavage of the double bounds along the main chain,75 to
stable amide end-groups.

The negative ion FAB mass spectra of the oligomers formed by partial
ozonolysis of poly(butadiene) (Figure 7.14) show that two families of peaks
corresponding to the oligomers having aldehyde (species A) or carboxyl end-
groups (species B). The structure of compounds having aldehyde end-groups
also present an ozonide unit in the molecule. Oligomers containing the same
unit have been found among the ozonolysis products of random styrene/
butadiene (St/But) and butadiene/acrylonitrile copolymers. By FAB-MS

SCHEME 7.8

FIGURE 7.14
Negative ions FAB mass spectrum of poly(butadiene) ozonolysis products. (Reprinted with
permission from Ref. 76, Copyright 1999, American Chemical Society.)
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analysis it has also been possible to compute the molar composition of these
copolymers.76–77

Furthermore, it was found that the content of butadiene units in the ozo-
nolyzed oligomers decreases with ozonolyis time, since they are destroyed
by the ozone attack. It is therefore possible to isolate the blocks of styrene
units present in the copolymers, and to estimate their chain length by FAB
analysis.76

7.5 Sequence of Copolymers from Reactive 
Polymer Blends

Blends of condensation polymers containing functional groups internally or
at chain ends (such as polycarbonates, polyesters, polyamides, and the like)
may undergo intermolecular exchange reactions when mixed in the molten
state.78–80

The exchange reactions may be induced by the presence of catalysts used
in the homopolymer synthesis or added to the blends, and/or caused by
reactive terminal groups (i.e., OH, COOH, NH2). Block, random, or graft
copolymers, which may affect the blend properties, may be formed in var-
ious amounts as a function of the mixing time.78,80

The sequence distribution and composition of the copolymers generated
by melt mixing of blends—such as poly(ethylene terephthalate)/poly(ethylene
adipate) (PET/PEA) or poly(ethylene terephthalate)/poly(ethylene truxillate)
(PET/PETx)—were determined by analysis of the FAB mass spectra of the
oligomers present in the crude blends or else formed by appropriate partial
degradation (hydrolysis or aminolysis) of the mixtures.78,79

Figure 7.15(a–c) shows the positive ion FAB spectra of the oligomers
present in the crude PEA/PET blend melt-mixed at 290°C for increasing
times (0, 20, and 270 min., respectively).78

The FAB spectrum of the initial mixture (M0, Figure 7.15a) is quite similar
to that of pure PEA and does not show peaks corresponding to PET oligo-
mers. In fact, the PET sample used for the blend had been completely freed
from all the low molar mass oligomers before mixing it with the PEA.78

The mass spectra of the samples obtained after 20 min. (M20, Figure 7.15b)
and after 270 min. mixing (M270, Figure 7.15c) show a series of peaks cor-
responding to protonated molar ions of cyclic homo- and co-oligomers.
Peaks due to open-chain oligomers, not observed in the positive ion FAB
spectra, were detected in the negative ion FAB mode.78

The MS peak intensities of the PET/PEA samples reacted from 10 up to
270 min. were used to estimate the copolymer composition, the extent of
exchange and the number average block lengths by the chain statistics mod-
eling of the mass spectra of copolymers (Chapter 2).78
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FIGURE 7.15
Positive ions FAB mass spectra of an equimolar PET/PEA blend reacted at 290°C for: a) 0 min;
b) 20 min; and c) 270 min. The symbols: A, E, and T indicate the adipic, ethylene, and tereph-
thalic units, respectively. (Reprinted with permission from Ref. 78, Copyright 1992, American
Chemical Society.)
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7.6 Sequence of Copolymers of Microbial Origin: 
Polyhydroxyalkanoates

Poly(3-hydroxyalkanoates) (PHAs) are optically active polyesters that are
produced as an intracellular energy source and carbon storage materials by
a wide variety of bacteria, and have great importance as biocompatible and
biodegradable thermoplastic materials.81–100

These biopolymers, which are produced in the form of small granules
within the cell, have the general structure:

in which R is an n-alkyl group varying in size from C1 to C12 and even higher,
depending on the bacterium and on the carbon substrate used for the micro-
organism growth. In many cases the bacteria produce copolyesters, and the
copolymers containing 3-hydroxybutyrate (HB) and 3-hydroxyvalerate (HV)
units are often found in nature. 

The structures of poly(3-hydroxybutyrate) P(HV), of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) P(HB-co-HV), and of several other PHAs, have been
intensively studied.81–100

Since the mechanical, physical, and processing properties of the P(HB-co-
HV) copolymers vary systematically with composition and presumably with
sequence distributions, it is important to have accurate estimates of these
parameters.

The sequence distribution of copolymers P(HB-co-HV) with differing com-
position has been deduced from dyad and triad analysis by 13C-NMR spec-
trometry, and it has been concluded that some of the bacterially synthesized
P(HB-co-HV) samples are random copolymers of HB and HV units, but other
materials are mixtures of P(HB-co-HV) random copolymers with different
compositions.84 However, problems emerge in the NMR characterization
of the 3-alkylsubstituted copolyesters that are produced when the biosyn-
thesis is carried out by using sodium salts of n-alkanoic acids as carbon
sources.94,97,98,100 In fact, it is not possible to determine by 13C-NMR the
sequence distribution of the monomer units present in the polyesters with
alkyl chains larger than propyl, because the chemical shifts of the carbon
atoms in the higher alkanoates are essentially identical. Furthermore, the
patterns of their 1H-NMR spectra are too complex to be used for such deter-
mination.94,97,98,100 One cannot therefore distinguish if the material produced

OCHCH2C

O

R
n

©2002 CRC Press LLC



in the bacterial fermentation is a mixture of homopolymers or of copolymers,
or a real multicomponent copolymer. 

The resolving power of FAB mass spectrometry is adequate to deal with
the problem, and large oligomers differing in monomer composition can be
easily identified using the FAB-MS technique. Because the FAB-MS analysis
is generally limited to lower masses, a partial methanolysis of the high molar
mass PHAs is necessary (Scheme 7.9). 

FAB-MS was used to identify the oligomers formed in the partial metha-
nolysis, followed by HPLC fractionation, of PHB and P(HB-co-HV) copoly-
mers.86,87,93,95 From these data it was possible to calculate the copolymer
composition and to determine the sequence distribution of comonomer units
in these materials. 

Figure 7.16 reports the positive ion FAB mass spectrum of the one HPLC
fraction of the methanolysis products of the P(HB-co-HV) copolymer

SCHEME 7.9

FIGURE 7.16
Positive ions FAB mass spectrum of a HPLC fraction collected from methanolysis products of
the copolyester (PHB-co-15%HV). 3-Nitrobenzyl alcohol doped with NaCl is used as a matrix.
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(85/15 mol/mol ratio).86,93,95 The spectra show peaks corresponding to sodi-
ated pseudomolecular ions of BxVy oligomers (BxVyNa+).

Partial pyrolysis, as an alternative to a partial methanolysis, has been used
for the partial degradation of the P(HB-co-HV) microbial copolyesters.93,95,96

The partial pyrolysis of PHB and of P(HB-co-HV) samples was performed
in a TG apparatus to monitor the pyrolysis and to stop it at predetermined
weight loss levels.93,95,96 The pyrolysis residue consists of a mixture of oligo-
mers with carboxyl end-groups (Scheme 7.10).

Because these acid compounds can easily lose one proton, the FAB spectra
were recorded in the negative ion mode, revealing them as carboxylate
anions. The negative ion FAB mass spectrum of the pyrolysate of a P(HB-
co-HV) copolymer consists essentially of the (M-H)− ions corresponding to
oligomers, and was used to estimate the copolymer compositions and
sequence distribution.93,95,96 The negative ion FAB mass spectrum of the partial
pyrolyzate (PHB-co-15%-HV) copolyester (Figure 7.17) exhibits the (Mn–H)−

ions corresponding to oligomers of the structure shown in Scheme 7.10.
Assuming a random distribution of the HB and HV units in the copolymers
and using the normalized intensities of the peaks corresponding to dimers,
trimers, tetramers, pentamers, and hexamers, a molar composition of 85/15
in HB and HV units was calculated. This is similar to that calculated by the
methanolysis-HPLC-FAB-MS method and is close to the value 87/13 calcu-
lated by 1H-NMR.

The FAB mass spectra obtained for some (PHB-co-HV) copolymers allow
the identification of oligomer series up to hexads. A comparison between
the experimental and the calculated peak intensities shows a clear distinction

SCHEME 7.10
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between pure copolymers and mixtures of homo- or copolymers with different
composition.93,96

The FAB-MS analysis is not limited to any particular type of PHA; it is
therefore suitable to sequence the complex multicomponent materials obtained
when bacteria are fed with a mixture of long-chain n-alkanoates.94,97,98,100

The two analysis methodologies illustrated above (HPLC-FAB and TG-
FAB) have been applied to the complex PHA samples, i.e., multicomponent
copolymers (containing from 3 to 7 comonomers). Chain statistics calculations
showed a random distribution of monomeric units within these polymeric
materials, allowing one to calculate their composition.94,97,98,100

FIGURE 7.17
Negative ions FAB mass spectrum of the TG residue from the partial pyrolysis of P(HB-co-
15%HV) copolyester. (Reprinted with permission from Ref. 96, Copyright 1991, American
Chemical Society.)
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Figure 7.18 reports the FAB mass spectrum of one fraction collected in the
HPLC run of the methanolysis products of a microbial terpolyester obtained
by fermentation of Rhodospirillum rubrum, grown with 3-hydroxyhexanoic
acid.100 The peaks correspond to the protonated (MH+) and sodiated (MNa+)
ions of the octamers having OH/OCH3 end-groups.100

The negative ion FAB mass spectrum of the partially pyrolyzed copolyes-
ter, at 20% weight loss in an isothermal TG run, is shown in Figure 7.19.
The spectrum essentially consists of the (M-H)− pseudomolecular ions cor-
responding to oligomers having olefinic and carboxylic end-groups formed
according to Scheme 7.9. Peaks corresponding to the monomers—3-hydrox-
ybutyrate (HB), 3-hydroxyvalerate (HV), and 3-hydroxyhexanoate (HC), at
m/z 85, m/z 99, and m/z 113—were observed together with those from higher
oligomers. Statistical analysis, applied to the relative intensities of the peaks
present in the FAB mass spectra of the partial pyrolyzate or in the FAB spectra
of the HPLC fractions of the partial methanolyzate, give a molar copolymer
composition close to 77/8/15 in HB, HV, and HC units, respectively. It also
revealed that the sequence distribution in this copolyester follows Bernoul-
lian statistics, indicating that it is a random terpolyester.100

These data confirming the high discrimination power of the TG-FAB and
HPLC-FAB methods applied to identification of the microbial polyester
microstructure, because by NMR analysis it was not possible to establish

FIGURE 7.18
FAB mass spectrum corresponding to the HPLC fraction 5 of the methanolysis products
from microbial terpolyester. The symbols HB, HV, and HC refer to the 3-hydroxybutyrate, 3-
hydroxyvalerate, and 3-hydroxyhexanoate units, respectively. (Reprinted with permission from
Ref. 100, copyright 1999, Elsevier Science.)
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whether a single terpolymer, a mixture of copolymers, or a mixture of homopoly-
mers had been obtained by microbiological synthesis. 
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8.1 Introduction

Conventional mass spectrometry has been limited in its application to poly-
mers with regard to both ion formation and instrumentation. Polymers are
large molecules having low volatility and are thermally unstable when heated;
conventional electron impact sources are “hard,” tending to cause extensive
fragmentation. Conventional sector-field instrumentation is limited in mass
range and the response of detectors is often poor for large molecules. Recent
developments in ionization sources, mass analyzers, and detectors have
expanded the scope of mass spectrometry making it possible to obtain spec-
tra of nonvolatile compounds. A logical outgrowth has been to take advan-
tage of these developments to obtain mass spectra from polymers.

A variety of volatilization/ionization methods have been applied to poly-
mers; a recent review or key paper is cited here for each. Extensive reviews that
include mass spectrometry of polymers can be found in Analytical Chemistry.1

Other topical reviews are: field desorption,2 laser desorption,3 plasma de-
sorption,4 fast-atom bombardment,5 pyrolysis,6 and electrospray ionization.7

The present review will focus on polymer characterization using secondary-
ion mass spectrometry (SIMS) in the high mass range; comparison with other
methods will be presented where appropriate. 

Perhaps the first logical question to ask is what kind of information can
be obtained about polymers by SIMS. Table 8.1 answers this question. Infor-
mation about repeat units, functional groups, and terminal groups is useful
for identification. Oligomer distributions can be measured. Studying copoly-
mers with SIMS provides information about subunits, whether they are random
or ordered, and information about crosslinking and branching. Varied infor-
mation can be obtained about polymer films. Quantitative analysis is possible
as is obtaining information about stereoregularity.
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Because polymers represent a special challenge for mass spectrometry,
their analysis imposes certain constraints on instrumentation; these are sum-
marized in Table 8.2. The ion source must be able to handle an intact sample,
provide soft ionization, and be both reproducible and efficient. The analyzer
must have high transmission, high mass range, and high resolution. The
detection system should have high efficiency, a large dynamic range, and
low noise. Instrumentation should be capable of imaging and be able to
compensate for sample charging. A time-of-flight (TOF) SIMS instrument
qualifies on all counts. Thus this chapter will deal primarily with studies
which have been performed using TOF-SIMS. 

From the standpoint of mass spectrometry, a polymer is a series of repeat
units separating two terminal groups: T1-Rn-T2. There is a similarity between
the mass spectra of polymers and small molecules. Both show parent ions.
In small molecules the parent is a molecular ion characteristic of a single
molecular species, in polymers there will be multiple parent ion peaks rep-
resenting the distribution of oligomers. Charge on small molecules is usually
caused by loss of an electron, but in polymers by gain of a proton or other
cation (e.g., Na+). In polymers, fragmentation and charge formation may be
either simultaneous or decoupled. For example, in the low mass region

TABLE 8.1

Important Information about Polymers Obtained from SIMS 

1. Identification
• Which Polymer?
• Polymer Repeat Units
• Functional Groups Present
• Terminal Groups

2. Oligomer Distribution
• Number-Average Molecular Weights
• Weight-Average Molecular Weights

3. Copolymers
• Subunit Identification
• Lengths of Segments
• Random vs. Ordered
• Crosslinking and Branching

4. Polymer Films
• Surface Impurities
• Surface Segregation
• Inhomogeneities
• Maps and Images of Polymer Blends

5. Quantitative Analysis
• Ratios of Monomers
• Degree of Branching

6. Steroregularity
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polymers show ions which probably result from larger charged species. In
the high mass region, cationization can occur either before fragmentation or
afterward with neutral fragments.

A SIMS spectrum illustrating oligomer and fragment ion peaks for poly-
isoprene is shown in Figure 8.1. The peaks labeled (•) are intact oligomers
cationized by silver, and the peaks labeled (o) are cationized fragment ions.

8.1.1 Nature of the SIMS Process

Sputtering and ionization in SIMS are due to events caused by the impact
of a high velocity ion on a surface. The process is depicted schematically in
Figure 8.2. A primary ion (typically Ar+) of approximately 10 keV energy
strikes a surface, usually a metal substrate having an organic (polymer)
overlayer. The impact of the primary ion causes disruption of the surface
and sputtering of atoms and molecules both from the metal foil and the
organic overlayer. The sputtered particles include electrons, positive ions,
negative ions, and neutrals; neutrals constitute the vast majority of the sput-
tered material (>99%). The secondary ions sputtered from the surface are
collected by a mass spectrometer and mass analyzed. Secondary ions include
atomic ions and cluster ions from the substrate, and molecular and fragment
ions from the overlayer.

The SIMS experiment is relatively simple in principle. A specially prepared
Ag foil is produced by a pretreatment involving preoxidation in 20% nitric

TABLE 8.2

Characteristics of a Mass Spectrometer for Polymer Studies by SIMS

1. Ion Source
• Handle Intact Sample
• Provide Soft Ionization
• Do Both Surface and Bulk Studies
• High Ion-Formation Efficiency
• Stable and Reproducible

2. Analyzer
• High Transmission (>10%)
• High Mass Range (>105)
• High Resolution (M/∆M > 104)
• Simultaneous Detection of All Masses

3. Detection System
• High Detection Efficiency
• Large Dynamic Range (>106)
• Low Noise
• Simultaneous Detection of All Masses

4. Other Features
• Charge Compensation
• Imaging
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(A)

(B)

FIGURE 8.1
TOF-SIMS spectrum of polyisoprene (MW = 2300). A. Oligomer distribution. B. Region showing
overlap between oligomer and fragment-ion peaks.• - Oligomer peaks, o - Fragment-ion peaks.
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acid, washing with distilled water in an ultrasonic cleaner, and air drying.8

A dilute polymer solution in a volatile solvent is added to the foil from a
micropipet and allowed to evaporate, producing a thin polymer film on the
metal. A SIMS spectrum is then obtained directly from the foil. 

It is also possible to measure thick polymer films directly in SIMS. These
differ from the model shown in Figure 8.2 in that the Ag foil is no longer
involved. In this case only polymeric material will be sputtered and fragment
ions from the polymer will be produced. The major difference between the
two experiments is that only small fragment ions (<500 Da) are generally
observed from sputtered polymer films, whereas much larger polymer frag-
ments are sputtered from metal foils. A typical TOF-SIMS film spectrum is
shown in Figure 8.3. 

There are two modes in which SIMS can operate: dynamic and static. In
dynamic SIMS a high primary ion current is used, typically 10−6A/cm2, result-
ing in multiple sputtering events at the same site on the surface. For an organic
material this mode produces only very small fragments, generally not larger
than C3. This is the mode used for depth profiling with an ion beam and is
not the mode used for SIMS of polymers. In the static SIMS mode, the primary
ion dose is kept low so that the probability of multiple sputtering events from
the same site is vanishingly small. A monolayer contains about 1015 atoms
or molecules per cm2 and a total dose of 1011–1012 ions/cm2 is typically used in
a static SIMS experiment. This is the equivalent of sputtering as little as 10−4 of

FIGURE 8.2
Diagram of SIMS sputtering process.
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(A)

(B)

FIGURE 8.3 
TOF-SIMS spectra of a polycarbonate in the low mass range. (A) Positive-ion spectrum.
(B) Negative-ion spectrum.
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a monolayer. The equivalent primary ion current is <10−10A/cm2. When oper-
ating in the static mode one is dealing with isolated events; primary ions,
like lightning, do not strike the same spot twice. The static mode is capable
of producing very large ions from organic overlayers.

The SIMS process, as it relates to polymers, is characterized by three
important parameters: ion yield, transformation probability, and disappear-
ance cross section. The ion yield (Y) is the ratio of the number of secondary
ions produced divided by the number of primary ions incident on the
sample: Y = N(si)/N(pi). SIMS bombardment of a surface covered by a
monolayer or less results in an exponential decay of the measured signal
intensity: I(t) = ∗exp[−σ (x)jpt/e] where jp is the primary ion current density,
x the species measured, and σ the disappearance cross section. Thus σ can be
calculated from SIMS intensity decay curves. The disappearance cross section
is the damage area caused by the primary ion which leads to desorption of
a polymer molecule. 

The integrated area under the SIMS intensity decay curve is a measure of
the total number of ions detected in a SIMS experiment. The total number of
ions detected for the species x can be written as: Nd(x) = Pt ∗ Nm(x) ∗ T(x) ∗
D(x) where Nm(x) is the number of molecules of x in the area analyzed, T(x)
is instrument transmission for x, D(x) is the detector efficiency for x, and Pt is
the transformation probability. Pt represents the probability that a mole-
cule, M, sputtered from the surface will be detected as an ionic species, x.

8.1.2 Ion Formation Processes in SIMS

All of the ion formation processes in SIMS are known for other forms of
mass spectrometry. The fundamental difference is that several ion formation
mechanisms may occur simultaneously in competition with each other; often
one does not have control over which ion formation process will dominate.
Also, the dominant ionization process may vary with the particular type of
polymer involved. One great advantage of SIMS is that both positive and
negative ions are formed, often in comparable yields.

Table 8.3 summarizes the ion formation processes observed in SIMS. The
first of these is gain or loss of electrons, much like in conventional electron-
impact mass spectrometry. Molecules having low ionization potentials will
tend to form positive ions; those with high electron affinities will form neg-
ative ions. However, gain or loss of electrons is an uncommon process in
SIMS, particularly in polymers. The equivalent of odd-electron ions is encoun-
tered only in the low mass range for most polymers. Organic compounds
that are salts exist as pre-formed ions, and sputtering only needs to overcome
lattice forces to form ions. Ion yields from such materials are high, but few
polymers exist as salts. Thus, this is a minor process in polymer SIMS.

Gain or loss of protons is frequently observed when ionizable groups are
present in the molecule, much like in conventional chemical ionization (CI)
mass spectrometry. Whereas in conventional CI mass spectrometry the

I°
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proton donor (or acceptor) is known, generally the source of protons is
ill-defined in SIMS. However, gain or loss of protons is a major ionization
process in polymer SIMS. Multiply charged ions are the exception rather
than the rule in SIMS, unlike in electrospray. 

Attachment of cations to polymer molecules is a major and often domi-
nant ion formation process in SIMS. Attachment of anions is known, but not
common. The cation may be derived from the substrate, such as Ag+, or may
be present as an impurity or intentionally added to the substrate, such as
Na+ or K+. In some cases peaks from impurity Na+ attachment may be more
intense than those from the substrate ion, Ag+. Even though polymers may
have multiple sites that could readily attach metal ions, the usual ionization
process is attachment of a single ion to a large molecule, even for masses as
large as 10,000 Da. Some doubly charged polymer ions have been observed,
but this is the exception.

SIMS spectra of polymers generally contain three types of ions: intact
oligomer ions, large fragment ions, and small fragment ions. These are sum-
marized in Table 8.4. Each type of ion has its own characteristics with regard
to mass range and the type of information that can be derived from it. Intact
oligomer ions are generally seen in the mass range below 10,000 Da and
correspond to cationized polymer molecules. They can be used to measure
oligomer distributions, as will be discussed later.

Large fragment ions are observed in the range 500–5000 Da. Cationized
neutral fragments are observed both with and without end-groups as indi-
cated by 1a and 1b in Table 8.4. The relative intensities of peaks for fragments

TABLE 8.3

Ion Formation Processes in SIMS 

(M = Polymer Molecule)

Gain or Loss of Electrons

M → M+⋅ + e−

M + e− → M−⋅

Gain or Loss of Protons

M + BH → MH+ B
MH + B → M− + BH+

Ionization of Salts

M+ X− → M+ + X−

Ion Attachment

M + C+ → (MC+)
M + A− → (MA−)
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containing end-groups decrease as polymer molecular weight increases. Small
fragments having intrinsic charge are observed for all polymers below 500 Da;
they are singly charged. The nature of the fragments ranges from multiples
of repeat units (with or without added hydrogen), some number of repeat
units plus a fragment of the repeat unit, or fragments from one repeat unit.
In general, fragments in this range are not larger than two or at most three
polymer repeat units.

Large fragments having intrinsic charge (mass range 500–7000 Da) have
been observed for fluoropolymers, the perfluoropolyethers9 are the best
example. As shown in Table 8.4, 2a and 2b, they may occur with or without
end-groups; both positive and negative ions have been observed. These
polymers are unique in this respect because no other polymer system has
shown fragment ions of this size having intrinsic charge. Another interesting
aspect of the perfluoropolyethers is that metastable ions are observed in
their spectra. These polymers will be discussed in detail later.

8.1.3 Important Factors for SIMS of Polymers

A number of important factors must be considered when studying TOF-
SIMS of polymers. Included are the nature of the substrate, substrate coverage,
substrate pretreatment, the primary ion, polymer molecular weight, and the
solvent used in sample preparation.

TABLE 8.4

Types of Ions Observed in SIMS Polymer Spectra

Oligomers

Mass Range 500–15,000
[T1 − Rn − T2 + Ag]+

Large Fragments

Mass Range 500–7,000

1. Neutral Fragments
a. With end groups: [T − Rn ± H + Ag]+

b. Without end groups: [Rn ± H + Ag]+

2. Charged Fragments (Perfluororethers)
a. With end groups: Τ − RnCF2

+

T − RnCF2O
−

b. Without end groups: RnCF2
+

RnCF2O
−

Small Fragments

Mass Range Below 500
1. Multiples of Repeat Unit: H ± Rn ±•
2. Fragments: = Frag ±•
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8.1.3.1 Nature of the Substrate 

The yield of oligomer or high-mass fragment ions strongly depends on the
nature of the substrate material. Studies with polystyrene showed that silver
surfaces that had been etched with nitric acid gave the maximum yield of
cationized secondary ions.10 Other metals were studied, including Au and
Pt. Although they gave measurable yields of secondary ions, they were about
an order of magnitude lower than from silver. Reactive metals, such as Cu
or Ni, showed ion yields about two orders of magnitude lower than Ag. So
far it seems that the silver foil used initially for SIMS experiments8 remains
the optimum substrate.

Although etching Ag substrates generally improves ion yields, it is possible
to obtain perfectly good TOF-SIMS spectra from flat Ag foils, or from substrates
prepared by depositing a layer of Ag on a substrate such as a Si wafer or mica.
It is also possible to obtain TOF-SIMS spectra from a chemically treated Si
wafer that has on its surface a small amount of a cation such as Cu+2 or Ag+.11

8.1.3.2 Substrate Coverage

The amount of polymer on a substrate surface has a dramatic effect on the ion
yield. Figure 8.4a shows a plot of ion yield for oligomer ions of a 3000 MW
polystyrene as a function of amount deposited on the substrate.12 Deposition
was 10 µL of solution on a 150 mm2 substrate. Based on the cross-section of
a polystyrene molecule, deposition of 50 µg/mL corresponds to full mono-
layer coverage, which is just below the vertical line separating Region I and
Region II in the diagram. Figure 8.4b shows the polystyrene ion yield as a
function of surface coverage measured by ion-scattering spectroscopy. Sur-
face coverage is only about a quarter monolayer at the line. Further, surface
coverage is only about half a monolayer at the line between Regions II and
III even though the concentration has been increased by three orders of
magnitude over the range.

The explanation relates to the surface roughness of the silver foils. Scanning
electron microscopy revealed that the surface consists of conical pores about
2 µm in radius and 9 µm deep. As the polymer concentration is increased,
the polymer preferentially fills the bottoms of the pores and has only a thin
coating on the remainder of the surface. The thin layer of polymer on the
external surface has a high ion yield while that inside the pores has a low
ion yield. Thus, as the concentration increases the yield increases. After half
a monolayer, the pores are nearly filled, and thick layers of polymer begin
to form on the outer surface. This decreases the Ag+ ion yield, depriving the
polymer of necessary ions for cationization.

8.1.3.3 Substrate Modification

Alternatives to the Ag substrate have been tried, some modifying the Ag
substrate, others using a different material. These have resulted in enhance-
ment of signals for organic compounds, including polymers. To date, none
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(B)

FIGURE 8.4 
TOF-SIMS ion yields for polystyrene deposited on a silver substrate. A. Secondary-ion yield as
a function of polystyrene concentration. B. Secondary-ion yield as a function of surface coverage.
(Reprinted with permission from Ref. 12, Copyright 1994 American Chemical Society)
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has become widely accepted, and in general, the reason for the enhancement
is a matter of conjecture.

The first of these methods was by Cook’s group13 and involved use of an
ammonium chloride matrix. An increase in molecular ion intensity was
observed along with reduction in fragmentation for sugars, polypeptides,
nucleotides, and vitamins. The mechanism proposed was that large clusters
of ions are sputtered initially, consisting of analyte ions surrounded by matrix
ions. It is the formation of these clusters that results in increased yield of
protonated species (by proton transfer from the ammonium ion) and softer
ionization because of relaxation processes in the clusters.

Another method involving a different matrix was reported by Wu and
Odom.14 They deposited organic materials on the surfaces of organic crystals
used as MALDI matrices, such as 2,5-dihydroxybenzoic acid. Enhanced
molecular ion signals were observed for peptides and oligonucleotides up
to masses of 10,000 Da, a mass range not normally accessible by SIMS for
these materials. Detection limits in the subpicomole range were reported.

Our group reported three different modifications of matrices that resulted
in increased ion yields. The first of these was the observation that ion yields
of materials varied significantly from a Si substrate, depending on whether
the method of pretreatment rendered the surface hydrophobic or hydrophilic.11

Polymers studied were polyethylene, polypropylene, poly(propylene oxide)
and polystyrene. The yields of oligomer ions were consistently higher from
the hydrophilic surface; oligomer ions were either protonated or cationized
with sodium. A second, and most interesting observation, was that traces of
Cu+2 ions on the hydrophobic Si surface gave significant yields of cationized
polystyrene oligomers, in preference to the hydrophilic surface;11 an example
is shown in Figure 8.5. This effect was caused by 6 ppm of Cu in the HF
solution used to treat the Si surface.

Enhanced ion emission was also observed for polymers and large biomol-
ecules from Ag surfaces that had been treated with a sub-monolayer coverage
of cocaine hydrochloride.15 Several possible mechanisms were proposed but
it was not possible to distinguish between them. A recent discovery in our
laboratory has been that halide modification of the SIMS substrate surface
enhanced signal intensity for compounds such as cyclosporin A, angiotensin II,
and a small nucleoside (dA-dA).16 Improvements ranged from 2–30 times
for cationized species and 10–1000 times for protonated species. An interest-
ing effect is that treatment of Ag surfaces with HBr and HI caused enhance-
ment, while treatment with HCl did not.

8.1.3.4 Primary Ion 

The nature of the primary ion can have a significant impact on SIMS ion
yield. While the effect of primary ion on yields in dynamic SIMS has been
well-documented, the effect in static SIMS has become of interest only
recently, other than by comparing yields for different rare gas ions. Several
groups have become interested in the interaction of polyatomic ions with
surfaces and their potential as primary ions in SIMS.
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Cooks’ group has published experiments dealing with soft landing of
ions on surfaces17 and studies of reactive collisions with them. Schweikert
and coworkers have pioneered the use of polyatomic projectiles as primary
ions in SIMS and related methods. They have reported nonlinear effects
caused by clusters18 and have compared yields for cluster ions with those
from monatomic ions.19 Most recently, Benninghoven’s group has compared
the use of  as a primary ion for obtaining spectra from polymers with
monatomic ions.20 They observed enhancements in the higher mass range
on the order of 100–500 times for spin-coated samples of poly(ethylene
terphthalate) and polystyrene. They were also able to observe structurally
significant peaks up to 2000 Da from thick polymer films using  as the
primary ion for cases where the maximum mass seen by atomic ions was
1000 Da.

FIGURE 8.5
TOF-SIMS spectra obtained from silicon surfaces (from Ref. 11). A. Silicon treated with HF
solution before polymer deposition. B. Oxidized silicon surface - no HF treatment.
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+
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+
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8.1.3.5 Molecular Size 

The size of a polymer molecule has a significant effect on the nature of the
SIMS spectrum. Low-molecular-weight oligomers generally are desorbed
intact, while large oligomers are fragmented. Figure 8.6 shows the transfor-
mation probability (Pt) of polystyrene oligomers as a function of their molec-
ular weight.10 Note that Pt remains constant up to about mass 2000, and
then decreases substantially as a function of increasing mass in the range
2000–7000 Da; the equivalent change in Pt is from 3 ×10−4 to 2 ×10−6. Extrap-
olating this trend to about mass 10,000, one obtains a Pt value of approxi-
mately 10−7. By inserting reasonable numbers into the equation for Pt, one
calculates that, for a reasonable signal-to-noise ratio (3:1), the limit of detec-
tion would be about 10,000 Da. This correlates very closely with observa-
tions. The polarity of the polymer also seems to affect Pt for a given mass;
PEG has a lower value than polystyrene, which is lower than the value for
a fluoroether.

The disappearance cross sections for polymers correspond to a circle about
40–50 Å in diameter. If one considers that the length of a polystyrene mono-
mer is about 3 Å, a stretched out polymer having 18 monomer units would
be just about 50 Å. This and end-groups correspond to 1930 Da, amazingly
close to 2000 where the “fall off” begins in Figure 8.6. Thus we can conclude
that efficient sputtering of a polymer molecule is limited by the “action area”
of the sputtering process. 

FIGURE 8.6 
Transformation probabilities of polymer oligomers. (Reprinted with permission from Ref. 10,
Copyright 1989 American Vacuum Society)
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The data of Figure 8.6 are consistent with a rather simple model of sputtering.
Figure 8.7 shows such a model, relating the action cross section of the primary
ion to the size of a polymer ion which can be emitted intact.21 Figure 8.7A
shows a small polymer molecule overlying the action area; the molecular
dimensions are approximately the same as that of the action area. In this situ-
ation the intact polymer will be sputtered by the primary ion. In Figure 8.7B,
the polymer molecule is much longer, part of it overlying the action area and
part lying outside of it. When sputtering occurs, the part of the molecule over
the action area will be given a thrust upward, while the other part remains
weakly bonded to the surface. If the latter forces are strong enough, bond
breaking will occur and a fragment will be emitted. This fragment can be either
a section cut from the chain or containing an end-group.

8.1.3.6 Sample Preparation

The method used to prepare samples for TOF-SIMS analysis can have a dra-
matic effect on the spectrum obtained. For example, the solvent used to deposit
the polymer on the Ag foil can be critical. In Figure 8.7C a large polymer is
on the surface in a coiled configuration. Because the size of the polymer coil
is about that of the interaction area, the polymer is sputtered intact and an
oligomer ion will be observed. If the same polymer were stretched out over the
surface, only fragment ions would be seen. The effect on SIMS spectra of varying
the solvent used for deposition is seen experimentally. For example, the SIMS
fragmentation pattern changed considerably for a 410K MW polyisoprene,
depending on whether it was deposited from hexane or toluene.22

8.2 Intact Oligomer Spectra

8.2.1 Introduction

Because TOF-SIMS can obtain spectra of intact oligomers, it is potentially
useful for determining molecular weight (MW) distributions of polymers.
Many methods currently used to measure polymer molecular weights give
only average values. Because TOF-SIMS records peaks for individual oligomers,

FIGURE 8.7 
Simple sputtering model for polymers.
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it can measure distributions and give absolute molecular weights. The tech-
nique has been used successfully to measure Mn values for polymers below
5000, and a few above, but generally, it is not applicable to higher MW
polymers, for reasons that will be discussed below.

Figure 8.8 shows a TOF-SIMS spectrum obtained for a ca. 3400 MW Krytox;
the polymer structure is shown at the top of the figure.23 The spectrum is
typical of those obtained in this mass range. The intense peaks correspond to
individual oligomers (some are labeled) cationized with Ag; the inset shows
the spectrum in greater detail for the region of n = 18 and 19. Oligomer peaks
can be identified positively by their mass, because the TOF-SIMS can meas-
ure masses to an accuracy of 0.03 Da. The spacing between the oligomer
peaks is the mass of the polymer repeat unit.

In some cases, polymer fragment-ion peaks occur in the same region as the
oligomer peaks, the spectra of poly(isoprene) shown in Figure 8.1 are a case in
point. However, the weak peaks in the Krytox spectrum of Figure 8.8, between
the oligomer peaks, are not fragment ions, but come from oligomers having
end-groups other than those shown in the structure, or from Na-cationized
oligomers. The peak labeled ‘‘4’’ in the inset is for the n = 19 oligomer cation-
ized with sodium. Typically sodium impurities are present on the silver surface

FIGURE 8.8 
Positive-ion TOF-SIMS spectrum of a perfluoro polyether. The inset shows the presence of other
terminal groups. (Reprinted with permission from Ref. 23, Copyright 1990 American Chemical
Society)
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or in the polymer; therefore Na-cationized peaks may appear weakly or
strongly depending on the Na level and the relative affinities of the polymer
for Na and Ag ions. The peaks labeled “5” in Figure 8.7 are for n = 18 and
n = 19 oligomers having a perfluoroisopropyl terminal group (CF3CFCF3)
instead of the perfluoroethyl group. The peak labeled “6” is for oligomer
n = 19 with a CH3CHF- terminal group instead of CF3CF2-, and the peak
labeled “7” corresponds to an additional CF3CF2- terminal group on the left-
hand side for oligomer n = 18 instead of F. Careful analysis of polymer spectra
in the oligomer region has been used to identify impurities in polymer sam-
ples arising from the presence of different end-groups.23

8.2.2 Molecular Weight Distributions

Because conventional methods used for polymer molecular weight analysis
are largely averaging methods, polymer molecular weights are represented
either as number-average (Mn) or weight average (Mw) molecular weights.
These numbers themselves do not provide information about molecular
weight distributions, although the ratio of Mw/Mn is often used of an indi-
cator of such. 

Mn and Mw for polymers can be calculated from the mass spectrum by
measuring the relative peak intensities of individual oligomers and calcu-
lating Mn and Mw as follows:

where Ii is the intensity for a given oligomer peak, i, in the molecular weight
distribution, and Mi is the mass of the ith oligomer. For a narrow, symmetrical
molecular weight distribution, the ratio Mw/Mn will be slightly larger than
1.0. As the distribution becomes more skewed and becomes broader, the ratio
will increase.

Certain assumptions are inherent in calculating molecular weight averages
from a TOF-SIMS oligomer distribution; these are summarized in Table 8.5.
The first assumption is that fragmentation of a polymer is not a function of
chain length. From the preceding discussion, this is clearly not valid. Large
oligomers have a greater tendency to fragment than small oligomers. This
effect will tend to shift the measured values for Mn or Mw to lower values.
The second assumption is that the sputtering cross section of an oligomer is
independent of chain length. The disappearance cross sections of cationized
oligomers of polystyrene showed a linear increase over the range of mass
1000–7000,10 so this assumption lacks validity. This effect will also tend to
lower measured values of Mn and Mw. A third assumption is that cationization
efficiency is the same for all oligomers. This seems unlikely, given that there are
more points for attachment of an ion in a larger oligomer. This effect will tend

Mn
ΣiIiMi

ΣiIi
--------------- Mw

ΣiIiMi
2

ΣiIiMi
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to skew the molecular weight distribution toward higher values. Fourth, it
is assumed that detector efficiency is not mass-dependent. This assumption
is also invalid and will tend to shift the measured distribution to lower
values. This effect will be discussed in some detail below. The fifth assump-
tion is that the TOF analyzer transmission does not vary with molecular size
and this is probably a valid assumption. Sixth, there is the assumption that
there will be no preferential evaporation of oligomers from the probe in the
SIMS vacuum. This is clearly not valid, given that small oligomers will have
lower surface affinities and higher vapor pressures than large ones. The impor-
tance of this effect will be highly dependent on the specific polymer. The
seemingly low intensity of the n = 16 and n = 17 oligomers in Figure 8.8 is
probably due to evaporation; the absence of oligomers smaller than n = 16
is also probably due to this effect.

The efficiency of detectors used in TOF-SIMS is strongly mass-dependent
for large ions, because detector efficiency varies with ion kinetic energy. In
a TOF instrument, ion velocity (and therefore kinetic energy) is lower for
large ions. Theoretically calculated curves for detection efficiency as a func-
tion of mass are shown in Figure 8.9.24 The ion extraction voltage used in
the TOF-SIMS is 3 keV, and ions emerging from the flight tube are typically
postaccelerated by 10 keV before they strike the detector; the sum of the
two determines the kinetic energy of an ion striking the detector. If one
uses an average of the 15 and 20 keV curves of Figure 8.9 as typical for
the TOF-SIMS, and assumes that an oligomer distribution will have a range
of 1000 Da on either side of the center, for a polymer having Mn = 6000, the
difference in detector efficiency between the highest and lowest MW oligo-
mers would be ca. 25%. 

The net effect of all of the parameters listed in Table 8.5 implies that TOF-
SIMS measurement of Mn and Mw should be accurate for narrow MW
distributions, but for polymers having broad MW distributions this would

TABLE 8.5

Assumptions for Calculating Mn from TOF-SIMS Spectra

Assumption Valid? Favors

1. Fragmentation is not a 
function of chain length

No Low molecular weights

2. Sputtering cross section 
independent of chain 
length

No Low molecular weights

3. Cationization efficiency
the same for all oligomers

No High molecular weights

4. Detection efficiency not 
mass-dependent

No Low molecular weights

5. Analyzer transmission 
not mass-dependent

Yes Neither

6. Volatilization not mass- 
dependent

No High molecular weights
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not be the case. To illustrate this point, Figure 8.10 shows a TOF-SIMS
spectrum obtained for a mixture of two polystyrenes having Mn values of
2500 and 5000;25 the two were mixed in a 1:1 mole ratio. Clearly the intensity
of the lower MW polymer (centered around 2600 Da) is much greater than
the higher MW polymer (centered around 5100 Da). Based on the data
from Figure 8.6, one would anticipate about an order of magnitude
decrease due to the difference in transformation probabilities, and from
Figure 8.9, the decrease in detector efficiency should be about 35% for the
higher MW polymer. 

Another problem for TOF-SIMS measurements is the possible dependence
of Mn and Mw on sputtering time during acquisition of a spectrum. Low MW
oligomers may be sputtered preferentially to high mass oligomers introduc-
ing a time-dependent bias into the MW distribution measurement. The effect
of sputtering time on MW distributions was studied for polystyrenes having
Mn values of 1000, 3000, and 5000.26 A decrease of 19% in the measured value
of Mn over a period of 60 min. was observed for the 1000 MW polymer, 6%
for 3000, and 1% for 1000. However, these changes occurred for sputtering
times much longer than are normally used for TOF-SIMS data acquisition;
1–5 min. data acquisition times are typical. Thus the effect of sputtering time

FIGURE 8.9 
Detection efficiencies as a function of ion mass (from Ref. 24). Ion kinetic energies at the detector
are indicated.
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on measurement of Mn and Mw for normal polymer samples would be
extremely small. 

8.2.3 Average Molecular Weight Measurements

Molecular weight distributions have been measured for a number of poly-
mers using TOF-SIMS. Table 8.6 shows representative measurements (but
not an exhaustive list) and compares them with results using conventional
techniques like gel permeation chromatography (GPC), supercritical fluid
chromatography (SCF), NMR, and end-group analysis. Measurements of Mn

and Mw by TOF-SIMS shown in Table 8.6 agree quite well with results from
conventional methods. These data indicate that TOF-SIMS can be used to
measure MW distributions for polymers having low polydispersities and Mn

values and for calculating their Mn/Mw ratios.
A more detailed comparison of TOF-SIMS with conventional methods is

in order. GPC is probably the most widely used technique for MW measure-
ments because it measures distributions of oligomers and is convenient to
use. Generally GPC can resolve individual oligomers in the low mass (3000)
range, but distributions merge into a broad band for higher molecular
weights. Also, GPC is not applicable to very low MW polymers.27 TOF-SIMS
is very competitive with GPC for measuring MW distributions to Mn values

FIGURE 8.10 
TOF-SIMS spectrum for a mixture of two polystyrenes (from Ref. 25).
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around 5000 because of its ability to resolve oligomers. A major advantage
over GPC is that TOF-SIMS is an absolute method and GPC requires use of
carefully selected standards.

Non-chromatographic techniques such as NMR, light scattering, boiling
point elevation, and end-group analysis give values for Mn and/or Mw, but do
not provide oligomer distributions. However, they are applicable to polymers
of higher MW than is TOF-SIMS. A chromatographic or mass spectrometric
method is preferred, assuming that the distribution measured is accurate,
because it provides information about oligomer distributions. TOF-SIMS qual-
ifies for polymers having Mn < 6000 and low polydispersities, and in some cases
for larger polymers. An alternative TOF-SIMS approach has also been success-
ful for measuring Mn.

31 By comparing negative-ion intensity ratios of fragment-
ion peaks having terminal groups to those without, it was possible to accurately
measure Mn up to 10,000 Da for perfluoropolyethers.

It is interesting that, even with all of the invalid assumptions as listed in
Table 8.5, the results for TOF-SIMS and GPC agree quite well. The reason is
that the comparison is only for low MW polymers of low polydispersity.
Many low MW polymers have narrow MW distributions and fragmentation

TABLE 8.6

Comparison of Mn Measurements for Polymers

Polymer
TOF-SIMS Conventional

Ref.Mn Mw/Mn Mn Mw/Mn

Polybutadienes
PB-900 861 1.05 982a 1.07 28
PB-2000 2490 1.01 2760a 1.08 28

Polydimethylsiloxanes
SF-1 1650 1.10 1542b 1.09 29
SF-2 2748 1.1 2278b 1.07 29

Polystyrenes
PS-1000 1020 1.1 930a 1.2 26
PS-5000 4620 1.03 4970a 1.04 26
PS-7000 6890 1.02 7390a 1.03 26

Perfluoropolyethers
K-AA 2560 1.01 2450c 26
K-1525 3110 1.00 3420c 26

Polypropyleneglycols
P-600 651 1.04 440d 1.07 30
P-1000 1004 1.03 877d 1.30 30
P-2000 1962 1.02 2074d 1.12 30
P-3000 2935 1.03 2197d 1.19 30

Polyethyleneglycol diesters 
dimethacrylates
DM-200 409 1.01 350c 30
DM-1000 1105 1.02 1100c 30

a Gel permeation chromatography (GPC)
b Supercritical fluid chromatography (SFC)
c NMR
d Hydroxyl end-group determination
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of low MW oligomers is not extensive. Fall-off in detector efficiency is not
bad in the low-mass region and the effect of changes in sputtering cross-
section will not be severe for narrow MW distributions. 

Two other mass spectral methods are used to measure oligomer distribu-
tions, field-desorption mass spectrometry (FDMS) and matrix-assisted laser
desorption/ionization (MALDI). FDMS has been applied effectively to poly-
mers in the same MW range as TOF-SIMS.2 The major disadvantage of FDMS
relative to TOF-SIMS is in the ease of obtaining data. Although in the hands
of experts FDMS is a powerful tool (see Chapter 6), many laboratories find
it difficult to use and therefore do not use it routinely. MALDI was developed
originally to measure the molecular weights of biopolymers; applications to
synthetic polymer characterization have become prevalent only recently. In
the low mass range MALDI can resolve oligomers as well as TOF-SIMS.
However, MALDI provides superior measurement of oligomer distributions
for higher MW polymers.32 Polymers with molecular weights as high as
170,000 Da have been measured by MALDI.33 (See Chapter 11.) 

8.3 Fragment Ions

8.3.1 Introduction

When high molecular weight (MW of ca. 50,000) polymers deposited on a
metal surface are bombarded with keV ions, the SIMS spectra observed differ
significantly from spectra obtained by pyrolysis mass spectrometry (PyMS)
for the same polymers. In conventional PyMS only small molecular frag-
ments are observed (<300 Da) whereas fragments can be observed in SIMS
spectra at masses greater than 2000 Da. Although there is a difference in
the types of ions formed in SIMS and conventional PyMS, SIMS ions are
cationized neutral fragments and PyMS ions have intrinsic charge, one
would hope that there is a relationship between the two. The processes
leading to the two differ also. PyMS is basically an isothermal process in
that the molecules are heated uniformly, so when one bond has the energy
to break, others can fragment similarly. SIMS is adiabatic in that the part
of the chain over the action area (see Figure 8.7) receives a pulse of energy
while the rest of the chain is at ambient temperature. However, species
generated by SIMS fragmentation (presented below) are characteristic of
processes involving thermal energies; thus it is reasonable that there
would be a relationship between SIMS and PyMS. The time domains of
the two measurements are different, picoseconds for SIMS and millisec-
onds for PyMS. Therefore the SIMS process may be looking at thermal
chain fracture closer to the initial event, making it a useful method to
probe processes fundamental to thermal degradation of polymers.

Another important question is the mechanism of chain fracture in SIMS.
Much of the work on SIMS of polymers has been interpreted on the basis of
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free radical mechanisms. One reason for this is that most of the polymers that
have been studied are formed by radical polymerization, and the tacit assump-
tion has been that chain fracture is related to the depolymerization process.
A second reason is that PyMS and low-mass SIMS data have generally been
interpreted successfully on the basis of radical chain decompositions. How-
ever, consistent with the depolymerization argument, simple radical chain
cleavage cannot explain the TOF-SIMS spectra of polymers formed by con-
densation reactions. This is consistent with proposals by Montaudo59 for PyMS
where other mechanisms provide better explanations for certain systems.

Charged species are observed in the low mass region of TOF-SIMS spectra
(<500 Da), comparable to those in PyMS. They are characteristic of species
commonly observed in EI mass spectrometry, a mixture of odd- and even-
electron ions. It is possible that both ionic and radical mechanisms can be
operative in SIMS; smaller fragments would be formed by radical mecha-
nisms and larger fragments would result from both radical cleavage and
intra-chain reactions such as hydrogen transfer. It also appears in some cases
that functional group migrations occur, a phenomenon more common for
ionic reactions than for radical processes. These issues will be discussed in
greater detail for specific polymers.

As was illustrated in Figure 8.7, formation of polymer chain fragments in
SIMS results from “reverse thrust” by surface disruption induced by impact
of the primary ion. Chemically, this is the equivalent of giving a thermal
pulse to the part of the chain overlying the action area. Therefore, a reasonable
approach to interpretation is the premise that “the weakest bond breaks first.”
Accurate data on bond energies in polymers should allow semi-quantitative
interpretation of fragmentation pathways. Unfortunately, such data are not
available. At best one has only qualitative approximations of polymer bond
energies computed by analogy with bond energies for a limited data set of
small molecules.41

In the general sense, C–C, C–O, and C–N single bonds will be the
weakest in most polymers. Typically C–C bond energies are 80–85 Kcal/
mole, C–O bonds are in the same range, and C–N bonds are roughly
65–70 Kcal/mole. The C–H bond energies are generally higher, normally
90–100 Kcal/mole, although in some cases they are in the range of C–C
bonds. Above these are multiple bonds, , , and , which have
energies in the 120–140 Kcal/mole range. To date, successful interpretation
of polymer fragmentation has considered that multiple bonds remain intact
as do aromatic rings.

One should always remember that in SIMS one is looking at what is a
minority event. Generally ion yields are 10−3 or lower which means that the
majority process may differ from that reflected in the SIMS spectrum. One must
assume, therefore, that the ions seen in SIMS do reflect the majority process,
and that the low yields result from low-efficiency ionization processes (e.g.,
cationization). Another important assumption is that the metal surface plays no
role in the fragmentation process per se. In general this last assumption seems
to be valid. For example, although ion yields are strongly substrate-dependent,

C=C C=O C≡N
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there is no substrate influence on disappearance cross sections.10 Also, cation-
ization occurs similarly on metal surfaces and on non-metal surfaces doped
with the same metal ions.11

8.3.2 Nature of Fragment Ion Spectra

The nature of ions produced in SIMS spectra of polymers have been illus-
trated in Table 8.4. In this section we will deal with fragments which contrib-
ute to SIMS spectra in the mass range 500–7000 Da. We will consider primarily
spectra from polymers having molecular weights in the range of 20,000 or
more. Such polymers produce large neutral fragments without end-groups;
the fragments are usually composed of a number of monomer units, with or
without additional parts of a monomer unit. This section will deal with how
fragmentation occurs, and how these processes affect SIMS spectra. 

A typical fragment ion spectrum from a high molecular weight polymer
(MW = 24,000) is shown for polybutadiene in Figure 8.11. As one can see, a series
of intense peaks is observed in the mass range 700–2500 Da, monotonically
decreasing in intensity with increasing mass; this spectrum approached the
noise limit for masses greater than 4000 Da. The spacing between the largest
peaks is 54 Da, the mass of the repeat unit of the polymer. One can also see

FIGURE 8.11 
TOF-SIMS spectrum of polybutadiene, MW = 24,000. (Reprinted with permission from Ref. 28,
Copyright 1994 J. Wiley and Associates)
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weaker series of peaks having the same spacing; these are due to fragments
having additional parts of the repeat unit, e.g., 14 Da. For homopolymers
the spectra are reasonably simple, but they become more complex as substi-
tution occurs on the chain.

As polymers increase in complexity and the monomer units increase in
mass, the appearance of the SIMS spectra change from that like Figure 8.11
to one containing a series of repeating patterns such as those shown in
Figure 8.12 for substituted polystyrenes (PS). The PS spectrum consists of
a very definite pattern, repeating itself to 2000–3000 Da. Fragmentation in
the polystyrenes will be discussed in detail later in this chapter. The reason
that the spectrum is shown here is to introduce the terminology used to

FIGURE 8.12 
Patterns in TOF-SIMS spectra of polystyrenes. A. Poly(4-methylstyrene), B. Poly(α-methylsty-
rene). (Reprinted with permission from Ref. 35, Copyright 1992 American Chemical Society)
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describe polymer fragment-ion spectra. The spectra consist of a repeating
pattern, which occurs throughout the entire range; Figure 8.12 shows three
of these. Repeat patterns have been observed in all polymers studied to date.
The patterns consist of a series of clusters, also indicated in Figure 8.12. Each
cluster is comprised of a series of individual peaks, generally separated by
one mass unit. The spacing between clusters is given the symbol ∆, which
is approximately 14 Da, depending on the exact distribution of intensities
within the cluster. The typical cluster structure for PS is shown in Figure 8.13. 

FIGURE 8.13 
Detailed cluster structure for polystyrene TOF-SIMS spectra. A. Poly(4-methylstyrene), B.
Poly(α-methylstyrene). (Reprinted with permission from Ref. 35, Copyright 1992 American
Chemical Society)
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It is important to consider the assumptions and formalism used to interpret
polymer fragment-ion spectra. These are summarized in Table 8.7. First, it is
assumed that the polymers exist as semi-infinite chains. This means that the
molecular weight is large enough that terminal groups do not influence the
SIMS spectrum. This assumption is generally valid for polymers having
molecular weights greater than 20,000. The second assumption is that chain
fracture is an isolated thermal event. This means that the primary ion does
not strike the polymer directly, but penetrates the substrate and causes
fragmentation by a collision cascade as discussed earlier. Chain fracture,
therefore, is caused by the cascade and not by the primary ion itself. Therefore
limited chain fracture occurs, which is characteristic of thermally induced
chemical processes. A third assumption is that intermolecular phenomena are
not important. The reason for this assumption is that polymers are deposited
on Ag foils at low surface coverage and therefore one can ignore interactions
between polymer chains. This also means that ions produced from two “hits”
at the same point on the surface are unlikely. The ramification is that polymer
fragmentation can be interpreted as an intramolecular phenomenon.

Because chain fracture is caused by breakup of the surface, fragmentation
processes resemble thermal chemical reactions rather than resulting from the
high- energy processes expected for collision between a keV ion and a polymer
chain. The formalism used considers that a polymer chain undergoes an initial
break randomly along the chain and away from the end-groups. This produces
two radical ends, each of which can fragment farther down the chain. The
fourth assumption is that hydrogen transfer produces neutral fragments that
subsequently cationize by attachment of a silver ion, presumably in the “gas”
phase over the substrate surface. This last assumption has validity, given that
multiply charged ions are rarely observed in TOF-SIMS spectra.

On the basis of the above, one can interpret polymer fragmentation mech-
anisms with a statistical model which assumes that bond breaking along the
chain is random. It also assumes that sufficient energy is available to break
any bond along the chain. Consider a simple linear polymer consisting of
two segments, A and B; the polymer would be .....ABAB(AB)n..... where

TABLE 8.7
Assumptions for Treating Polymer Fragmentation

1. Semi-infinite chains (MW > 50,000)
Terminal groups will not influence spectrum

2. Consider limited chain fracture
A. Primary ion does not strike the polymer chain
B. Chain fracture is caused by collision cascade

3. Chain fracture is an isolated event
A. Low primary ion dose and low surface coverage
B. Intermolecular phenomena not important

4. Chain fracture is a thermal event
A. Single initial break
B. Subsequent break for each part
C. Neutral fragments are produced which cationize
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(AB) is the polymer repeat unit. For example, in polystyrene, A would be
the CH2 group and B the CH–C6H5 group. A polystyrene chain is shown
at the top of Figure 8.14; the white circle is the CH2 group and the dark
circle is the CH–C6H5 group. When the chain fragments initially, two
different radical chain ends are produced, one terminated by CH2• and the
other by •CH–C6H5. Each of these segments can fragment further as shown
by Paths A and B in Figure 8.14, which are of equal probability. Only two
types of chain fragments can be produced by Path A, one having an equal

FIGURE 8.14
Simple statistical model of polymer fragmentation.
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number of CH2 and CH–C6H5 groups, and one having an extra CH2 group.
Path B also produces a fragment with an equal number of CH2 and CH–C6H5

groups and one with an extra CH–C6H5 group (which is the equivalent of
having one too few CH2 groups). Therefore, the probability of producing a
fragment with an equal number of CH2 and CH–C6H5 groups is twice that
of having either of the groups present in excess. This simple statistical model
predicts a three-cluster pattern, with 14 Da internal spacing, and 104 Da
between patterns as shown at the bottom of Figure 8.14. This closely resem-
bles the cluster structure of the PS spectrum in Figure 8.12. 

If one also considers chemical effects, weaker bonds would have a higher
probability of breaking and therefore processes which require breaking of
weaker bonds would be more likely. Also, radicals produced by the initial
chain fracture will have different activities for hydrogen atom extraction,
and therefore will also influence the pattern. Thus, if chemical effects are
operative, one would not necessarily expect to observe the relative intensities
of the peaks within a cluster predicted by statistical cleavage. Also, as one
introduces more bonds into the repeat unit, chemical effects will become
more likely simply because more radical reactions are possible. The reality
of the situation is that both chemical and statistical effects are important. To
some extent the spectra can be interpreted statistically by considering only
fracture of single bonds in the polymer. However, it will become clear that
in some cases this treatment is inadequate and more complicated mecha-
nisms must be considered.

8.4 Homopolymer Spectra

This section will treat the TOF-SIMS spectra of homopolymers taken in the
high mass range, >600 Da. Emphasis will be on interpreting the spectra
using the statistical model presented above, and indicating where it fails
and where chemical considerations become important. The research sur-
veyed will be mainly from our research group along with Benninghoven’s
because we have collaborated extensively in this area for more than a decade.
The specific polymer systems to be surveyed are simple linear polymers
(butadiene, isoprene, isobutylene, ethylene glycol, propylene glycol), substi-
tuted vinyl polymers (styrenes, acrylates, methacrylates), polyesters, polya-
mides, and polysiloxanes. Not all details will be presented; the original
references should be cited for greater detail.

8.4.1 Linear Homopolymers

Linear homopolymers represent the simplest case for studying polymer
fragmentation in SIMS. They have only a limited number of fragmentation
possibilities because all bonds (except for C–H) are backbone bonds.
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The simplest polymer is polyethylene in which all C–C bonds are equivalent
and the C–H bond energy is greater than that of C–C. Thus, one would
expect a monotonically decreasing series of peaks separated by 14 Da, and
such is observed.

8.4.1.1 Polybutadiene 

The C–C bonds are much weaker than the  bonds, so the spectra can
be interpreted by fracture of only C–C single bonds. One complication is
that there are two types of C–C single bonds, CH2–CH2 and 
The spectrum consists of a series of peaks having unequal intensity, but
occurring in a regular pattern as shown in Figure 8.11. Figure 8.15 shows
the two possible pathways for chain fracture of polybutadiene involving
only C–C single bonds.28 In Path A the CH2–CH2 bond breaks, initially pro-
ducing two identical fragments. Each of these can subsequently break as
shown, producing one of three fragments: an even number of repeat units
(Rn); an even number of repeat units plus a CH2 group (+∆), and an even
number of repeat units minus a CH2 group (–∆). In Path B two different
radicals are produced by the initial chain fragmentation and they can each
fragment to produce different chain segments. Path B1 yields Rn , +∆ and
+2∆ (two extra CH2 groups), while Path B2 yields Rn , −∆ and +2∆. If one
assumes equal probabilities for Paths A and B and equal probabilities for
the branching of Path B, the relative intensities of the peaks within a cluster
predicted statistically for Rn:+∆:+2∆:−∆ would be 33:25:17:25. Experimental
values measured for high molecular weight polymers to avoid influence of
end-groups were Rn:+∆:+2∆:−∆ equal to 35:25:20:20. Agreement is quite good,
so one can conclude that fragmentation of polybutadiene is essentially sta-
tistical and involves only fracture of C–C single bonds.

8.4.1.2 Poly(ethylene glycol) 

The C–C and C–O bonds in poly(ethylene glycol)s (PEG) have similar
energies, with the C–C bond energies being slightly larger. Thus one would
expect a PEG spectrum to resemble that of polyethylene, a series of mono-
tonically decreasing peaks approximately 14–16 Da apart. A PEG spectrum
(MW = 100,000) is shown in Figure 8.16. What one actually sees is a pattern
consisting of two intense clusters and a third about half the intensity of the
other two; this repeat pattern continues for the entire spectrum. The relative
intensities of the fragment clusters for PEGs of different molecular weights
are shown in Figure 8.17.

There are only two possible initial chain fragmentation events, scission
of a C–O or a C–C bond; these are shown as Paths A and B, respectively,
in Figure 8.18. Each radical can fragment to yield the same three fragments,
Rn , +∆, and −∆. If only statistical effects are considered, the intensity ratios
of the three peaks should be 1:1:1. However, if fracture of the C–O bond is

C=C

CH2–CH=CH.
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more probable than the C–C bond by a factor of three, the mechanism is
consistent with the observed 2:2:1 ratio.30 However, it seems unlikely that the
observed difference in relative intensities could result from the small difference
in C–C and C–O bond energies (ca. 5 kcal/mole). A more likely reason is
that the difference arises from different reactivities of carbon- and oxygen-
terminated radicals.

FIGURE 8.15 
Fragmentation pathways for polybutadiene.

©2002 CRC Press LLC



8.4.1.3 Methyl Substituted Linear Polymers 

Methyl substitution of PEG or polybutadiene has a dramatic effect on the
high-mass TOF-SIMS spectra. There are two effects: an increase in the number
of peaks in a pattern, and a change in relative cluster intensities. The reasons
for this can be seen from the scheme for fragmentation of poly(propylene
glycol) (PPG) shown in Figure 8.19. Compared with the comparable scheme
for PEG, there are four primary paths that must be considered. Paths A and
B are comparable to those for PEG in Figure 8.18. Path C is for C–O bond
cleavage on the other side of the C–O bond producing radicals different
from those in Path A. Path D corresponds to initial loss of the methyl group
and subsequent chain fracture to yield a terminal olefin (D2). Four clusters
are observed for PPG patterns corresponding to Rn, +∆, +2∆, and −∆. Simple
statistical fragmentation with all paths having equal probability predicts inten-
sities of Rn:+∆:+2∆:−∆ of 8:5:5:6; the observed intensities for high molecular
weight PPGs (MW = 100,000) are 8:5:4:5.30

A similar situation is observed for comparison of poly(butadiene) (PBD)
and poly(isoprene) (PIP).34 Whereas four clusters are observed for a PBD
pattern, five are seen for PIP. The predicted ratio for statistical cleavage of
the PIP chain, Rn:+∆:+2∆:+3∆:−∆, is 8:5:2:3:6; the observed ratio is 8:5:3:3:4 for
a 410,000 MW polymer. The relative intensities of clusters within the patterns
vary significantly depending on the number of repeat units in the pattern.

FIGURE 8.16 
TOF-SIMS spectrum of poly(ethylene glycol), MW = 100,000. (Reprinted with permission from
Ref. 30, Copyright 1994 American Chemical Society)
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For example, for a MW = 410,000 PIP, the Rn cluster accounts for about 35%
of the total pattern intensity for n = 10, but about 50% for n = 17.

8.4.1.4 Cluster Structure 

The distributions of the individual peak intensities within the clusters pro-
vide information about the nature of the species produced by polymer
fragmentation. Consider, for example, the cluster structure for a PIP with
MW = 3000, shown in Figure 8.20. The mass spectrum of each species will
have contributions from the isotopic distributions of carbon (12C, 13C) and
silver (107Ag, 109Ag). The single species spectrum in Figure 8.20C is that
expected for Rn having n = 5. Contrast this with the spectrum in Figure 8.20A
which is observed for PIP 3000. Clearly there are more peaks in Figure 8.20A
than in 20C with the “extra peaks” being at higher mass. This means that
there are species with a higher level of saturation present. By use of linear
least-squares regression analysis, one can demonstrate that three species are
necessary to describe the spectrum in Figure 8.20A, having isotope structures

FIGURE 8.17 
Relative intensities of clusters for poly(ethylene glycols). (Reprinted with permission from Ref.
30, Copyright 1994 American Chemical Society)
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like that of Figure 8.20C. By considering three species such as those shown
below

(8.1)

(8.2)

(8.3)

FIGURE 8.18 
Fragmentation pathways for poly(ethylene glycol). (Reprinted with permission from Ref. 30,
Copyright 1994 American Chemical Society)

CH3–CMe=CHCH2–Rx–CH2CMe=CHCH3

(No extra double bonds)

CH2=CMeCH=CH–Rx–CH2CMe=CHCH3

(One extra double bond)

CH2=CMe–CH=CH–Rx–CH=CMeCH=CH2

(Two extra double bonds)
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one can construct a theoretical spectrum (Figure 8.20B) which matches the
observed spectrum quite well.34 The spectrum in Figure 8.20B was calculated
by assuming 38% of a species like (8.1), 53% like (8.2), and 9% like (8.3). 

This approach was used to demonstrate that the same levels of unsatura-
tion can explain the cluster structure of PBD TOF-SIMS spectra.28 It also
demonstrated that the degrees of unsaturation vary with the cluster, as

FIGURE 8.19 
Fragmentation pathways for poly(propylene glycol). (Reprinted with permission from Ref. 30,
Copyright 1994 American Chemical Society)
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shown in Table 8.8. The theoretical ratios shown in the table were calculated
by assuming that secondary radicals formed in PBD chain fracture would
only abstract a hydrogen atom, but that primary radicals could either abstract
a hydrogen or form a double bond. The agreement is far from perfect (except
for the +∆ species), but the potential of the method is illustrated. Formation
of cyclic species or double bond rearrangements were not accounted for, nor
was the problem of multiple oligomer fragmentation addressed.

FIGURE 8.20 
Cluster structure for polyisoprene. A. Observed spectrum, B. Calculated spectrum, C. Cluster
for a single species. (Reprinted with permission from Ref. 34, Copyright 1996 Springer-Verlag)
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8.4.2 Polystyrenes

The polystyrenes have been studied more extensively than other homopoly-
mer systems and have provided insights into SIMS polymer fragmentation
mechanisms. Therefore, even though they are simple monosubstituted linear
polymers, they will be discussed as a separate class. Segments of the high-
mass spectra of poly(4-methylstyrene) (P4MS) and poly(α-methylstyrene)
(PAMS) are shown in Figure 8.12. The P4MS spectrum is characteristic of
polystyrene (PS) and other styrenes in which methyl groups are substituted
on the phenyl ring; poly(vinylpyridine) has a similar spectrum.42 Clearly,
PAMS is different. P4MS will be discussed as the “typical” example.35

8.4.2.1 Poly(4-methylstyrene) 

The pattern of P4MS consists of five clusters, three strong and two weak.
The three strong ones correspond to Rn, −∆ and +∆; the weaker to +2∆ and
+3∆. The relative intensities of the clusters within a pattern vary with the
size of the pattern, but a typical value for PS with n = 15, for −∆:Rn :+∆:+2∆:+3∆
is 24:30:23:13:10. Methoxy and di-methyl substituted polystyrenes show an
additional peak at −2∆.

The patterns for PS and P4MS can be explained semi-quantitatively by
considering two initial chain-breaking events, fracture of the polymer chain
and loss of a phenyl group, as shown in Figure 8.21.35 Path A produces both
primary and secondary radicals which cleave subsequently to yield only Rn,
+∆ and −∆ fragments in a ratio, −∆:Rn:+∆, of 1:2:1. Path B accounts for the
other two peaks (B-1); path B-2 is redundant with path A-1. Thus the intensities
of the five peaks will be determined by the relative importance of paths A
and B. One should also consider loss of the allylic hydrogen as an initial
chain-breaking event because it is weaker than the other C–H bonds. This
would result in breaking the chain C–C bond, the equivalent to path A. The
nature of the chain ends would be different, but would affect only the
intensity distributions within the clusters, not the relative cluster intensities.

The best way to evaluate the relative cluster intensities for PS and P4MS
is to compare the coefficients for the individual fragments in Figure 8.21,
calculated statistically, with those calculated from observed spectral intensities.

TABLE 8.8

Linear Least-squares Regression Analysis of Species 
Within Fragment Clusters

No. of Unsaturations Theoretical
RatiosCluster 2 1 0

Rn 18 ± 5 60 ± 6 22 ± 5 1:2:1
Rn + ∆ 35 ± 4 34 ± 4 31 ± 3 1:1:1
Rn + 2∆ 52 ± 3 20 ± 4 29 ± 4 2:2:1
Rn − ∆ 77 ± 12 23 ± 12 — 1:1
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It is possible to solve a set of simultaneous equations relating the various
pathways to peak intensities in the SIMS spectra. These are compared in
Table 8.9; the theoretical values are based on equal probabilities of chain
fracture and phenyl loss as the primary event. Remember that A11 and A12 will
be redundant with B21 and B22. The theoretical and experimental values agree
well except for A21 and A22; the former is too small and the latter too large.

FIGURE 8.21 
Fragmentation pathways for polystyrenes. (Reprinted with permission from Ref. 35, Copyright
1992 American Chemical Society)
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This is reflected in the spectrum as a larger than expected intensity for the
+∆ peak. Similar behavior is observed for the substituted polystyrenes. This
represented a puzzle in the original paper;35 however, there is a logical
explanation. Pathway A22 is the only one in the scheme that produces a radical
having a terminal CH2• group. There is considerable evidence (vide infra)
that the second step in the chain cleavage process involves H-atom extrac-
tion by the primary radical. It is quite likely that abstraction of the allylic
hydrogen would be quite efficient, and this would cause cleavage one CH2

group beyond that shown in Figure 8.21 for A21. The net effect would be to
change the product from an Rn fragment to a +∆ fragment. The modified
theoretical coefficients shown in Table 8.9 were calculated using this idea;
they closely match the observed values. The relative cluster intensities do
not vary significantly for PS and P4MS as a function of fragment size. For
chain segments having from 5 to 20 repeat units, there is a small increase in
the relative intensity of Rn at the expense primarily of the +∆ fragment.

The polystyrene data provide evidence that a cyclic intermediate is involved
as part of the chain-breaking mechanism. If one assumes that the kinetics of
polymerization and depolymerization are the same, and that solution and
gas-phase kinetics are governed by the same molecular factors, then one can
apply the relationship:

kcy = AM−γ (8.4)

where kcy is the cyclization rate constant, M is the monomer number, and A
and Y are constants. Normalized plots of cyclization rates vs. monomer num-
ber were found to have slopes between −1.3 and −2.0, depending on the sol-
vent.36 Similar least-squares plots for PS and P4MS SIMS data gave slopes of
−1.62 and −2.32, respectively, in the same range as the solution cyclization data.
These results support the idea that a cyclic intermediate is involved in the
second chain-breaking step rather than simply chain fracture. This is consistent
with allylic hydrogen abstraction as discussed above. Thus it is quite likely, at
least for the polystyrenes, that initial chain fracture produces radicals that then
attack the polymer chain to which they are attached. This interpretation is also

TABLE 8.9

Branching Ratios for Polystyrene Fragmentation

Coefficient
Polystyrene A11 A12 A21 A22 B11 B12

Polystyrene 26 24 3.5 23 13 11
4-Methyl 22 28 1.3 28 12 9
4-Methoxy 29 20 3.2 27 14 5.5
2,4-Dimethyl 31 18 0.0 30 13 7.4
2,5-Dimethyl 30 18 0.0 22 22 8.5
2,6-Dimethyl-4-tert-butyl 29 21 3.0 27 11 8.4
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supported by the lack of intermolecular hydrogen abstraction (vide infra) and
the observation that chain fragments having masses lower than 600–800 Da are
seldom observed for any polymer in TOF-SIMS. 

The cluster structure of P4MS can be explained by the presence of three
species having 0, 1, or 2 double bonds, as was the case for the simple linear
polymers. The relative amounts of the three vary somewhat among the
polystyrenes. The ratios of the number of unsaturations, 2:1:0, averaged for
clusters with n = 5–7, are 26:45:29 for PS, 26:37:37 for P4MS, 39:39:22 for
4-methoxy PS, and 21:37:42 for 2,5-dimethyl PS. The distributions also
vary with fragment size for the different polymers, for example, the ratio
changes to 22:66:12 for n = 12 for P4MS.

8.4.2.2 Poly(αααα-methylstyrene) 

The “oddball” of the polystyrenes is PAMS as can be seen from the spectra
in Figure 8.12. Whereas the reaction schemes shown in Figure 8.21 explain
many aspects of the SIMS spectra of the other polystyrenes, this scheme is
unable to do so for PAMS. The most striking feature of the PAMS spectrum
is that the +∆ peak is greatly reduced in intensity, and significant peaks
appear at −2∆, −3∆, and −4∆. Also, the detailed structure of the clusters
indicates that the species produced mostly have one degree of unsatura-
tion; the 2:1:0 ratio is 9:86:5. A further complication is that the relative
cluster intensities vary significantly with size for fragments with fewer than
12 monomer units. For example, for n = 5 the most intense peak is −∆, for
n = 8 it is −2∆, and for n = 12 it is Rn.

It is not possible to explain the spectra of PAMS using the scheme shown
in Figure 8.21, even considering loss of the α-methyl group as an initial event.
This process produces only Rn and −∆ fragments. By considering loss of the
methyl group as a major initiating event, and rearrangements encountered
in pulse radiolysis studies,37 it is possible to explain the intense Rn and −∆
peaks along with loss of the +∆, +2∆, and +3∆ peaks.35 A little creative organic
chemistry can define possible pathways for producing −2∆ and −3∆, but the
−4∆ peak cannot be accounted for.

8.4.2.3 Hydrogen-Deuterium Exchange 

One important assumption made for interpreting high-mass fragment
TOF-SIMS spectra is that they result from isolated, unimolecular processes.
This requires that reactions between polymer chains be small compared to
reactions within a chain. This premise was tested by studying H-D exchange
between perdeutero-PS (DPS) and perhydro-PS (HPS).38 A 1:1 mixture of DPS
and HPS was used; the polymers had Mn = 4500. 

Specifically, intermolecular H-D exchange was studied for the n = 6–10 Rn

and −∆ fragments.38 The kinds of structures considered and the isotopic
patterns of their SIMS spectra are shown in Figure 8.22. Varying degrees of
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unsaturation and different levels of deuterium exchange both affect the
spectrum and must be considered. Clearly there will be redundancies, e.g.,
structures C and F and A and D. Hence, different degrees of deuterium
substitution and unsaturation will affect relative intensities of the peaks
within a given cluster. The Rn cluster for n = 12, shown in Figure 8.22, will
be a composite of the six spectra shown. 

Obviously, determining whether or not the relative intensities of peaks in
a given cluster have been affected by H-D exchange is a complex problem.
Two different methods were used for this study of fragment ions. First, the
relative peak intensities were measured for a given cluster for both HPS and
DPS alone and the statistical limits for each peak intensity were established.
For example, Figure 8.23 shows the n = 7 Rn cluster pattern for HPS; the

FIGURE 8.22 
Cluster structures for polystyrene from H-D exchange studies. (Reprinted with permission from
Ref. 38, Copyright 1994 American Chemical Society)
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same series was measured for DPS. The HPS and DPS data are shown in
Table 8.10, marked “HPS alone” and “DPS alone,” respectively. Next to these
columns are the relative intensity data for a 50:50 mixture of HPS and DPS
measured at their respective masses, along with their standard deviations.
In the next columns marked “pooled STD” are the pooled variances of HPS,
DPS, and their 50:50 mixtures. The columns labeled “HPS-mixture” and
“DPS-mixture” are the absolute values of the differences between the indi-
vidual polymers and the 50:50 mixture. When the HPS- and DPS-mixture
values were t-tested against their pooled STDs at the 95% confidence level,
no significant difference could be found for any case.

A second method was used to determine if there was a significant difference
between HPS, DPS, and the 50:50 mixture. Linear least-squares regression anal-
ysis was used to correlate the spectra of HPS and DPS with the 50:50 mixture.
The point of maximum correlation was calculated as % HPS and %
DPS. The residuals showed no systematic series of peaks indicating that the
deviations from 50:50 were due to random chance. Therefore, based on two
data analysis methods, one can conclude that there is not a significant amount

FIGURE 8.23 
Polystyrene H-D exchange studies. Cluster pattern for Rn having n ==== 7. (Reprinted with per-
mission from Ref. 38, Copyright 1994 American Chemical Society)

60 4± 40 7±
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of intermolecular hydrogen transfer in polystyrene chain fragmentation. It is
possible that small amounts of H-D exchange could occur and be missed by
the data analysis methods, but this would not amount to more than 5–10%.

Partially deuterated polystyrenes (PS–d3 and PS–d5) were studied by TOF-
SIMS, using regression analysis to determine if intramolecular H-D exchange
occurs in PS.39 PS-d3 has the carbon atoms on the chain deuterated and PS–d5

has its D atoms on the phenyl rings. The exchange of interest is between the
chain and the phenyl ring. This is a complex problem, given that one is dealing
with 0, 1, or 2 unsaturations and a number of possible H-D exchanges.
Analysis of the PS–d5 +∆ cluster structure for n = 7 showed the presence of six
components; these were consistent with the occurrence of at least one H-D
exchange. It was not possible to be more definitive because of redundancies
between 1U + 1E and 2U + 2E, and 0U + 0E and 1U + 2E, where U = unsatur-
ation and E = exchange. This was confirmed by studies on the Rn, +∆ and
−∆ clusters of PS–d3, with evidence supporting an additional exchange, espe-
cially for the species having zero unsaturations. These results are particularly
significant in that they support the idea that intramolecular hydrogen
abstraction plays an important role in polymer chain fragmentation.

8.4.3 Acrylic Polymers 

Acrylics are unsymmetrically substituted polyethylenes which are widely
used and of technological importance. The high mass range spectra of the
acrylics provide valuable insight into the SIMS fragmentation process, so
they will be treated as a separate category. Both methacrylates and acrylates
will be discussed.

8.4.3.1 Methacrylates 

The poly(alkyl methacrylate)s (PAMA) show repeating patterns in the spectral
region 800–4000 Da. Poly(cyclohexyl methacrylate) is a typical example; the
mass region of the TOF-SIMS spectrum from 1000–1600 Da is shown in
Figure 8.24.40 The repeating pattern is complex, consisting of 12 clusters; as

TABLE 8.10

Comparison of Rn Clusters for Individual Components and Mixture

Peak
HPS

Alonea
50/50

Mixturea

σσσσp

(Pooled
STD)

∆∆∆∆actual

(HPS-
Mixture)

DPS
Alonea

50/50
Mixturea

σσσσp

(Pooled
STD)

∆∆∆∆actual

(DPS - 
Mixture)

Rn − 2 12.0 ± 3.7 8.7 ± 1.7 2.9 3.3 14.6 ± 1.2 13.3 ± 6.6 5.1 1.3
Rn − 1 8.0 ± 2.6 6.8 ± 1.8 2.2 1.2 18.3 ± 1.2 15.5 ± 3.5 2.8 1.8
Rn 21.0 ± 3.0 21.6 ± 2.5 2.8 0.6 17.2 ± 2.7 17.1 ± 3.8 3.4 0.1
Rn + 1 14.2 ± 2.2 15.1 ± 3.3 2.8 0.9 18.2 ± 2.8 18.3 ± 3.7 3.4 0.1
Rn + 2 20.4 ± 1.9 21.6 ± 2.7 2.3 0.8 14.9 ± 2.0 15.9 ± 4.0 3.3 1.0
Rn + 3 13.5 ± 2.3 15.7 ± 3.9 3.2 2.2 9.8 ± 2.6 11.5 ± 2.5 2.6 1.7
Rn + 4 10.8 ± 2.1 10.3 ± 2.4 2.2 0.5 7.0 ± 1.7 8.4 ± 2.7 2.3 0.6
a Relative peak intensities.
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for other PAMAs the TOF-SIMS spectrum is a specific fingerprint. The dis-
cussion here will focus on generalities.

All PAMA spectral patterns show clusters at Rn, +∆, +2∆, +3∆, +4∆, and −∆;
these clusters will be referred to as “main-chain fragments” because they
are formed largely independent of the ester group. An illustration of the relative
intensities for PMMAs with small ester R groups is shown in Figure 8.25 for
the methyl (PMMA), ethyl (PEMA), and n-propyl (PnPMA) methacrylates.
The spectra in the figure are arranged so that the peaks from their main-
chain fragments are aligned. The relative intensities of these peaks, normal-
ized to the Rn peak, are amazingly constant as shown in Figure 8.26. Each
fragment intensity was averaged over five different sets of clusters. This
consistency indicates that these chain fragments are formed largely indepen-
dent of the ester group. The major effect of the ester group is to add addi-
tional small clusters between the −∆ and +4∆ peaks as seen in Figure 8.25.
The number of peaks in this region reflects the size of the ester R chain. 

One must consider at least three initial bond-breaking events when formu-
lating a mechanistic pathway for PAMA chain fracture: loss of the ester group,
loss of the main chain methyl group, and fracture of the main chain C–C
bond. These are shown as processes A, B, and C, respectively, in Figure 8.27.

FIGURE 8.24 
TOF-SIMS spectrum of poly(cyclohexyl methacrylate). (Reprinted with permission from Ref. 40,
Copyright 1993 American Chemical Society)
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FIGURE 8.25 
Poly(methacrylate) spectra showing main chain fragments. (Reprinted with permission from
Ref. 40, Copyright 1993 American Chemical Society)
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Path A-1 leads to a terminal olefin and subsequent fragmentation will give
+4∆ and +3∆ fragments. Path A-2 will yield Rn and −∆ fragments. Loss of a
methyl group will also yield a terminal olefin, via B-1, and a radical via B-2
redundant with A-2; both pathways yield Rn and −∆ fragments. Initial fracture
of the main chain will give the usual −∆, Rn, and +∆ fragments; path C-2 is
also redundant with A-2. The three pathways shown account for all of the
main-chain fragments except for +2∆. This fragment can be introduced into
the scheme by considering loss of a formate ester from A-2 and subsequent
fragmentation to yield +2∆ and +3∆.

The scheme in Figure 8.27 can account for the clusters qualitatively, but it
is not possible to use the same semi-quantitative treatment as was done for
the polystyrenes (too many unknowns). However, if one makes assumptions
about the relative importance of the three paths, it is possible to approximate
this treatment. Assume that the major mode of initial scission is path A and
that it accounts for 60% of the intensity. Similarly, assume that path B accounts
for 10% and C for 30%. Assume that for radical A-2, fragments Rn and −∆,
and loss of HCOOR have equal probabilities and that other branches (e.g.,
branching between B-1 and B-2) are 50:50. This would predict that the ratio
−∆:Rn:+2∆:+3∆:+4∆ would be 17.5:25:7.5:10:22:18.40 These values are shown
as the black (predicted) lines in Figure 8.26. Agreement is quite good indicating

FIGURE 8.26 
Comparison of cluster intensities for poly(methactylates). (Reprinted with permission from Ref.
40, Copyright 1993 American Chemical Society)
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that all three processes initiate polymer chain fragmentation, although initial
loss of the ester group is the major one.

The relative intensities of the individual peaks within a cluster are nearly
identical for a given polymer, independent of fragment size. Least-squares
curve fitting showed that four is the minimum number of species contributing
to each cluster, corresponding to completely saturated species, and those
containing one, two, and three rings and/or double bonds. The assumption
was made that all unsaturation in a fragment is on the main chain and not
in the ester group. The relative intensities for the species contributing to a
cluster vary considerably from one polymer to the other, despite the consis-
tency for a given polymer. The variation could not be correlated with simple
structural changes.40

FIGURE 8.27 
Fragmentation pathways for poly(alkylmethacrylates). (Reprinted with permission from Ref. 40,
Copyright 1993 American Chemical Society)
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Two sets of isomeric methacrylates were studied to investigate changes in
spectra caused by variation of the ester R group: the isomeric butyl, and the
C–6 and C–7 methacrylates. Data for four separate patterns were analyzed.
For the butyl polymers, the main-chain fragments, −∆, +∆, +2∆, +3∆, and
+4∆, decreased relative to Rn in the order: n-butyl>i-butyl>s-butyl>t-butyl.
This order is what would be expected qualitatively based on the availability
of hydrogens for secondary cleavage. Thus, as the ester R group becomes
longer, one will see more fragments not having the R group intact. The
second series compared the n-hexyl, cyclohexyl, phenyl, and benzyl esters.
Curiously, the benzyl and cyclohexyl esters were similar and the phenyl
and n-hexyl were similar, but different from the other two. The data are
shown in Table 8.11. What is particularly striking is the decrease in the +3∆
peak for the cyclohexyl ester, relative to the others, and the large −5∆ peaks
for the n-hexyl and phenyl compounds. Thus it would appear that initial
loss of the ester group is less likely for the cyclohexyl derivative.

8.4.3.2 Acrylates 

As might be expected, because of their similarities in structure, the SIMS
spectra of the poly(alkyl acrylates) (PAA)s, are quite similar to those of the
methacrylates. Figure 8.28 compares segments of the spectra of poly(n-butyl
acrylate) and poly(n-butyl methacrylate). One similarity is that both types of
polymers show repeat patterns extending beyond 3500 Da43 with spacings
corresponding to the monomer unit. Second, they both have four species con-
tributing to cluster structure, corresponding to 0, 1, 2, and 3 unsaturations
and/or double bonds. Third, changes in the ester R group affect relative
cluster intensities. 

The relative intensities of the main-chain fragments are different for the
PAAs and PAMAs, as can be seen in Figure 8.28. For example, the +3∆ cluster
is of greater intensity than the +2∆ cluster for all PAMAs, but not for any of
the PAAs. Fragmentation of the PAAs cannot be interpreted as well as the
PAMAs using the scheme in Figure 8.27, with adaptations for the missing
methyl group.43 The scheme would predict five main-chain fragments for
PAAs: −∆, Rn, +∆, +2∆, and +3∆. The other peaks should then be weaker.
Although this may appear to be the case for the n-butyl derivative shown in
Figure 8.28, the relative intensity of the +5∆ cluster is greater than the +4∆
for all other polymers studied.

TABLE 8.11

Relative Intensities of the Isometric C-6 Poly(acrylate) Clusters

–5∆ –∆ nM ∆∆∆∆ 2∆ 3∆ 4∆

Poly(cyclohexyl methacrylate) 39 76 100 56 38 59 48
Poly(benzyl methacrylate) 36 87 100 49 34 98 71
Poly(phenyl methacrylate) 142 114 100 71 73 150 104
Poly(n-hexyl methacrylate) 121 126 100 76 81 134 93
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8.4.3.3 Stereoregularity 

Polymer stereoregularity was observed to have a significant effect on TOF-SIMS
spectra, the best example of which is poly(methyl methacrylate) (PMMA).44

Figure 8.29 shows a comparison of the spectra of isotactic and atactic PMMA.
Clearly the spectra differ; the spectrum of the syndiotactic polymer resembles
that of atactic PMMA. The spectrum of the atactic polymer shows a repeat
pattern of seven clusters per pattern, while the isotactic polymer has only
two clusters per pattern. Even more interesting is that the masses of the
isotactic clusters correspond to an integral number of repeat units plus an
odd mass that is not simply related to chain structure. For example, the more
intense cluster corresponds to Rn + C2H6O, cationized with silver. The pattern

FIGURE 8.28 
Comparison of poly(acrylate) and poly(methacrylate) spectra. (Reprinted with permission from
Ref. 43, Copyright 1994 Elsevier)
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is repeated to high masses as for the atactic polymer. Also, the isotactic
PMMA clusters are composed of mainly one species, while the atactic clus-
ters correspond to four species as discussed above. 

It was shown subsequently45 that the effect of polymer stereoregularity is
related to the double helical structure of PMMA. Thus, while the simple
statistical model is effective for interpreting TOF-SIMS spectra of polymers
having isolated chains, it is not for a polymer having the structure of isotactic
PMMA. The crystal structure of iso-PMMA has acrylate groups rotated
toward the center of the double helix in close proximity to each other. Also,
LB films of iso-PMMA show the double helical structure. Therefore there are
many possibilities for cross-chain reactions in iso-PMMA films deposited on
a surface. A combinatorial spreadsheet analysis was done to determine

FIGURE 8.29 
TOF-SIMS spectra of atactic and isotactic poly(methyl methacrylate). (Reprinted with permis-
sion from Ref. 44, Copyright 1994 Society of Applied Spectrometry)
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which polymer group transfers could account for the observed iso-PMMA
spectrum. It was determined that transfer of a hydrogen from an ester methyl
group to a carbonyl oxygen initiated the process. Subsequent reactions joined
the two chains which then eliminated fragments to give the final product.
This is illustrated in Figure 8.30 for the 1185 Da peak. 

These results for PMMA are particularly important because they demon-
strate that TOF-SIMS spectra can be sensitive to secondary structure. PMMA
is not an isolated case. Similar effects were observed for poly(propylene) and
poly(propylene oxide).44

8.4.4 Other Polymers

The discussion above has laid out the general principles of polymer chain
fragmentation as derived from TOF-SIMS studies, and presented two impor-
tant, illustrative examples: polystyrenes and acrylics. The present section will
deal with studies of other polymer systems, in less detail, to provide an over-
view of other systems that have been studied. Specifically, nylons, polyesters,
and poly(dimethyl siloxanes) will be considered. In addition, polyesters will

FIGURE 8.30 
Proposed interchain ion formation mechanism. See text for details.
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be discussed to illustrate the type of information that can be obtained by
combining TOF-SIMS with limited chemical degradation.

8.4.4.1 Nylons 

This system is included primarily for historical purposes. Nylons were the first
series of polymers studied using TOF-SIMS in the high mass range.46 The
specific nylons studied were nylon-6 (N–6), N–8, N–66, N–69, and N–66(α 6).
The major series of clusters observed for all nylons were Rn fragments, pre-
sumably cyclic; peaks were observed to 2500–3000 Da. Weaker peaks were seen
at every ca. 14 mass units. Spacing between major peaks corresponded to the
repeat unit, and side chains on the nylons remained intact. No studies were
done to compare different molecular weights; this system is worth revisiting.

8.4.4.2 Polyesters 

Two detailed studies have been reported on TOF-SIMS of polyesters. The
first dealt with a series of seven polyesters having approximately the same
molecular weight,47 and the second studied poly(butylene adipate) (PBA)
in greater detail.48

Three series of peaks were observed for polyesters having MWs in the
range 1000–3000: oligomers, repeat unit, and fragment ion series.47 The high-
mass range (600–2000 Da) spectrum of poly(ethylene adipate) is shown in
Figure 8.31. Peaks due to the oligomer and repeat unit series are indicated
as OEA and REA, respectively; REA is the equivalent of Rn in our present
terminology, corresponding to an integral number of repeat units. As can be
seen in Figure 8.31B, weaker series of peaks are also evident. Both OEA and
REA series consist of a single species, based on comparison of calculated and
observed cluster structures. These data are shown for PBA in Figure 8.32. 

It is noteworthy that fragmentation patterns for polyesters differ consid-
erably from those for ethylene-based polymers; namely, the pattern consists
of only two clusters, and each cluster is due primarily to a single species.
This argues for a very different fragmentation mechanism, as was argued
by Montaudo.49 A mechanism which is consistent with the observed spectra
is that fragmentation of polyesters occurs primarily by intramolecular ester
exchange.48 This is shown in Figure 8.33. Such a mechanism is consistent
with FAB studies on polyesters50 and poly(dimethylsiloxanes).51 The reaction
shown in Figure 8.33 produces a cyclic fragment and a smaller linear oligo-
mer; there is no net energy change for this process. This is consistent with
the observation in Figure 8.31 that the lower mass oligomers are in greater
abundance than the higher mass oligomers and that there is a monotonic
decrease in the REA ions. Another argument for the mechanism is that the
ratio REA/OEA increases with increasing polymer MW over the range 14,000–
58,000. As the chain length of the oligomer increases, cyclization can proceed
in a stepwise fashion, increasing the ratio of cyclics to oligomers for a given
molecular size.
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The weaker peaks in the polyester spectra can be explained largely by
hydrogen-transfer reactions via a McLafferty rearrangement.48 Depending
on which side of the ester group contributes the hydrogen, species will occur
at OEA − 18(y2), REA + 18(x2), OEA + 68(y1), and REA – 68(x1). These will account
for the chain cleavages shown in Figure 8.34.

8.4.4.3 Polysiloxanes 

High mass range TOF-SIMS spectra have been studied for three series of
polysiloxanes: poly(dimethylsiloxane)s (PDMS) as a function of molecular
weight, PDMS with different end-groups, and polysiloxanes with different

FIGURE 8.31 
TOF-SIMS spectrum of poly(ethylene adipate). (Reprinted with permission from Ref. 47, Copy-
right 1994 American Chemical Society)
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chain substituents. The high mass range spectra of PDMS are amazingly
similar to those of the polyesters. They consist of two intense clusters per
pattern corresponding to OEA and REA.51 OEA is a linear fragment referred
to as [nR + 14] in the original paper because the end-groups are –CH3

and –(CH3)3Si, which add up to 14 Da more than the repeat unit. Formation
of cyclic species is consistent with the PDMS thermal degradation mech-
anism.52 The ratio of the cyclic fragment increases relative to the linear
fragment with increasing molecular weight, as for the polyesters. The main
difference is that the increase is linear in (MW)2 instead of (MW). Different
end-groups do not dramatically affect the TOF-SIMS spectra in the high-
mass range. Those studied (vide infra) showed the same pair of peaks in a
cluster.

There are two unique aspects of the polysiloxane spectra seen in the
mass range 500–1000. First, polymer fragments cationized with two silver
ions to produce a doubly charged fragment are observed. Figure 8.35A
shows details of the spectrum from PDMS (Mn = 620) showing the REA

species along with the doubly charged cluster and one due to [REA + 16].
The latter is produced by hydrogen transfer from a terminal silylmethyl
group.51 Doubly charged ions such as these are rare events in TOF-SIMS
spectra.

FIGURE 8.32 
Comparison of calculated and observed cluster structures for poly(ethylene adipate). OE is the
oligomer series, RE is a fragment having an integral number of repeat units. (Reprinted with
permission from Ref. 47, Copyright 1994 American Chemical Society)
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A second “oddity” occurs in the spectra of PDMS derivatives substituted
with aminopropyl (APD) or amidopropyl (MPD) terminal groups on both
ends of the polymer chain. A segment of the MPD-terminated PDMS spectrum
is shown in Figure 8.35B. There are two intense clusters present. One corre-
sponds to the Ag-cationized linear oligomer, and the other to a linear frag-
ment formed by loss of the amidopropyl group from an oligomer, but not
cationized by silver. In other words, it has an intrinsic charge. The cluster at
783 Da is due to an impurity, but the clusters at 799 and 835 correspond to
(REA–CH3)

+ and (OEA–CH3)
+, respectively. It is rare to see such a high-mass

fragment having intrinsic charge for a nonfluorinated polymer.

FIGURE 8.33 
Fragmentation of polyesters via intramolecular ester exchange. (Reprinted with permission
from Ref. 48, Copyright 1995 American Chemical Society)

FIGURE 8.34 
Fragmentation of polyesters via mcLafferty rearrangement. (Reprinted with permission from
Ref. 48, Copyright 1995 American Chemical Society)
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PDMS was studied along with polyhydromethylsiloxane (PHMS) and
polymethyl-phenylsiloxane (PMPhS) to investigate the effect of functional
changes, on the siloxane chain, on polysiloxane fragmentation mechanisms.53

Cyclic fragments are observed in the spectra of PDMS and PHMS, but not
for PMPhS; the spectrum of PMPhS shows only linear species. The mecha-
nism proposed for the formation of cyclic fragments in PDMS involves a
four-membered cyclic intermediate. The flexibility of the PDMS chain allows
formation of this intermediate; the situation is similar for PHMS. However,
the chain of PMPhS is more rigid, making it difficult to form the cyclic
intermediate. As a result, loss of a phenyl group and cleavage of the siloxane
chain become the major fragmentation pathways.

(A)

(B)

FIGURE 8.35 
TOF-SIMS spectra of poly(dimethylsiloxane)s having different terminal groups. (A) Trimethyl-
silyl terminated, (B) Amide-propyl terminated. (Reprinted with permission from Ref. 51, Copy-
right 1997 American Chemical Society)
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8.4.4.4 Limited Chemical Reaction

Fragmentation of polymers in TOF-SIMS is complicated by the presence
of multiple oligomers and multiple fragmentation pathways. Also, if poly-
mers are insoluble or highly crosslinked it is often difficult to characterize
them with TOF-SIMS because of solubility limitations, since it is necessary
to deposit polymers as a thin layer on the Ag substrate to obtain a high-
mass spectrum. Therefore it is desirable to combine limited chain cleavage
by a controlled chemical reaction with derivatization to put markers on
the polymer at the place where chain cleavage has occurred. The potential
value of such an approach for polymer analysis is clear from the diagram
shown in Figure 8.36. The structures on the left correspond to polymers

FIGURE 8.36 
Schematic diagram for fragments generated from branched polymers. (Reprinted with permis-
sion from Ref. 47, Copyright 1994 American Chemical Society)
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having different degrees of branching and points of attack of a cleaving/
derivatizing reagent. The structures on the right represent segments of
the chain with the markers added. By using either mass markers or those
with isotopic patterns, it is possible to distinguish between fragments
having 2, 3, 4, or 5 “tags.” This approach was used initially to characterize
polyurethanes.54

A detailed study has been carried out on the reaction of polyesters with two
reaction/derivatizing agents, trifluoroacetic acid (TFA) and chlorodifluoroace-
tic acid (CFA);47 the first is a mass marker, the second an isotopic marker. The
reaction of these reagents with a polyester is shown in Figure 8.37. The reaction
was referred to in the original papers as a transesterification, although
technically it is not. The species produced will have an integral number of
repeat units plus an extra diol; the mass marker is provided by the fluorines
(3,6,9) due to the 19 Da mass of the F atom. The spectrum produced by
the reaction of TFA with poly(ethylene adipate) is shown in Figure 8.38.
The peaks labeled TEA are from chain fragments having two tagged groups
(REA is Rn).

Use of CFA is better for more complex polymers (crosslinked) because it
is easier to spot the isotopic clusters for different levels of chain substitution.
Poly(1,3-butylene adipate) was studied as an example of reaction of CFA
with a branched polymer;47 a segment of the spectrum is shown in Figure 8.39.
The labels C2t, C3t, and C4t correspond to fragments having 2, 3, and 4 CFA
tags, respectively. The calculated isotopic patterns for these three species are
shown at the bottom of Figure 8.39; the measured patterns agreed well. On
this basis, the species are easily distinguishable.

FIGURE 8.37 
Reaction of trifluoroacetic acid with a polyester. (Reprinted with permission from Ref. 47,
Copyright 1994 American Chemical Society)
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Reaction with TFA has also been applied to polyurethanes.48,54 Two types
of fragments are produced, a segment derived only from the ester portion
of the chain, and one containing the polymer hard block (original diisocy-
anate). The reaction scheme is shown in Figure 8.40. This makes TOF-SIMS
a powerful tool for polymer and copolymer characterization because one
can control the level of “fragmentation” chemically. It is also possible to use

FIGURE 8.38 
TOF-SIMS spectrum of poly(ethylene adipate) after treatment with trifluoroacetic acid. (Re-
printed with permission from Ref. 47, Copyright 1994 American Chemical Society)

FIGURE 8.39 
TOF-SIMS spectra of poly(1,3-butylene adipate) treated with chlorodifluoroacetic acid. (A) Mass
range 750–1700 Da. (B) Theoretical patterns for species containing 2, 3, and 4 chlorines. (Reprinted
with permission from Ref. 47, Copyright 1994 American Chemical Society) (Continued)
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reaction with TFA to obtain high-mass fragments from solid polymer samples.
Figure 8.41 shows a TOF-SIMS spectrum obtained from a plastic beverage
bottle by treatment with TFA and subsequent deposition of the solution on
an Ag foil. From the spacing between the peaks, it can be concluded that the
bottle was made from poly(ethylene terphthalate).

FIGURE 8.39 
(Continued)
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FIGURE 8.40 
Reaction of polyurethane[4,4,1] with trifluoroacetic acid. (Reprinted with permission from
Ref. 48, Copyright 1995 American Chemical Society)

FIGURE 8.41 
TOF-SIMS spectrum from a plastic beverage bottle. Reacted with trifluoroacetic acid. (From
Dong, X., Characterization of Polymers by Time of Flight Mass Spectrometry, Ph.D. Thesis,
University of Pittsburgh, 1999.)
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8.5 Copolymer Spectra

As might be expected, high mass range TOF-SIMS spectra of copolymers are
more complicated than those of homopolymers. The level of complexity will
be determined by how many monomers comprise the polymer, their relative
percentages, and whether one is dealing with a random or block copolymer.
In the latter case, the block size will be important; for a 5000 MW polymer,
it is different if one has many small (5 monomer) blocks or a diblock copol-
ymer. Studies in the high mass range have been reported for only a few
copolymer systems. The two most extensively studied are the perfluoropoly-
ethers and the polyurethanes. Another important point to consider involves
the relative ion yields of the components of a copolymer system. If they are
vastly different, quantification will be difficult. To date, there has been little
work reported in this important area.

8.5.1 Polyester Polyurethanes

Two extensive studies of polyester polyurethanes have been reported48,56

along with an earlier study of model polyurethanes made from diols and
diisocyanates.54 TOF-SIMS spectra obtained for all three showed the same
characteristics, but only one study48 was performed on a high resolution
instrument. The results of that study will be discussed in some detail.

The polyester polyurethanes (PE-PUR) were prepared from poly(butylene
adipate) (PBA) and 4,4′-diphenylmethane diisocyanate (MDI), a TOF-SIMS
spectrum for the Mn = 40,000 polymer is shown in Figure 8.42, along with the
polymer structure and fragment masses. Two intense patterns are observed
composed of two clusters which correspond to a fragment from the polyester
chain, RE, and a fragment containing the MDI functionality, AEU. The spacing
between both sets is the mass of the polymer repeat unit, and the mass
difference between the two is the mass of the diisocyanate. Oligomer peaks,
OEA, were also observed but only from low MW (<15,000) materials. The
cluster structures of OEA, REA, and RE showed a singly unsaturated species,
indicating a probable cyclic structure. As was observed for the polyesters,
the oligomer series decreased in intensity relative to the fragment series as
the MW of the polymer increased. 

It is not surprising that fragmentation of the PE-PURs is similar to that of
the polyesters. Cyclization by intramolecular ester exchange is the major
pathway for fragmentation. Thermal degradation of PURs is known to occur
by cyclization and ester exchange.57 The earlier study of PURs56 showed the
same two major series for a collection of 24 PURs along with lower intensity
fragment-ion peaks which corresponded to RE + RU + CO, RE + RU + O, and
RE + RU + CO + O for some PURs. These simply represent cleavage of different
bonds in the urethane functionality. Because the spectra in that study were
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not high resolution, it is not possible to tell the number of contributing
species. Studies on 12 model PURs made from diols and diisocyanates
showed similar behavior; the major series consisted of peaks due to oligo-
mers and repeat units.54 Peaks due to fragmentation were observed, but at
lower intensity. 

An interesting sidelight of one of the earlier studies concerned identifica-
tion of unknown extenders in PURs based on polycaprolactones.56 PURs
having unknown extender alcohols and different number-average molecular
weights were examined. The unknown alcohols are part of the BEU fragments,
so their masses can be calculated from these peaks after accounting for
the known parts of the BEU fragments. For example, one PUR showed a
Na-cationized peak at 749 Da. Subtracting the masses of the urethane
(252), caprolactone (114), and sodium (23) gave a remainder of 132 which
corresponds to the mass of trimethylolpropane.

FIGURE 8.42 
TOF-SIMS spectrum of polyurethane[4,4,1]. Polyurethane structure is shown below the spec-
trum. (Reprinted with permission from Ref. 48, Copyright 1995 American Chemical Society)
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8.5.2 Polyether Polyurethanes 

Materials studied were prepared from polyethers and diisocyanates; both
branched and linear polyethers were studied.58 The important characteristic
of the TOF-SIMS spectra of these materials is that the oligomer distribution
of the polyether is reflected in the spectra of the PURs. Figure 8.43 shows
the TOF-SIMS spectra of two PURs. Both polymers have poly(propylene
glycol) (PPG) as the soft block; PUR B was prepared with 1,6 hexamethyl-
enediisocyanate (HX) and PUR D was prepared using toluene-2,4-diisocy-
anate (TDI). The patterns of peak distributions can be seen in the spectra
and are related to the oligomer distribution of the original PPG. Fragment
ion spectra indicate that fragmentation in polyether PURs is not random,
but that bond cleavage occurs such that the glycol molecular weight distri-
bution is maintained after chain fragmentation. This is consistent with earlier
studies which indicate that cleavage in PURs occurs primarily around the
urethane bond. This will be discussed in detail below. 

Figure 8.44 shows spectra of PUR A, prepared from a PPG having Mn =
425 and 4,4′-diphenylmethane diisoocyanate (MDI). The PUR structure is

FIGURE 8.43 
TOF-SIMS spectra of polyether polyurethanes having poly(propylene glycol) soft blocks. A. 1,6
Hexamethylenediisocyanate hard block, B. Toluene-2,4-diisocyanate hard block.
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shown below:

If fragmentation involves only the urethane group, one would expect sets
of peaks for various combinations of n and m. The smallest of these should
be due to cleavage of the PPG units alone from either end of the molecule;
these would correspond to m = 0. This is observed in the region below 500 Da
where three sets of peaks occur, all due to PPG species cationized with Na.
The peaks labeled (o) are due to PPG oligomers with n = 4–17 and nmax = 7.
The original PPG also had nmax = 7. The most intense set of peaks (✳) is for
n =  4 –13 and nmax = 7 and corresponds to PPG minus two hydrogens. Because
the spectra were run under low resolution, no additional structural infor-
mation is available. The third set (•) is presumably due to formation of cyclic
ethers and has n = 5–12 and nmax = 7.

There are four additional sets of regularly occurring patterns in the region
from 500–3000 Da, corresponding to different combinations of PPG and MDI
blocks. These are summarized in Table 8.12. The most intense set in Figure 8.42,
centered at 755 Da (�) is due to fragments consisting of one MDI and

FIGURE 8.44 
TOF-SIMS spectrum of a polyether polyurethane. See text for details.
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different numbers of PPG oligomers. The two sets, centered at 1121 (▲) and
1313 Da (■), contain two PPG blocks and different numbers of MDIs. This is
shown by the same range of n values and the same nmax. The series centered
around 1929 Da (�) must contain three PPG blocks, consistent with the n
values observed. Using higher molecular weight PPGs and MDI gave similar
spectra, although they are more strung out because of the larger oligomer
distributions. All of the series listed in Table 8.12 are not seen because of
mass limitations of the SIMS experiment.

Copolyglycol PURs also show patterns in their mass spectra, but they are
not as readily apparent. Figure 8.45 shows the TOF-SIMS spectrum of the
copolyglycol derived from PEG, PPG, and MDI. Although not readily appar-
ent, oligomer peaks are seen for both PEG and PPG. Series for the PUR

TABLE 8.12

Origin of Patterns in PPG-MDI Polyurethane Spectra

Blocks m n nmax Mass Max

PPG-MDI 1 2–17 8 755
(PPG)2-MDI 1 10–22 14 1121
(PPG)2(MDI)2 2 7–25 13 1313
(PPG)3-(MDI)2 2 15–30 19 1929

FIGURE 8.45 
TOF-SIMS spectrum of a copolyglycol polyurethane. Derived from poly(ethylene glycol),
poly(propylene glycol), and MDI.
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correspond to species (PPG)n (PEG)m(MDI)x; those observed were for x = 0,1
and n and m equal to one or two times the normal oligomer distributions.

8.5.3 Perfluorinated Polyethers 

This interesting series of polymers has been studied by a number of workers.
Although most of the work has been reported for the Krytoxes (DuPont), some
work has been done on perfluorinated polyether (PFPE) copolymers. Thus they
are included in this section. The SIMS behavior of PFPEs is unique in several
ways. The PFPEs have high yields of both positive and negative ions and have
fragment ion peaks extending to higher mass than for most polymers, to more
than ca. 5000 Da. Another interesting feature is that the spectra are derived
from species having intrinsic charge, i.e., cationization is not essential to observe
fragment ions. However, when oligomer distributions are observed, the spectra
correspond to Ag-cationized species. Additionally, the PFPEs show high yields
of metastable ions, particularly in their positive-ion spectra.

Most of the work reported for PFPEs has been done on the Krytoxes, their
structure is shown below (1). A typical Fomblin (Montedison) copolymer is
also shown (2). Other PFPEs, derived from common polyethers, have also
been studied.60

Figure 8.46 shows a segment of the high-mass, positive-ion, TOF SIMS
spectrum of Krytox AD.23 Similar spectra were reported later;9 in addition,
SIMS and PDMS measurements have been compared for PFPEs and other
polymers.61 The earliest study23 reported more peaks in the Krytox spectra
than later results, due primarily to differences in experimental conditions.
To further complicate matters, the nomenclature used also changed. In all
studies, however, the same major peaks were observed and the origin of
these peaks is indicated in Table 8.13. We will adopt the nomenclature used
in the latest study.9

The intense peaks in the Krytox spectra are derived from carbonium ions
produced either by single or double cleavage of the polymer chain. The major
peak corresponds to cleavage and charge-retention at the CF2–O bond (C)
which is preferred to breaking the CF–CF2 bond which produces fragment
D. The intensity ratio of the fragments, C/D, is greater than unity, but
decreases with increasing mass due to metastable ion formation (vide infra).
Ions A and B are probably formed by double chain cleavage, similarly to the
fragments observed for most polymers. A significant number of weaker
ions were reported in the first study;23 the greater degree of fragmentation
reflects the use of a different type of TOF-SIMS instrument.

CF2CF3
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F CF CF2O
n
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Figure 8.47 shows a section of the negative-ion spectrum of Krytox AD;23

this spectrum is essentially the same as those reported in later studies.9,31,60

Table 8.13 summarizes the interpretation of major peaks in the negative-ion
spectra; the various nomenclatures are reviewed. The peaks all correspond
to species which are oxyanions, mostly derived from a single chain cleavage.
As with the positive-ion spectra, chain cleavage and resulting ion formation
is unsymmetrical. Retention of charge on an oxygen adjacent to a primary
carbon occurs at greater probability than for a secondary carbon. This effect
has been studied in some detail60 and is related to the mechanism of negative
ion formation. The authors present a compelling argument that anion for-
mation in the PFPEs results from one-step dissociative electron capture at
the ether oxygens to produce the major peaks (E,F) in the SIMS spectra.
They demonstrate that for PFPEs, which are symmetrical about the ether
bond, the peak intensities are comparable, but they are not unsymmetrical
ethers (Krytoxes). They also indicate that minor peaks can be derived from
dissociative electron capture to produce fluoride ions with subsequent ion-
ization caused by secondary electron capture. An example is that peak G for
Krytox AD would be derived from an acyl fluoride; the structure is shown
in Table 8.13.

FIGURE 8.46 
Positive-ion TOF-SIMS spectrum of Krytox AD. (Reprinted with permission from Ref. 23,
Copyright 1990 American Chemical Society)
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Figure 8.48 shows the negative-ion spectrum obtained from Fomblin Z.
Fomblin Z is an AB random copolymer (2) with m/n ca. 4/6. Needless to
say, the spectrum is more complex than those of the Krytoxes. It is possible
to interpret these spectra based on the assumption of complete randomness
of the blocks and totally random cleavage of the C–O bonds.23,60 A sup-
porting argument is that in the more recent study,60 it was possible to sim-
ulate the Fomblin Z spectrum using a statistical model. It is particularly
interesting to contrast results for the Fomblin Z with those for PFP dioxolane,
which has similar units: CF3–O–(CF2CF2–O–CF2–O)n–CF3; they are entirely
different.

The relationships between high mass fragments, the number average
molecular weight, and composition of PFPEs has been studied by TOF-MS.31

TABLE 8.13

Structures of Major Ions in Krytox Spectra

Krytox
AD

Positive Ions
Nomenclature

Formula Ion Structure Ref. (9) Ref. (23)

RnC3F7O
�CF2O-Rn-CF2CF3 D D-1

RnC3F7 C E

RnC3F6 B I

RnC2F4 A H
Negative Ions

Nomenclature
Formula Ion Structure Ref. (9) Ref. (23) Ref. (31)

RnF E D-2

RnC2F5O F N

RnC3F6O
G

G-3

F –
CF3

CF CF2 O
–CF2 CF3

CF3

F – Rn–CFCF2
�

CF3

Rn CF CF �

CF3

Rn–CF�

CF3

F–Rn–CF CF2O � R0
–

CF3

O CF CF�

2O – RnCF2CF3
R1

–

CF3

O–R�

nCF CF2
I2

–
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A linear, quantitative relationship exists between relative peak intensities for
the PFPEs and their molecular weights. This method appears to be superior
to measuring oligomer distributions. High mass fragments in the negative-ion
spectrum were used because the quantitative relationships are better for neg-
ative-ion spectra, there are fewer peaks for each pattern, and there is no
interference from cationized oligomer spectra. The peaks chosen were E and
G in Table 8.13. Peak E results from a single-chain cleavage and therefore
contains an end-group; peak G does not contain an end-group and represents
a true chain segment. A linear relationship was observed between the G/E
intensity ratio and the number-average of monomer units. The PFPEs are a
particularly good choice for this type of analysis and may represent a special
case because they give large fragment ions without cationization. 

Both positive- and negative-ion Krytox fragment-ion spectra show peaks due
to metastable ions when recorded in the reflectron mode.9 The greater stability
of the negative ions is indicated by their occurrence to more than 5000 Da,
whereas positive ions are observed to only mass 2500. The relative ion stabilities
are most apparent for spectra recorded in the linear mode. Figure 8.49 shows
spectra of Krytox AD recorded in the range of 800–1200 Da. In the linear mode
the parent and metastable ions are separated by different flight times caused
by the postacceleration gap. Because the negative ions are derived from a single

FIGURE 8.47 
Negative-ion TOF-SIMS spectrum of Krytox AD. (Reprinted with permission from Ref. 23,
Copyright 1990 American Chemical Society)
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fragmentation step, the parent and daughter ions are not much different in mass
and therefore the major peaks in the negative-ion spectrum (Figure 8.49a)
are due only to parent ions.

However, in the positive-ion spectrum (Figure 8.49b) the metastable ions
appear as a broad peak (shown with shading) ahead of the parent ion. The
shape of the metastable peaks is Gaussian, indicating that many different
fragment ions are formed, some small and others large, characteristic of
multiple fragmentation processes. Another interesting feature is that the
intensity ratio of parent to daughter ions decreases as the mass of the parent
ion increases. This effect is shown by the top curve (•) in Figure 8.50, which
plots the relative ion yield as a function of mass. From this, one can calculate
the lifetimes of the parent ions; the calculated lifetimes for the different
parent ions are shown at the bottom in Figure 8.50 (o). It is clear that the
lifetimes are independent of the mass of the parent ion. The measured
lifetimes were 17 µsec for the positive ions and 79 µsec for the negative
ions. The shorter lifetimes for the positive ions explain why the intensity
ratios of parent to daughter change with mass. The lifetimes of the metastable
ions are on the order of the time required to traverse the flight tube. Because
the positive ions have shorter half-lives, at any given mass they will show

FIGURE 8.48 
Positive-ion TOF-SIMS spectrum of Fomblin Z copolymer. (Reprinted with permission from
Ref. 23, Copyright 1990 American Chemical Society)
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more decay than the negative ions. In a way, the positive ion lifetimes are
optimum for observing metastable ions in TOF-SIMS. If the half-life is much
shorter, decay will occur before extraction into the flight tube. If ions are
more stable, they will pass through the flight tube before significant decom-
position occurs.

FIGURE 8.49 
TOF-SIMS spectra of Krytox taken in the linear mode. A. Negative-ion spectrum, B. Positive-
ion spectrum. (Reprinted with permission from Ref. 9, Copyright 1993 American Chemical
Society)
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9.1 Introduction

Lasers have revolutionized mass spectrometry. Nowhere is this more true than
in Fourier transform mass spectrometry (FTMS), also commonly known as
Fourier transform ion cyclotron resonance (FTICR). A recent comprehensive
review1 includes, among other topics, discussion of the uses of pulsed lasers
with FTMS. A Fourier transform mass spectrometer, unlike most other mass
spectrometers, traps ions within the confines of a magnetic (or electromag-
netic) field. Ions undergo a cyclotron motion that keeps them orbiting in small
circular paths that are perpendicular to the magnetic field (Figure 9.1). Without
some type of constraint, the ions would eventually spiral out of the ends of
the magnet. To prevent this, electrostatic potentials are applied to trapping
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plates on opposite ends of the analysis cell—positive potentials to trap positive
ions and negative potentials to trap negative ions (like charges repel one
another). For analysis, a frequency-swept excitation is applied to transmission
plates on opposite ends of the cell. As the orbiting ions become in phase
with the applied excitation, they absorb the energy and accelerate to higher
overall radii. By careful application of the applied excitation, ion ensembles
can be made to orbit near the inner edges of the cell without contacting cell
plates and subsequently being neutralized. The phase-coherent ion packets
then induce an image current onto all plates, including oppositely positioned
detection plates. A sinusoidal image current is produced that exactly matches
the frequency characteristics of the ions. For complex samples such as poly-
mers, a complicated transient response results, which damps out as a func-
tion of collisions that leads to loss of phase-coherence. The image current
signal is amplified and digitized, followed by Fourier transformation to yield
the individual ion frequencies that comprise the signal. When combined with
calibration, using known standards relating frequency-to-mass, the result is
the simultaneous accurate detection of the masses of the types of ions
present. The exceptionally high resolving capabilities of this method result
from the ability to trap and observe ions for long enough periods to measure
their frequencies with extremely high accuracy. An additional advantage of
the method is that it is nondestructive.

Lasers have provided a convenient means to create gas phase ions from
nonvolatile substances. In this chapter, application of lasers to FTMS for
polymer analysis will be considered. The earliest combination of direct
laser desorption and laser ablation techniques with FTMS will be discussed
first. Moving on from that topic, the impact of matrix-assisted laser desorption/
ionization (MALDI) on FTMS will be addressed, with particular emphasis

FIGURE 9.1
Diagram of FTMS cubic cell showing electrodes and their function.
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on its capability to permit unprecedented high mass analysis with minimal
fragmentation owing to its “soft-ionization” nature. Next, the complemen-
tary high mass analysis method of electrospray ionization will be briefly
considered along with its impact on polymer analysis by FTMS. Because
FTMS, in common with all mass spectrometric analysis methods, is subject
to possible mass discrimination effects, this issue is examined in a separate
section. Following this, the use of quadrupolar excitation to allow very
efficient mass selection for FTMS analysis of polymers is discussed. Appli-
cations of laser FTMS methods to polymer and polymer additives analysis
are also considered. Finally, the current status of techniques for end-group
determination and other polymer structure analysis questions is addressed.
In this regard, the future of polymer analysis by FTMS is very exciting.
Because FTMS works by separating ions in time rather than in space
such as quadrupole, sector, or TOF instruments, there is theoretically no
limit to the number of individual ion manipulation events that may be
employed for structure analysis by multiple stage mass spectrometry
experiments (MSn).

9.2 Laser Desorption (LD)

Laser desorption Fourier transform mass spectrometry (LD-FTMS) yielded
some impressive early results, following its introduction by McCrery et al.2

Direct laser desorption using a pulsed CO2 laser and a 3-Tesla superconduct-
ing magnet became the de facto standard for early polymer analysis applica-
tions. Wilkins and co-workers were one of the first research groups to see
the potential of FTMS for high mass applications. In one of the earliest papers
on the subject, Wilkins and co-workers3 combined a Nicolet FTMS-1000
instrument with a Tachisto 215G pulsed TEA CO2 laser using a 40-ns pulse
at 10.6 µm. Their first paper showed a LD-FTMS spectrum of poly(ethylene
glycol) with an average molecular weight of 3350. The use of negative ion
modes was also demonstrated with a spectrum of a polyperfluorinated ether,
Krytox 16140, where oligomer ions were observed up to m/z 7000, the
highest mass molecular ion ever observed by FTMS. Figure 9.2 is the original
Krytox 16140 negative ion spectrum. These encouraging results revealed the
potential of FTMS for high mass analysis and also the need for “soft” ion-
ization sources capable of delivering intact molecular ions into the gas phase.

The following year, 1986, Brown et al.4 published a follow-up paper on
polymer analysis. They found that the majority of undoped polymers readily
attached sodium or potassium cations, presumably introduced during sample
synthesis or preparation, and that these molecular ion species could be pro-
duced with little fragmentation. Performance was investigated using a series
of poly(ethylene glycol) samples. The results of investigating PEG 1450, PEG
3350, and PEG 6000 lead to some general conclusions. First, it was necessary
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to modify excitation and detection electronics to bypass the 3000 Da mass limit
of the commercial system. Second, as theory dictates, resolution is inversely
proportional to mass, leading to decreased mass resolving power at higher
m/z. In fact, unit mass resolution was only achievable to m/z 2000 with the

FIGURE 9.2
(A) Negative ion laser desorption FT mass spectrum of Krytox 16140. (B) High mass region
Krytox 16140 taken with narrower bandwidth to show ions extending to m/z 7000. (Reproduced
from ref. 3 with permission of the copyright holder)
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3-T system. Other polymers examined were poly(ethylenimine) (PEI) 600
and 1200, poly(ethylene glycol methyl ether) (PEGME) 5000, poly(caprolac-
tone diol) 2000, poly(propylene glycol) (PPG) 4000, and poly(styrene) 2000.
Because of the inherent decrease in resolving power as m/z increases, inte-
gration of the spectral peak area for all isotopes for each oligomer species
was done, as well as mass correcting for the attached cation. Both number
and weight averages were calculated and shown to be in reasonable agree-
ment with both manufacturers’ specifications and also the samples analyzed
by other mass spectral techniques.

In a chapter partially devoted to polymer work, Brown and Wilkins5 opti-
mized the analysis of a poly(ethylene glycol) sample of PEG 3350. Unit mass
resolution was extended to almost m/z 4000, and resolution of 7,500 was
achieved for m/z 3000. The spectrum of a combined mixture of PEG 1450 and
PEG 3350 demonstrated resolving power of 15,000 for ions with m/z 1500.
A plot of resolution vs. mass showed the predicted linear loss of resolving
power with increasing mass.

At about the same time, results of several other LD-FTMS studies done in
collaboration with scientists at Nicolet Analytical Instruments (the first com-
mercial producers of FTMS systems) began to appear. Brown et al.6 examined
poly(p-phenylene) (PPP), a polymer that is popular because of its qualities
of thermal stability and resistance to oxidation and radiation. Because of
the synthetic routes employed, different procedures produced PPPs with
somewhat different physical properties and colors. LD-FTMS was chosen as
the technique for analysis based upon its ability to produce molecular ions
of intact polymer chains with better than unit mass resolution. Four prepa-
rations yielded different average molecular weights as well as varying repeat
units. Halogenation of these materials was assessed, as well as the proposed
synthetic mechanisms. A follow-up paper on the subject by Brown et al.7

examined in more detail the formation of PPPs by polymerization of ben-
zene, by polymerization of biphenyl, and by polymerization of terphenyl.
These authors also attempted to correlate stabilization of charge with the
appearance of negative or positive ion spectra of the PPPs. Furthering their
previous work on PPPs, Brown et al.8 investigated analysis of several het-
erocyclic aromatic polymers such as poly(1-methyl-2,5-pyrrolylene), poly(1-
phenyl-2,5-pyrrolylene), poly(2,5-thienylene), and poly(2,5-selenienylene).
These polymers would provide meaningful comparisons of electrical con-
ductivity.9 The investigation of several related polymers of PPPs was continued
by Brown et al.,10 extending their investigations to poly(phenylene sulfide),
polyaniline, poly(vinyl phenol), polypyrene, and several others. Among their
findings were evidence that carbon clusters with high mass formed during
infrared laser desorption, as well as experimental evidence that some poly-
mers fragment during the data acquisition period. Later, So and Wilkins
established that singly charged, even-numbered positive cluster ions up to
C-600 could be observed by pulsed infrared laser desorption of benzene
soot.11
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There was still considerable interest in coupling alternative ionization
sources to FTMS. Infrared laser desorption was an emerging technique having
been compared to other techniques such as field desorption (FD), plasma
desorption (PD), electrohydrodynamic ionization (EH), fast-atom bombard-
ment (FAB), and secondary ion mass spectrometry (SIMS).12,13 The compar-
isons were done by sector-based instrumentation. Nuwaysir and Wilkins14

examined alkoxylated pyrazole and hydrazine polymers in the weight range
between 600 and 1300. Using LD-FTMS, spectra were found to contain more
regular polymer distributions, fewer fragment ions, and less mass discrim-
ination when compared with analyses by FAB and SIMS ionization published
earlier.15

A significant advancement in performance occurred by the introduction
of a higher field (7.2 T) superconducting magnet.16 A Nicolet FTMS-2000
mass spectrometer equipped with dual cubic cells, an autoprobe, and a
Tachisto 215 CO2 laser demonstrated the improved results that could be
obtained by such a system. When spectra of PEG 8000 were obtained by
averaging fifty individual laser shots acquired in direct mode, they showed
oligomer ions extending up to m/z 9700, setting a new high mass record for
direct LD-FTMS of polymers. In other experiments where ion populations
were controlled by ejecting ions, resolving power of 160,000 was achieved
for m/z 3200 ions from PEG 3350, and resolving power of 60,000 for m/z
5922 ion from PPG 4000 (Figure 9.3). These results are impressive even by
today’s standards.

Partially as a result of these early studies, there was growing interest from
the polymer community to see the analysis of complex examples of polymer
systems rather than the standard polar homopolymers such as poly(ethylene
glycol), which had been investigated first. This was partially addressed
through collaborative efforts of academic scientists with industry (see the
industrial applications section later in the chapter). Nuwaysir et al.17 examined
copolymer systems of methylmethacrylate/butylacrylate (MMA/BA), meth-
ylmethacrylate/styrene (MMA/STY), and poly(ethylene glycol)/poly(pro-
pylene glycol) (PEG/PPG). In addition to calculating number and weight
averages, mass spectra were analyzed to estimate copolymer monomer con-
tributions and compared with manufacturer feed ratios. All results were run
in parallel with gel permeation chromatography (GPC) and the results com-
pared. Also, the work discussed possible discrimination effects of ion transfer
to the analyzer cell through the conductance limiting plate separating the
source and analyzer cells. Readers were cautioned that trapping polymers
in an analysis cell is a time dependent event, and that substantial variations
in the calculated molecular weight could arise. Kahr and Wilkins18 investi-
gated nonpolar hydrocarbon polymers by LD-FTMS using silver cationiza-
tion as a method for obtaining useful spectra of polystyrene, polyisoprene,
polybutadiene, and polyethylene. Using a 7-T FTMS-2000 system, they were
able to obtain completely resolved polymer spectra ranging in mass from
400 to 6000 Da with better than 12 ppm mass accuracy. Results were com-
pared with manufacturer’s GPC data.
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9.3 Laser Ablation

Laser ablation uses higher laser power densities and smaller spot sizes than
direct laser desorption. The outcome is intense, focused ablation of the sam-
ple surface resulting in the formation of craters on the sample probe. Besides
providing analytically useful “fingerprint” information about materials, it is
of interest in the semiconductor and electronics industries. Its coupling with
the high resolution and trapping capabilities of FTMS make it of particular
interest to companies such as IBM, whose scientists produced a series of
papers on the topic. Creasy and Brenna19 used 266 nm radiation from a
Nd:YAG with a pulse length of 10 ns to ablate polyimide and graphite
surfaces. The microprobe optical system used allowed for illumination and
viewing of the sample in the magnetic solenoid, and the use of a 75-mm lens
inside the vacuum chamber provided a minimum spot size of 5–8 µm. The
mass spectra from polyimide show high-mass, even-carbon-number cluster
ions. By measuring the size of the craters formed, it is possible to estimate

FIGURE 9.3
A portion of the high-resolution laser desorption FT mass spectrum of poly(propylene glycol)
4000 between m/z 5500 and m/z 6000. Average resolving power is 60,000. (Reproduced from
ref. 16 with permission of the copyright holder)
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the amount of ablated material, plasma particle densities, and ultimately to
compare with theories on the formation of clusters.

Creasy and Brenna20 continued their previous work by examining a copol-
ymer of ethylene and tetrafluoroethylene (ETFE), polyphenylene sulfide
(PPS), and a diamond-like carbon film (DLC). Ablation of these samples gave
comparison information on the formation of fullerenes in the presence of H,
S, and F atoms. In the case of ETFE, a large  peak was observed in the
spectra, which showed a strong dependence on the number of laser pulses
and laser power density.

These workers also investigated eight industrially important high-mass poly-
mers by laser microprobe FTICR. These polymers included PEG 8000,
poly(phenylene sulfide) (MW 1.0 × 106), poly(vinyl acetate) (MW 6.4 × 104),
poly(styrene) (MW 2.5 × 106), PMMA (MW 4.6 × 104), poly(vinyl chloride)
(3.7 × 104), poly(acrylonitrile) (MW 2.3 × 104), and poly(dimethylsiloxane)
(MW 4.4 × 104). Brenna and Creasy21 posed the question of whether broad-
band UV laser microprobe FTICR could be used to identify these polymers,
and they also wanted to compare spectra with the more widely used TOF laser
microprobe mass spectrometry (LAMMA). Results include the observation
of odd-mass ions, carbon clustering (Figure 9.4), stable subunit condensation,

FIGURE 9.4
Positive ion mass spectrum of poly(phenylene sulfide) showing high-mass carbon cluster ions
starting at C60 and extending past C400. (Reproduced from ref. 21 with permission of the copy-
right holder)

C60+
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and structurally significant negative ions in some cases. According to these
workers, “data conclusively demonstrate disparities in ionic product distri-
butions and therefore formation mechanisms for LAMMS based on TOF and
FTICR. While positive-ion formation from both techniques is complex,
FTICR spectra appear to be more sensitive to the original polymer structure
than do literature TOF spectra.”

The effect of gold particles on plasma-polymerized fluorocarbon films was
examined by Creasy et al.22 Laser ablation of gold-containing films produced
ions that were similar to those formed in pyrolysis. This observation suggests
that gold particles absorb energy, conductively heat the polymer, and affect
the mechanism of the ablation.

9.4 Matrix-Assisted Laser Desorption/
Ionization (MALDI)

Recently, there has been significant interest in application of MALDI to many
mass spectral techniques. The coupling of MALDI with FTMS is no exception.
It is trivial, in most cases, to prepare polymer samples for MALDI analysis,
requiring only a compatible solvent system that can dissolve both the analyte
and matrix and a method for applying the solution to the sample probe tip.
When a laser beam is impinged upon the probe tip, the matrix can preferen-
tially absorb the laser energy and be ejected into the gas phase, taking along
the analyte, which is typically co-crystallized in molar ratios ranging from
1:1 to 10000:1 (matrix:analyte). What makes MALDI work so well is the
matching of the matrix absorption characteristics to the wavelength of the
laser available. Because the ultraviolet was the first region of the spectrum
to be examined, many combinations of matrices with popular UV laser sys-
tems (e.g., excimer, nitrogen, YAG) exist. Though the mechanisms are not
fully understood, a small percentage of the analyte is ionized, allowing for
its further manipulation and detection by mass spectrometry. Polymers
almost exclusively undergo cation attachment in the gas phase. Undoped
sample solutions make use of alkali salts left over from the original synthesis,
or which arise as small impurities from solvents or matrix preparations. The
most common observations are those of Na+ or K+ attachment to the polymer.
In recent modeling studies, polar polymers have been shown to coordinate
alkali salts to available oxygen sites along the polymer backbone. These
theories are leading to study of polymer conformations in the gas phase.

Castoro et al.23 were the first group to successfully couple internal MALDI
generation for high-mass analysis by FTMS and show the extended mass range
that is now available using this “soft” ionization technique. Using 355 nm
radiation from an excimer-pumped dye laser for desorption/ionization and
sinapinic acid as matrix, they successfully trapped MALDI ions from a PEG
10000 sample with masses as high as 14000 Da (Figure 9.5). They employed
the gated trapping technique in which, prior to firing the laser, the source
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trapping plate is set to ground potential and the rear-most trapping plate is
set to its highest value, typically 10 volts, setting up a decelerating field within
the analysis cell. After firing the laser and waiting a fixed amount of time
for ion transit (50 to 300 µs), the electrostatic trap is closed and the polymer
ions remain trapped. This method has become the standard practice for trap-
ping MALDI generated ions in FTMS instruments; MALDI-generated matrix
and analyte ions are ejected with significant velocities and kinetic energies that
scale with mass. The theory of gated trapping has been eloquently described
by Knobeler and Wanczek.24

In some recent work, Easterling et al.25 have built a 4.7 Tesla internal
MALDI-FTICR instrument. The authors acknowledge that ion introduction
into the homogeneous region of the magnetic field is simplified when ions
are formed in the vicinity of the cell; this eliminates the need for additional
ion lenses, multipole devices, or wire guides. Using other instrument mod-
ifications such as an open-ended cylindrical cell with capacitive coupling
and an internal preamplifier, they demonstrate high performance analysis
of singly charged molecular ions in the 1000 to 10000 Da range. Spectra are
shown for PEG 8000 and PEG 4600. The authors propose that, because the
linear flight space between end electrodes is tripled over that of most cubic

FIGURE 9.5
Matrix-assisted laser desorption/ionization FT mass spectrum of PEG 10000. (Reproduced from
ref. 23 with permission of the copyright holder)
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cells, there is less mass discrimination in their case, using an open ended
cylindrical cell over the conventional cubic cell design. The discrimination
issue that affects overall molecular weight distribution calculations will be
discussed further in the mass discrimination section.

The other method for introduction of ions into the magnetic field is the
use of an external MALDI source. Proponents of external ion sources claim
that external ion sources provide the necessary flexibility to interface a vari-
ety of techniques such as FAB, SIMS, and ESI. In addition, researchers believe
external sources allow the tuning of instrumental parameters separately,
thereby permitting optimization of the ion formation and detection events
separately. An example of this approach was given by Heeren and Boon26

who combined “in-source” pyrolysis for broadband screening of polymer
additives with MALDI to characterize molecular weight distribution and
perform end-group analysis. For the determination of an amine terminated
poly(propyleneglycol), the authors also cited extensive discrimination using
the external MALDI ion source. In their experiments, Tgate typically varied
between 600–2000 µs, depending on the molecular weight range of interest.

White et al.27 also developed a new external ion source 7 T FTICR utilizing
an electrostatic ion guide. PEGs of number average molecular weights 1500, 2000,
and 3400 were used as test samples to study time-of-flight effects. By adjusting
the voltages of the ion guide, arrival times could be kept fairly consistent from
1.2 ms for PEG 1500 to 1.5 ms for PEG 3400. By applying quadrupolar axializa-
tion (discussed later in this chapter), the authors were able to measure PEG 3400
spanning a several hundred mass unit range with average resolving power of
400,000, due in part to the low (1 × 10−9 torr) system pressure.

Finally, the issue of polymer detection limits was addressed by Pastor et al.28

Using PEG 2000 and 6000 standards, they determined a lower detection limit
of 40 femtomoles (from 4 laser shots) and produced a spectrum with a signal-
to-noise ratio of at least 5:1. Part of the added reproducibility of the MALDI
events came from the use of an aerospray sample deposition technique that
could produce highly uniform sample surfaces. Scanning electron micros-
copy was used to quantitate the laser spot sizes.

In an effort to prevent duplication of references, all further MALDI refer-
ences will be included in other areas of this chapter to which they are
appropriate.

9.5 Electrospray Ionization (ESI)

Although not a laser FTMS method, it is necessary to briefly consider the
complementary technique, electrospray ionization, one of the most widely
used alternatives for biological applications where high-mass analysis has
been achieved through the addition of multiple charges. The introduction
of electrospray ionization has revolutionized analysis of high-mass species.
Because of its evaporative ionization process, molecular ion dissociation is
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minimized, thereby yielding multiple charging with correspondingly lower
m/z values. However, very little work has employed the electrospray process
with trapped ion techniques to analyze polymers. An obvious reason is the
lack of control in producing charge states. As the number of trapped ions in
an FTMS is spread over a larger m/z range, the effective sensitivity produced
for any particular charge state is greatly reduced, as a consequence of
decreased relative ion abundances. To make this point more explicitly, consider
an example recently published by McLafferty and coworkers.29 They ana-
lyzed a poly(ethylene glycol) 20,000 sample by ESI-FTMS. It was possible to
resolve 5000 peaks from isotopic clusters representing 65 oligomers in 12
charge states. Analysis of data of this magnitude is a daunting task and
clearly would not be the method of choice for polymer analysis, if simpler
alternatives such as MALDI-FTMS are adequate. Additionally, most entry-
level commercial FTMS systems would have a difficult time producing spec-
tra of sufficient resolution to achieve this level of performance.

A more detailed account of ESI-FTMS of polymers was presented by
O’Conner and McLafferty for poly(ethylene glycol)s of 4.5, 14 and 20 kDa.30

Figure 9.6 shows their ESI/FT mass spectrum of PEG 14000 with resolving

FIGURE 9.6
(a) Electrospray ionization FT mass spectrum of PEG 14000 with resolving power of 100,000.
(b) Mr distribution from summed oligomer abundances. (Reproduced from ref. 30 with permis-
sion of the copyright holder)
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power of 100,000. This is a highly complex spectrum which includes overlap
of isotopic peaks from different charge states. One benefit of the higher
resolving power of FTMS is identification of polymer impurities. The authors
cite the example of the  isotopic cluster. If one of the 294 −CH2CH2O−
groups (44 Da) is replaced with a propylene oxide group −CH2CH(CH3)O−
group (58 Da), then the peak cluster should be centered at 950.6 (extra m/z
14/14+). The abundances of these peaks are <5% of those of , demon-
strating that the sample contains at most 0.02% (1/294 × 5%) monomer units
containing an extra CH2. As expected, data interpretation is very laborious.
The algorithms employed never seemed to work individually, although com-
bining attributes from several methods seemed to produce acceptable results,
according to the authors.

9.6 Mass Discrimination

The fundamental premise of analyzing polymers using FTMS and the
pulsed nature of a laser is that no mass discrimination exists that could bias
the oligomer intensities and lead to incorrect calculation of molecular
weight distributions. For accurate molecular weight distributions, no bias-
ing effects should be present from the MALDI or cationization process, from
ion transmission to the analysis cell, or from excitation or detection strate-
gies. The first issue of “MALDI discrimination” is a hot topic of debate.
Many people believe that for polydisperse polymers, oligomers at the start
and end of the distribution may be ionized differently either through ion
suppression effects as ions are being ejected into the gas phase or through
preferential cationization. There is evidence that the choice of cation affects
coordination with the polymer. There has been work done by time-of-flight
mass spectrometry analyzing different choices of cations and their effects
upon calculated molecular weight distributions. MALDI analysis of poly-
mers as compared with GPC will continue to be an area of intense interest.

The most obvious form of mass discrimination occurs from ion transmis-
sion to the analysis cell and trapping. Because FTMS is a trapped ion tech-
nique, it is imperative that the analysis cell accommodate a representative
portion of the polymer being analyzed. It logically follows that ions experi-
encing a time-of-flight effect may not be properly “sampled” if the trap is
closed prematurely (biasing for lower mass species) or left open too long
(biasing for higher mass species). Even with direct laser desorption studies,
there was concern about accuracy in polymer characterization. Hogan and
Laude31 examined several factors that could lead to possible mass discrim-
ination in LD-FTICR, including laser power density, trapping potential, and
distance between the cell and desorption site. They showed, for example,
that the number average molecular weight for PEG 600, PEG 1000, and PEG
1500 varied by 7, 10, and 12% as the desorption site was displaced over a
10-cm distance from the cell. By varying each of the instrumental parameters,

M29414+

M29414+
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they could achieve highly reproducible results that were within a few percent
of the measured GPC values.

Trapping discrimination was also examined for MALDI-generated poly-
mer ions in a cubic cell by Dey et al.32 The use of a gated decelerating potential
with a single delayed trapping time produces very noticeable discrimination
when examining broad polymer distributions. Their work focused on exam-
ining the effect on poly(ethylene glycol) spectra as delay times following
desorption/ionization and before applying static trapping voltages were
systematically varied. Dey et al. proposed post averaging of time-domain
transients to reconstruct the entire broadband polymer distribution. Using a
7 T FTMS-2000 system and a 10 µs sampling interval, the authors reported
a reconstructed spectrum of a synthetic “polydisperse” sample made up of
an equimolar mixture of PEG 1000, PEG 3000, PEG 6000, and PEG 8000.
These encouraging results led to further research by Pastor and Wilkins33

who concluded that there was a critical window of 2500 Da for the standard
2-inch cubic cell. A polymer that contains oligomers covering a range wider
than 2500 Da will certainly produce discrimination if a single gated trapping
time is used (see Figure 9.7). Polymers within this mass range can be properly

FIGURE 9.7
Spectra of hydroxyl-terminated polybutadiene 1350, taken at different gated trapping deceler-
ation times following the laser pulse. Longer delays before applying static trapping voltages
clearly show the time-of-flight effect of the ions entering the cell. (Reproduced from ref. 33 with
permission of the copyright holder)
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represented by optimizing the polymer’s ion abundance over a small incre-
mental time range. Thus, a single optimized trap time can be used to analyze
polymers of narrow polydispersity. Employing a 3 T modified FTMS-1000
mass spectrometer equipped with a nitrogen laser, Pastor and Wilkins dem-
onstrated characterization of both narrow and wide mass nonpolar polymers
up to m/z 6000, including several polyisoprene, polybutadiene, and poly-
styrene samples.

Other groups have noted that the time-of-flight effect of the ions is a definite
problem particularly when an external ion source is used. Easterling et al.34

reported a reduced sensitivity to this discrimination effect by use of internal
MALDI and an open-ended cylindrical analyzer cell of over three times the
length of a standard cubic cell. They reported a mass shift of only 20 Da for
a PEG 1000 polymer distribution over a 200 µs change in gated trapping
time. Computer simulations showed a much improved field free region
owing to the extended length of the flight path. Another method of con-
structing the “true” polymer distribution from its time segmented parts was
proposed by O’Conner et al.35 who advocate superimposing spectra on the
same m/z axis rather than summing data transients. Their method is based
on “acquiring a series of spectra at different trapping times and superim-
posing the spectra so that each oligomer has the intensity of its maximum
intensity through the set of spectra.” Use of a chromatographic polystyrene
standard (MW 950) produced an error of 20% for the most probable polymer
weight, Mp.

9.7 Quadrupolar Excitation/Ion Cooling

One of the latest innovations in FTMS has been the introduction of quadrupolar
excitation/ion cooling (also known as quadrupolar axialization or ion axializa-
tion). Introduced as an ion manipulation technique, axialization can be used to
compress ion clouds within the analysis cell, allowing for a tighter, more coher-
ent motion during the excitation/detection events. A secondary benefit of
applying axialization is its effect on nonselected ions, which are lost under high
pressure through magnetron expansion of their orbits. The technique works by
applying low sinusoidal in-phase voltages (typically 5 volts or less) to opposite
pairs of cell plates. During the quadrupolar excitation event, magnetron motion
is coupled to the cyclotron motion of the ions. In the presence of a collision gas,
ions are cooled to the center of the cell both through cyclotron and axial relax-
ation. Magnetron relaxation, for ions not undergoing the applied frequency,
causes a radial expansion of the remaining ions’ orbits and eventual loss from
the cell. This process can be used to accomplish highly specific mass selection.
To date, axialization is an accepted technique for improving signal-to-noise
ratios, mass resolving power, ion capture efficiency, and ion remeasurement
efficiency. The technique has been reviewed by Guan et al.36
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Showing interest in manipulating polymers, Pastor et al.37 used quadru-
polar excitation in a 7 T FTMS-2000 equipped with a dual cubic cell. First,
the source cell was used to apply the axialization to the oligomers of
interest. Following this, ions were transferred to the analyzer cell for detec-
tion. Using PEG 6000 as a test polymer, the authors demonstrated that the
mass selection could be very precisely controlled by varying the applied
amplitude of the single frequency quadrupolar excitation. Figure 9.8 shows

FIGURE 9.8
(a) MALDI FT mass spectra for PEG 6000 showing full distribution using source cell detection.
(b) Mass spectrum of a selected oligomer using quadrupolar axialization to isolate and transfer
to the analyzer cell. (Reproduced from ref. 37 with permission of the copyright holder)
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the selection of a single oligomer from the polymer PEG 6000. This dem-
onstrated an extremely effective way of reducing ion populations. It is a
well-known fact that examining an entire polymer distribution can lead to
reduced resolving powers at high trapping voltages, used to improve
signal-to-noise, due to space charge interactions. A common solution is to
reduce the overall number of trapped ions, leading to longer-lived tran-
sients with fewer interactions from other ions and, ultimately, better resolv-
ing power. In the past, to arrive at the same mass selection, chirp ejection
pulses were applied to the polymer or the ions were subjected to stored
waveform inverse Fourier transform (SWIFT).38,39 However, both frequency
sweep and SWIFT ion ejection techniques affect the radius of the analyte
ion(s) of interest, and they usually require several applications of tailored
excitation to cleanly select the peak(s) of interest. On the other hand,
axialization performs the selection in a single step. Pastor et al. established that
axialization could be applied to polymers with masses as high as 13,000 Da,
the highest mass tested.

In a further development of axialization, Marto et al.40 demonstrated broad-
band axialization of polymers using an external MALDI source and an electro-
static ion guide (EIG) in a 3 T FTICR. Broadband axialization can improve ion
trapping efficiency of injected ions from an external source. The benefit is
reduced off-axis ion displacement. It can also be used to select a subset of the
polymer distribution, also achievable with single frequency axialization, but
without the oligomer abundance distortions. Thus, the spectrum over the
selected mass range should closely match the relative abundances of the orig-
inal distribution. To achieve the broadband effect, Marto et al. used repeated
SWIFT excitations controlled from a Macintosh II personal computer and a
short C language program. For PEG 2000, an axialization range of 1950 to 2120
Da was selected, corresponding to selection of 5 oligomeric species.

Pitsenberger et al.41 examined alternative excitation mechanisms for ion axi-
alization and remeasurement in a 4.7 T FTMS using internal MALDI. Specifi-
cally, they looked at repetitive chirp, filtered noise, and high-amplitude single
frequency excitation for ion axialization. Because the instrument employs an
internally mounted preamplifier on the detection electrodes, said to improve
overall S/N and “reduce the adverse effects of distributed capacitance on the
image current,” the authors instead applied two-plate axialization, a modi-
fied version of the axialization technique. For frequency chirp broadband
axialization, a mass-to-charge range of 1500 to 2500 was selected for PEG
2000 with remeasurement efficiencies exceeding 99.5% using the open-ended
cylindrical cell. The filtered white noise experiments yielded similar efficiencies
but for a smaller mass range, 400 Da, due to inadequacies in the active band-
pass filter used, which peaked at m/z 2000. Finally, the high-amplitude single
frequency experiments, when combined with capacitive coupling of the exci-
tation signal to the trapping plates, produced less axial ejection of ions and a
wider retained range of ions. However, the distributions of axialization-selected
oligomers still suffer from the uneven power applied during axialization,
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leading to distributions that center around the applied frequency. These
authors also obtained spectra of PEG 4600, PEG 6000, and PEG 8000 that were
collected using frequency burst excitation for ion axialization. These spectra
appear remarkably similar to the PEG 4600 and PEG 8000 shown in the prior
Easterling et al.25 reference that were said to result from “single laser shots
followed by the amplified trapping….”

Justification for using two-plate quadrupolar excitation has been reported
by several groups including Jackson et al.42 who demonstrated the qualita-
tively similar results of a mixture of PEG 1000 and PEG 1500 undergoing
both two-plate and four-plate ion axialization. The authors note that despite
the complex dynamics and interacting resonances produced from a two-
plate excitation, the results show similar efficiencies in their ability to cool
ions.

The effect of capacitive coupling on quadrupolar excitation (but using two
plate axialization) was further demonstrated by Pitsenberger et al.43 These
authors were able to remeasure the 41-mer of PEG for up to 200 remeasure-
ment cycles with 100% efficiency in a capacitively coupled cylindrical ion
trap. Plots were shown demonstrating that the predominant loss of ions occurs
through axial ejection during excitation. Lowering the excitation radius to
prevent radial ejection, along with raising the trapping voltages to prevent
axial ejection of low masses, makes the 100% remeasurement possible. Broad-
band remeasurement of a 600 m/z range for PEG 2000 produced a 99.5%
efficiency after 50 remeasurements.

Finally, the ability to manipulate polymer distributions and reduce ion
populations was further demonstrated by low-voltage on-resonance ion
selection (LOIS).44 This newly introduced technique uses the same high pres-
sure collision gas as quadrupolar axialization but does not require the hard-
ware switching of the latter. Thus, it is an easily implemented technique on most
Fourier transform mass spectrometers and can offer some of the same advan-
tages as ion axialization. Pastor and Wilkins showed high selectivity of several
poly(ethylene glycol) samples ranging in mass from 1000 to 6000 Da. In some
examples, oligomers were selected in various combinations, including alter-
nating oligomers, and groups to demonstrate that any combination of ions
could be mass selected. LOIS has also shown promise in ion remeasurement
studies.45 The theory is currently being investigated.

9.8 Direct Applications

Applications of specialty polymers are numerous. Of particular analyt-
ical interest are copolymers. Here, recent literature on laser desorption
FTMS analysis of non-PEGs, PEOs, PSs, and PMMAs will be discussed
briefly. These articles, which have appeared over the last 10 years, provide

©2002 CRC Press LLC



examples of the variety of polymer systems that can be analyzed by
FTMS.

Srzic et al.46 studied natural polymers of humic acid and lignins by LD-
FTMS. Humic substances are commonly found in soil and water, and formed
by the chemical and biological degradation of plants and animals. The result-
ing products can associate into complex organic structures. Lignin is a major
cell wall component in wood and is composed of substituted phenylpropane
units connected through ether links. Spectral peaks up to m/z 700 were
observed for positive ions of humic substances collected from lake sedi-
ments. Samples of lignin from birch and spruce were more interesting
because they showed the 444 Da repeat of a trimer building block and masses
up to 3000 Da in negative ion mode.

LD-FTICR-MS was compared with high performance liquid chromatogra-
phy (HPLC) for analysis of triton polymers, used as commercial surfactants.
Liang et al.47 found that octylphenol ethoxylates gave molecular weight dis-
tributions up to 3500 Da, with minimal fragmentation. The Triton X family
of surfactants are commonly used in industrial cleaners and detergents, man-
ufacturing processes, and agricultural applications. The authors show direct
comparison with HPLC/UV chromatograms and LC/quad mass spectra
(Figure 9.9). Overall, LD-FTICR-MS overcomes problems with fragmentation
of higher molecular weight species, reduces analysis time, and provides fully
resolved oligomer information.

An interesting method was presented for the analysis of perfluorinated
polyethers (PFPE) by Cromwell et al.48 The fluorinated polymers are com-
monly used as lubricants because of their low vapor pressures, chemical
inertness, and thermal stability. Samples were examined in a cubic trap
FTMS-2000 system using a 4.3 T magnetic field. Both a Kr/F excimer laser
and a Nd/YAG laser were used for internal LD. The two-step procedure
involved using the 248-nm excimer laser for desorption of the polymer and,
immediately following, a second more tightly focused 532 nm laser ablation
pulse to ablate metal cations from the surface beneath the polymer sample.
Thus, cationization could be controlled, and the dynamics of the process are
discussed. Mass spectra extended up to 10,000 Da are shown.

A variety of electrochemical polymerization studies have appeared. Elliott
et al.49 used LD-FTMS for the analysis of 4-methyl-4’-vinyl-2,2’-bipyridine-
containing metal complexes. Mass spectral analysis in conjunction with thin
layer chromatography (TLC) demonstrated that normal “polyvinyl-type”
chains are formed through chain propagation. O’Malley et al.50 used LD-FTMS
to study chemically and electrochemically prepared poly(2-vinylthiophene).
They identified three forms of poly(2-vinylthiophene): (i) free radical-initiated,
(ii) a form arising from anodic oxidation of 2-vinylthiophene, and (iii) an insol-
uble film on the anode. Using high resolution FTMS, these workers drew
conclusions about different mechanisms involved in the formation of each of
the polymers.

Campana and co-workers51 wrote a general tutorial on polymer analysis
providing an excellent introduction to LD-FTMS.
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9.9 Polymer Additives

It would be remiss not to discuss polymer additive analysis. Such materials
are used as antioxidants, UV absorbers, and stabilizers, and dyes. An early
paper dealt with LD-FTMS analysis of poly(methyl methacrylate) dyes such
as 12-H-phthaloperine-12-one (orange dye), 1-(methylamino)anthraquinone
(red dye), and 1,8-bis(phenylthio)anthraquinone. Hsu and Marshall52

FIGURE 9.9
(a) LC/UV chromatogram of Triton sample, (b) LC/quadrupole mass spectral data of Triton
sample, (c) LD-FTICR mass spectrum of Triton sample taken from a single time-domain data
set. (Reproduced from ref. 47 with permission of the copyright holder)
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showed that LD/FTICR could determine these dyes in PMMA at least an
order of magnitude better sensitivity than current methods using attenuated
total reflectance infrared (ATR/IR), showing detection limits down to 0.1%
vs. infrared’s 1–2% by weight. The authors did comparisons of both untreated
and redissolved PMMA and concluded that pretreatment of the polymer
was not necessary to identify its dye component.

Probably the most comprehensive paper on LD-FTMS analysis of polymer
additives was authored by Asamoto et al.53 They examined about 30 addi-
tives commonly used with polyethylene and compared them with polyeth-
ylene extracts, originating from several sources including a wash bottle, a
garbage can, and a tarpaulin. The materials were extracted for 8 hours using
a Soxhlet apparatus and 150 ml of diethyl ether. The spectra showed the
potential for LD-FTMS of these commercially available additives sold under
the following trade names: Irganox (hindered phenolic amide), Naugard
(long chain thiodipropionate ester), Ultranox (hindered phenol), Polygard
(tris(nonylphenyl) phosphite), and Tinuvin (generally benzotriazole deriva-
tives). Their results from the polyethylene extracts showed the presence of
Irganox 3114 (783 Da), Naugard 524 (646 Da), and Naugard DSTDP (682 Da)
along with several unknown additives that were also present in the spectra.

With the move toward higher mass additives to reduce volatility, Johlman
et al.54 examined additives with masses between 500 and 1300 Daltons and
compared the results with spectra obtained employing FAB ionization. Using
direct laser desorption FTMS in a 3 T system, spectra were found to be
“superior” to the FAB spectra produced using both sector and triple-quad
mass spectrometers, particularly in terms of reduced fragmentation.

Phosphite polymer stabilizers were analyzed by combining LD/EI/FTICR.
Used to control molecular weight and color in melt processing, these anti-
oxidants are difficult to analyze by extraction-LC, X-ray fluorescence, UV, or
FTIR for a variety of reasons. Xiang et al.55 examined these additives indi-
vidually and in mixed polymers that were prepared by hot pressing to form
thin films that could be attached to the probe tip. Additives examined
included Ultranox 626 (604 Da), XR-2502 (636 Da), and Weston 618 (732 Da).

Examination of flame-retarding additives was done by Heeren et al.56 using
a direct temperature controlled pyrolysis external ion source and a 7 T FTICR.
Samples were taken from common household appliances such as TV set
housings, computer casings, and others and were pulverized to powder form.
Direct heating of the filament probe with dried sample produced spectra
with two distinct regions, corresponding to evaporation of nonbonded addi-
tives and pyrolysis of the polymer matrix. The unknown polymer blends
were found to contain brominated biphenyls, brominated diphenyl ethers,
tetrabromoBisphenol-A and its butylated isomers, polystyrene, and antimony
oxides.

Laser desorption FTICR is also a valuable technique for the characteriza-
tion of industrial materials. Simonsick and Ross57 analyzed novel dispersants
(used in emulsion polymerization), fluorinated surfactants, and natural oils
with masses in the range of 500–3000 Da. Specifically, poly(ethylene oxide)
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methyl ether styrene oligomers and tetrafluoroethylene-ethylene oxide copol-
ymers were examined. Figure 9.10 is the spectrum of StyrEomer 2100, a mac-
romonomer that has shown stability for emulsion or dispersion
polymerization. The spectrum shows the presence of residual methoxy-
capped poly(ethylene oxide), which could cause detrimental end-use properties
such as increased water sensitivity in coatings.

9.10 Structure Analysis

Being a trapped ion technique, FTMS has always had the potential to allow
MS/MS studies to investigate polymer structure. However, to date, there are
relatively few literature reports of polymer structure studies. It is often found
that direct dissociation of polymers is a difficult problem. Current methods
for high-mass ion activation have met with limited success. For example, there
has been little work done by surface-induced dissociation (SID), and collision-
induced dissociation (CID) is known not to work well for singly charged ions

FIGURE 9.10
LD-FTICR-MS spectrum of StyrEomer-2100, a poly(ethylene oxide) methyl ether styrene oligo-
mer. The solid line represents the distribution from residual methoxy-capped poly(ethylene
oxide). (Reproduced from ref. 57 with permission of the copyright holder)
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with masses above 3000 Da. Also, the amount of available energy that can be
imparted to an ion is limited by the magnetic field strength and the dimensions
of the analysis cell (the maximum kinetic energy, KE = q2B2r2/2m). Thus, it is
much easier to use an alternative mass spectrometry technique such as a sector
instrument to achieve the desired energy necessary for polymer dissociation.
FTMS researchers must rely on information obtained from fragmentation
induced during the desorption, or they can use ionization methods that nor-
mally degrade the polymer to its lower mass constituents. Work continues
in this area, particularly in the fields of sustained off-resonance irradiation
collision-induced dissociation (SORI-CID), and quadrupolar axialization,
which is used to improve the collection efficiency of ions. An earlier study by
Lin et al.58 showed the potential knowledge that could be gained from the
collision-induced decomposition of polymers. Using a standard 3 Tesla FTMS
2000 mass spectrometer, they examined several poly(ethylene glycol)s and
ethoxylated alcohols (EA) to study intramolecular hydrogen bonding. The
results of CID analysis led to proposed mechanisms for the proton affinity
behavior of the EAs, and the entropies of protonation for several species were
calculated. Figure 9.11 shows the collision-induced decomposition spectra of
(C12H25(OC2H4)7OH)H+ at energies of 2.9 and 7.3 eV. Pastor and Wilkins59 have
demonstrated that low mass polymer fragmentation up to m/z 3000 is achiev-
able using the technique of SORI-CID. Both polar poly(ethylene glycol) and
nonpolar polymers such as polyisoprene and polystyrene show distinct frag-
mentation patterns that can be used to help identify the end-groups present.
These preliminary results establish that polymer dissociation in FTMS is worthy
of further study to better control the parameters that affect energy deposition,
ion selection, and product ion efficiency.

Another area of structure determination is end-group analysis. End-groups
can influence the physical and mechanical properties of the polymer and
suggest to polymer chemists reaction mechanisms that may not have been
evident by alternative polymer analysis methods such as gel permeation chro-
matography (GPC), light scattering, and osmometry. Determining polymer
end-group functionality traditionally has been accomplished by analyzing the
derivatized polymer in parallel with its underivatized version. Mass spectrom-
etry is utilized to get mass information, which together with knowledge of
how the polymer was synthesized, leads to deducing the identity of end-
groups. Using high resolution FTMS, De Koster et al.60 have used graphical
methods to determine the end-groups of several derivatized polyethylene
glycols in an external MALDI 7 T FTICR mass spectrometer. By fitting the
equation of a straight line to mactual(n) = mend group + mcation + n(mmonomer), they
determined the sum of the end-group and cationized masses to be the
y-intercept of the straight line. PEG end-groups could be determined within
a deviation of 30 millimass units for a mass of 1000 Da and within 5–200
millimass units for the 4000 Da range. Although useful, this approach is limited
in its abilities to find end-groups for unknown polymer samples, particularly
those whose end-groups contain the same number of elements but are distrib-
uted differently on the two ends of the polymer. For example, the oligomers
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CH3O–(C2H4O)n–CH3 and CH3CH2O–(C2H4O)n–H, appear at the same mass
but have elements positioned in different locations, changing the polymer.

In further work by the same group, van Rooij et al.61 have used statistical
methods to calculate the end-group functionality of methylated, propylated,
and acetylated polyethylene glycol and polyvinyl pyrrolidone polymer sam-
ples. Using both a regression method and an averaging method, they could
determine end-group masses within an accuracy of 3 millimass units for the
molecular weight range from 500 to 1400 and within 20 millimass units for
the molecular weight range from 3400 to 5000. The mathematical treatment
of the experimental data adds new data reduction complexity. One drawback
is the need to obtain an entire mass spectrum of the polymer. The authors
state that because the error in the averaging method scales with the error in

FIGURE 9.11
Collision-induced decomposition spectra of (C12H25(OC2H4)7OH)H+ at energies of (a) 2.9 eV and
(b) 7.3 eV. (Reproduced from ref. 58 with permission of the copyright holder)
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the experimental data, the method is only expected to work for masses up
to 10,000 Da, provided that the spectra are unit mass resolved. This poses a
problem since achievement of high resolving power for polymers usually
requires limiting ion populations to reduce the space charge effects that
ultimately degrade FTMS performance. The limited number of ions neces-
sary for achieving unit resolving power with current instrument designs
may not produce acceptable signal levels for analysis. Perhaps elaboration
of remeasurement techniques for polymer analysis could provide a viable
alternative approach.

Currently, it is the high resolution afforded by FTMS that makes it worthy
of further investigation in the area of polymer analysis. Many subtleties in
the preparation of the polymer can be illuminated by a simple high resolu-
tion mass spectrum. Towards this end, many researchers are striving to find
new and innovative ways to address common polymer synthesis questions.
A great amount of information can be extracted from a seemingly simple mass
spectrum. For example, using high resolving power on a poly(oxyethylene)-
poly(oxypropylene) polymer sample, van Rooij et al.62 were able to deter-
mine block length distributions on the polymer system. The ultimate goal
is full characterization of any polymer system using FTMS. As one can see,
we are making great strides toward this end.

9.11 Concluding Remarks

It is clear that laser desorption Fourier transform mass spectrometry has
significant potential as a polymer analysis tool. It works especially well for
polar polymers and additives with molecular weights lower than 10000 Da.
With proper attention to analytical details, it is a highly accurate and quite
specific way to characterize these substances and can provide unrivaled mass
resolution. As is obvious from this chapter, the application of LD-FTMS to
polymer analytical problems is an active area of investigation in many lab-
oratories. With the continuing proliferation of commercial FTMS instru-
ments, LD-FTMS applications of polymer analysis should be expected to
expand for the foreseeable future. There is no question that this method
provides a versatile alternative to the numerous less specific analytical methods
employed to date.
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10.1 Introduction

The introduction of Matrix-Assisted Laser Desorption/Ionization (MALDI)1–5

and Electrospray Ionization (ESI)6,7 (Chapter 1) has dramatically increased the
mass range for molar mass analyses by mass spectrometry. In principle, both
techniques are able to produce intact quasi-molecular ions of polymers with
high molar mass (>100,000 Da).

However, ESI mass spectrometry occupies only a small, but valuable, seg-
ment in the analysis of synthetic polymers. It is better suited for the analysis
of nearly monodisperse biopolymers, because of complications arising from
the formation of multiply charged ions. Furthermore, for synthetic polymers
the entanglement of chains prevents obtaining ESI spectra at high masses,
also posing a limit to its utilization.8

Instead, MALDI-TOF allows desorption and ionization of very large mol-
ecules, even in complex mixtures. It gives information on the mass of indi-
vidual oligomers from which repeat units, end-groups, the presence of rings,
molar mass distributions, and other imformation can be derived.

The method plays an important role in polymer analysis also in view of the
recurrent difficulties encountered by the conventional methods of character-
ization, such as size exclusion chromatography (SEC) or nuclear magnetic
resonance (NMR), e.g., lack of calibration standards, low sensitivity, and the
like.

The ionization process in MALDI-TOF proceeds through the capture of a
proton or a metal ion (usually lithium, sodium, potassium), which forms a
charged adduct with the molecular species. MALDI-TOF is applicable to the
measurement of molar mass distributions in synthetic polymers because it
usually produces singly charged quasi-molecular ions with negligible ion
fragmentation. In the mass range up to 50 kDa, single oligomers can appear
mass-resolved in MALDI-TOF spectra, enabling the determination of repeat
units and end-group composition.

Hillenkamp and Karas developed MALDI-TOF mass spectrometry in 1988
for the analysis of large biomolecules (e.g., proteins),3–5 but it was not dem-
onstrated until 1992 that synthetic polymers also can be analyzed beyond
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molar masses of 105 Da.9–12 This delay was probably due to the fact that
methods of sample preparation for biopolymers, which use water-based
solvents, are not applicable to most synthetic polymers.

Furthermore, synthetic polymers exhibit a marked polydispersity, which
results in a lower signal-to-noise ratio. This is due to the fact that the signal
intensity (which adds up to a single signal in the case of a biomolecule, )
is spread out over a number of oligomers having different degrees of poly-
merization. During the last few years, MALDI-TOF mass spectrometry has
become an essential tool for the characterization of synthetic polymers.16–26

10.2 Fundamentals of the Method

10.2.1 The MALDI Process

MALDI makes use of short, intense pulses of laser light to induce the for-
mation of intact gaseous ions (Chapter 1). Analyte molecules are not directly
exposed to laser light, but are homogeneously embedded in a large excess
of “matrix,” which consists of small organic molecules. The matrix molecules
exhibit a strong absorption at the laser wavelength used (usually the 337 nm
of a nitrogen laser), and the matrix allows for an efficient and controllable
energy transfer.

The high energy density obtained in the solid or liquid matrices, even at
moderate laser irradiances, induces an instantaneous vaporization of a micro-
volume (called “plume”), and a mixture of ionized matrix and analyte mol-
ecules is released. The packet of ions generated in the process is accelerated
to a fixed energy by an electric potential, ranging from 15 kV up to 30–35 kV.
Depending on their mass-to-charge ratio (m/z), the ions have different veloc-
ities when they leave the acceleration zone and enter field-free flight tube
(drift-tube). The ions impact onto an ion-detector, and the time interval
between the pulse of laser light and the impact of each ion on the detector is
measured. This produces signals whose intensities are proportional to the
number of ions arriving at the electron multiplier (molar response). The
MALDI-TOF mass spectrum is then obtained by recording the detector signal
as a function of time.

According to Eq. 10.1, the square of the flight time is proportional to the m/z
ratio,

m/z = 2 V t2/l2  (10.1)

where m is the mass of the ion, z is the number of charges, V is the accelerating
voltage, t is the ion flight time, l is the length of the flight tube. Since the V
and l values are known, the m/z ratio can be calculated solely from Eq. 10.1.

In practice, however, exact values for the mass scale are obtained from the
empirical Eq. 10.2, because of uncertainties in the determination of the flight time.

13–15
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This uncertainty is due to a short delay in ion formation after the laser pulse,
so that the real starting time of the ions is not identical to the time of the
laser pulse (which provides the starting signal for the measurement of flight
time).

m/z = at2 + b (10.2)

The constants a and b in Eq. 10.2 are measured by the flight times of two
ions with known masses, which are used to mass calibrate the MALDI-TOF
spectra.13

10.2.2 MALDI Matrices

An ideal matrix should have the following properties: high electronic absorp-
tion at the employed laser wavelength, good vacuum stability, low vapor
pressure, good solubility in the solvents that can also dissolve the analyte,
and good miscibility with the analyte in the solid state. 

In the analysis of biopolymers, where the ionization usually takes place
via proton transfer, the matrix also plays the role of the proton source.
In the analysis of synthetic polymers, ionization is usually achieved by cation
attachment,25 which is largely a matrix-independent process.

The most commonly used matrices for synthetic polymers are DHB (2,5-
dihydroxybenzoic acid), HABA (2,(-4-hydroxyphenylazo)benzoic acid), IAA
(3-β-indoleacrylc acid), dithranol (1,8,9-trihydroxyanthracene), sinapinic
acid (3,5-dimethoxy-4-hydroxy cinnamic acid), all trans-retinoic acid, and
5-chlorosalicylic acid. Exhaustive lists of useful matrices are available in the
literature.

Many of these matrices for UV-MALDI can be applied in IR-MALDI
which uses the Nd-YAG laser (3.27 µm, equivalent to 3050 cm−1) or CO2

laser (10.6 µm).21,31–33 Excitation of the matrix by a 3.27 µm IR-laser is feasible.33

IR-MALDI spectra show a lower mass resolution compared to that obtained
by UV-MALDI.33 However, the IR-MALDI technique may be used for the
analysis of halogenated polymers, which often show extensive fragmenta-
tion in UV-MALDI.34

The selection of a good matrix is still a trial and error process and the search
of useful matrix compounds has been an active area in MALDI research.28–30,35–41

Generally the choice and discovery of new matrix materials have been achieved
more or less empirically and can be completely unrelated to the analyte in terms
of structure or physical properties. The presence of specific functional groups
(e.g., OH, COOH) is very important for the cationization process.40

In principle, in the desorption/ionization process, the amount of pulsed
laser energy transferred to the analyte via matrix will depend on the laser
power, on the nature of the matrix and sample, and on the dispersion of
analyte molelules within the matrix. There exists a threshold irradiance that
is matrix-dependent, below which ionization is not observed. Above this
level ion production increases nonlinearly.

3–15,27–30

18,21
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The mechanisms of ion formation in MALDI-MS are still not fully under-
stood. Two main possibilities exist: ions may either be “pre-formed” in the
solid state and simply be liberated upon laser irradiation, or they may be
formed by ion-molecule reactions initiated by the laser pulse.42,43

10.2.3 Cationization in Synthetic Polymers

In contrast to biopolymers, the ionization of synthetic polymers usually
occurs by cationization rather than protonation. In relatively polar polymers,
sodium and/or potassium adduct ions are observed in the MALDI spectrum
even if they are not added to the matrix/analyte mixture.44,45 These cations
are present as impurities in matrix, reagents, solvents, glassware, and other
sources, and polymers having relatively high cation affinities do not necessar-
ily require a high cation concentration in the MALDI sample. Most of the
synthetic polymers having heteroatoms (e.g., polyesters, polyamides, poly-
ethers, polyacrylates, and the like) are cationized by the addition of sodium
or potassium salts.46 Use of the delayed ion extraction technique (see Section
10.2.5) allows more time for cation attachment, and a substantial increase in
signal intensity of cationized polymers may be obtained.47

Unsaturated hydrocarbon polymers such as polystyrene (PS), polybutadi-
ene (PB), and polyisoprene (PI) can be successfully ionized after the addition
of appropriate transition-metal salts (e.g., Ag+X−, Cu++X−−), which interact with
the double bonds of these polymers.48 Saturated hydrocarbon polymers such
as polyethylene and polypropylene are at present not very amenable to
MALDI analysis because of the extremely low binding energy of the cation-
macromolecule.49 For these polymers, field desorption MS or field ionization
MS might be alternative techniques (Chapter 8). Several groups have studied
the cationization process, but systematic approaches regarding cation affinity
are generally lacking, and this remains an interesting research opportunity
for the future. 

Protonation of polymers and proteins, under MALDI conditions, were stud-
ied by using a deuterium labeling method.50 It was demonstrated that
exchangeable protons from either carboxylic acid or hydroxyl groups of the
matrix are important, but not essential, for the protonation of the analyte. In
matrices with nonexchangeable protons, such as nitroanthracene, the
exchangeable protons from solvent (e.g., acetone) were shown to contribute to
the formation of protonated quasi-molecular ions. A more detailed knowledge
of the proton affinities of the common MALDI matrices should play a critical
role in understanding why some matrices favor proton transfer and are “hotter”
than others.51

Some studies51–55 deal with the conformation and energetics of the process,
and compare the theoretical findings with experimentally observed MALDI
data. Actually, different cations (such as lithium, sodium, potassium, and
cesium) efficiently wrap the polymer around them.52

For aliphatic polyethers, the structure of the inner coordination sphere of
the oxygen atoms around the cation was found to be cation dependent.52
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It was also observed that larger cations are able to form stable conformations
with a large oligomer, since more oxygen atoms are available for coordina-
tion with the cation.52

Cationization of polystyrene (PS) was investigated using silver, copper,
zinc, cobalt, palladium, platinum, iron, chromium and aluminum salts. It
was found that silver, copper, and palladium yield efficient cationization of
PS oligomers, and it was argued that cationization occurred by gas phase
ion-molecule reactions rather than pre-formed ions from the condensed
phase.53,54

Polystyrene metal cations are more likely to be produced if the laser de-
sorption process reduces the metals to the +1 state. This explains why salts
of transition metals other than silver, copper, or palladium often fail to
cationize polystyrenes under the MALDI condition used.54,55

Polystyrene has been found to have a higher affinity for attachment for
Ag+, Al+, Cr+, and Cu+ than to K+, whereas PEG shows a higher affinity for
K+ than for Al+, Cr+, and Cu+. These preferential attachments were discussed
in terms of the hard and soft acid principle.55

Cationization by means of divalent and trivalent metal salts has been dem-
onstrated in MALDI experiments for different polymers, namely cyclic poly-
ethylene oxide and α-cyclodextrin.56 In all these cases analyte singly charged
quasi-molecular ions are generated. The latter can be formed by adduction
of the corresponding monovalent metal ion, by adduction of the divalent/
trivalent metal ion with simultaneous deprotonation of the analyte molecules,
or by simultaneous adduction of the divalent/trivalent metal ion and an
appropriate number of deprotonated matrix moieties.56

The role of the counter anion in MALDI mass spectrometry analysis of
PMMA has also been investigated.57 In the presence of different sodium
halides, decreasing ion yields were observed in the order I>Br>Cl. This result
has been interpreted in terms of differing abundances of cations made avail-
able for gas-phase cationization by laser irradiation of the matrix/analyte/
salt sample, caused by different lattice energies of the salts.57

10.2.4 Sample Preparation

Sample preparation is crucial in MALDI-MS and greatly influences the qual-
ity of the spectra. Detection sensitivity, selectivity, mass resolution, and other
performance indicators are strongly dependent on the sample preparation. 

In a typical preparation approach, appropriate amounts of matrix and
polymer dissolved in compatible (preferably identical) solvents are mixed
to yield a matrix/analyte molar ratio in the range 1000:1 to 106:1.

The optmimum ratio increases with increasing molar mass of the polymer
sample. The metal ions required for an enhanced analyte cationization are
added as their organic or inorganic salts, depending on their solubility, and
mixed into the matrix/analyte solution.

After the selection of the MALDI matrix, cationization salt and solvent, sev-
eral options are available for transferring the mixture onto the MALDI target.
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The oldest procedure is the so-called dried droplet method.3 In this method
the three solutions are mixed, and 0.5–1 µl of the mixture is applied to the
target and air-dried at room temperature. Under these conditions crystalli-
zation is relatively slow, thereby increasing the risk of segregation between
sample and matrix and cationization salt.

More recently, a fast crystallization method was introduced, in which the
target is put in a vacuum chamber in order to promote crystallization within
a few seconds.59 As a result, small crystals with little segregation are obtained,
giving enhanced reproducibility and signal intensity, and higher resolution.
Accelerated drying using a stream of high-purity nitrogen gas is an alternative
means for reaching similar goals.60 Improved homogeneity and better sensi-
tivity were also obtained by spin coating techniques.61

In the analysis of polymers such as aromatic polyesters and aromatic den-
drimers, improved results were obtained using the thin-layer method, where
a matrix solution is prepared and allowed to crystallize and next the sample is
added and dried.62

A promising technique of sample preparation for synthetic polymers is the
electrospray sample deposition, where the matrix and the analyte solutions
are sprayed onto the target surface under the influence of a high-voltage
electric field.63 The potential of this method was tested for PS and other poly-
mers, using both the dried droplet (i.e., one-layer) and the thin-layer (i.e., two-
layer) techniques.62 Electrospray deposition yielded much higher signal
intensities and much better shot-to-shot and spot-to-spot reproducibility,
slightly favoring the one-layer method. The improved results were ascribed
to the small and evenly sized crystals thus formed.64

Recently, microscopy and surface analysis techniques such as scanning
electron microscopy (SEM), confocal fluorescence microscopic imaging, X-ray
photoelectron spectroscopy (XPS), and time-of-flight secondary ion mass
spectrometry (TOF-SIMS) have been successfully applied to study the homo-
geneity of the final MALDI sample preparation.62,65,66 The microscopy tech-
nique showed better homogeneity of the sample preparation in the case of
fast crystallization methods.65 Evidence for segregation of salts from the matrix
crystals was obtained by TOF-SIMS imaging by slow drying of a PEG1500
sample with DHB as matrix and sodium cations dissolved in methanol/water,
or by fast drying of PMMA with DHB and sodium dissolved in acetone.66

Upon changing from the dried droplet method to the electrospray deposition,
homogeneous cocrystallization of analyte and matrix occurred, and very
homogenous chemical images were obtained.66 An improvement of the misci-
bility of PMMA in common matrices was obtained by addition of surfactant.67

A simple air spray deposition method was used with some PEG samples.61

This method gave excellent spot-spot reproducibility, compared with the
classical dry droplet method, and increased the usefulness of MALDI-TOF
for end-group analysis of PEGs.61

A solid/solid sample preparation method, consisting of mixing analyte and
matrix without any solubilization procedure, was reported for the MALDI anal-
ysis of some polyamides (e.g., poly(examethylene terephthalamide) and Ny12)
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that are insoluble or poorly insoluble in common organic solvents.68 Sample
homogeneity was achieved simply by pressing a pellet from a finely ground
powder of the polymer and matrix. The solid/solid method was also applied
in the MALDI-TOF analysis of insoluble higher mass polycyclic aromatic
hydrocarbons (PHAs).69 A new matrix, namely 7,7,8,8-tetracyanoquin-
odimethane, was used in this case and very good signal-to-noise ratio, reso-
lution, and spot-to-spot reproducibilty was obtained.69

Negative ion MALDI analysis of polymeric acids such as sulphonated poly-
styrene and poly(acrylic acid) requires desalting and conversion into the
hydrogen form, thereby putting an additional demand on sample prepara-
tion.70 The addition of ion exchange beads to the sample/mixture might
prove adequate for the purpose of desalting, but one should be aware of the
different solubility of the polymer in its neutralized form vs. the original salt
form. Precipitation of the neutralized polymer onto the ion exchange beads
might therefore occur. More sophisticated desalting options, such as membrane
desalting and on-probe desalting using self-assembled monolayers, are used
in the MALDI analysis of proteins69 and can also apply to acidic synthetic
polyelectrolytes.71

Synthetic polymers show a distribution of different chain lengths and end-
groups. Appropriate methods of sample preparation are required for each
class of polymer to avoid selective cationization and discrimination effects,
which may affect polymer distributions and cause errors in the calculation
of average molar mass values. Homogeneous mixtures of matrix and poly-
mer in the condensed state are a prerequisite to avoid mass discrimination. 

Accurate analysis of synthetic polymers requires some instrumental con-
siderations, discussed in detail in the following section.

10.2.5 Instrumentation

Time-of-flight (TOF) mass spectrometers are ideally suited for use with the
MALDI technique because of their theoretically unlimited mass range, high ion
transmission, and for the pulsed nature of the laser used in this method.72

Mass resolution is the ability of an instrument to separate the signals from
ions of similar mass, expressed as the mass of a given ion divided by the
full width at half maximum of the peak (fwhm). Resolution in MALDI-TOF
MS is mainly restricted by the ionization process, rather than by instrumental
limits, because the ions have a certain time-span of formation, a spatial
distribution, and a kinetic energy spread.5,13,73,74

In MALDI-TOF, the packets of ions produced by laser irradiation of matrix/
analyte mixture and accelerated by a fixed electric potential (V) can be
detected in two different ways: the linear and reflection (or reflectron) mode.13

The two detection modes are complementary, since a higher resolution is
obtained in the reflection mode and a higher sensitivity at high molar mass
is achieved in the linear mode. 
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High resolution in the reflection mode is achieved by a reflecting field at
the end of the flight tube with somewhat higher potential and the same
polarity as the accelerating voltage. Ions with the same m/z but different
velocities (which results in peak broadening in the linear mode) can be time-
focused in the reflector.72,74

In the reflection mode the resolution is typically around 1000–2500, whereas
in linear mode the resolution is around 500–800. The linear mode has a very
high sensitivity and requires only a short lifetime (1 µs) for the detection of
the molecular ions even in the case of a metastable decay on the flight path.

In the linear mode of a TOF instrument, however, the fragments from
molecules that decompose after the acceleration zone have nearly the same
velocity as the intact molecular ions. Thus these metastable ions are detected
at the same flight time, but with a slight increase in peak width. In the
reflection mode of a TOF instrument, ions that undergo fragmentation cannot
be detected at their correct molar mass.76

With a special technique, namely “Post-source Decay” (PSD), however,
the reflection mode can be used to analyze metastables.77 By stepping down
the reflection potential, all the fragments of a selected ion can be analyzed.
The precursor ion is selected after the acceleration zone by a gating system,
which deflects all unwanted ions perpendicular to the normal flight path.77

Analysis of metastables is quite efficient in the case of peptides, where
information on the sequence of amino acids is readily obtained.78 In the case
of synthetic polymers, investigation of metastables can also be useful to
deduce structure information, and the sequence of comonomers may also
be obtained in the characterization of copolymers by the PSD method.78

Both detection methods, the linear mode and the reflection mode, have
advantages and drawbacks and ought to be chosen according to the infor-
mation desired. Generally, the linear mode is used for measuring molar mass
distributions, especially for polymers with high molar masses (more than
10000 Da), whereas the reflection mode is used preferentially for determining
the exact molar mass of individual oligomers, necessary for end-group deter-
mination or identification of side products, or impurities.

An algorithm that capitalizes on the correlation between the positions and
velocities of desorbed ions has been developed to increase the mass resolu-
tion of linear TOF instruments.74,79,80 It is applicable to low- and high-mass
ions and may also improve the performance of reflectron mass analyzers. 

Complete characterization for each ionization event can be obtained by
the curved-field reflectron that, in addition to greatly enhancing signal-to-
noise levels from multiple acquisition, provides the means to rapidly acquire
product- and metastable-ion spectra.81

A significant improvement in mass resolution, respect to the above described
“continuous extraction” procedure, was obtained by the introduction of “time
lag focusing” or “delayed extraction” (DE).82–88 This principle can be used in
both linear and reflection mode yielding an improvement in resolution by a
factor of above ten in both cases.
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Whereas the reflection field compensates for the initial energy spread of
the created ions, delayed extraction can also compensate for the time spread
in ion formation. In this system the ions formed by MALDI are produced in
a weak electrical field, and subsequently extracted by application of a high
voltage pulse after a predetermined time delay of typically a few hundred
nanoseconds (50–1000 ns) after a laser pulse. Thus, the initial desorption and
ion formation process is separated from the ion acceleration step and, there-
fore, the time window required for ion formation does not contribute to peak
broadening.

Another possible advantage of this experimental procedure is that during
the delay most of the neutral species created during desorption are allowed
to dissipate and are pumped away so that ion-neutral collisions are mini-
mized. With this technique it is possible to achieve mass resolution of up to
10000, i.e., unit mass resolution can be obtained up to 7000 Da.85

The analytical capability of delayed extraction has been demonstrated in the
MALDI-TOF analysis of several polymers such as PEG and PS.84 Figure 10.1
compares 3 MALDI mass spectra obtained for a polyethylene glycol with
narrow distribution, D ≤ 1.07, obtained in: (a) linear mode, (b) reflection
mode, (c) in reflection mode with delayed extraction. A higher mass resolu-
tion is evident when the delayed extraction procedure is used.20

In order to obtain mass spectra with good mass resolution and mass accu-
racy over a large mass range, a compromise between delay time and grid
voltage values is necessary, especially when blends of polymers with different
molar masses and or chemical structures are examined.88

Coupling a MALDI source with a Fourier Transform Ion Cyclotron Res-
onance Mass Spectrometer (FTICR-MS), has been reported to be a poten-
tially advantageous method to accurately determine end-groups, molar
mass distributions, and chemical composition of biological and synthetic
polymers.89–99 FTICR-MS provides high mass-resolving power, precise mass
measurement, the possibility of isolating ions and manipulating them (mul-
tistage mass spectrometry), simultaneous detection of ions over a wide mass
range, and ion measurement23 (Chapter 9).

10.2.6 Ion Detection 

The high-intensity background peaks resulting from the matrix often compli-
cate MALDI-TOF mass spectra. This background results in limitations in both
resolution and detector response, reducing the effectiveness of the MALDI
technique for high molar mass polymers. It has been shown that signal-to-
background ratio and the resolution improve as the laser power is reduced
to the “threshold” irradiance. The threshold level depends on the detector
used for measurement.100

Microchannel plate (MCP) detectors are ideally suited for high-sensitivity
applications due to the rapid response coupled with a very high gain.100 How-
ever, these same characteristics make the MCP detectors susceptible to satu-
ration resulting from the low-mass ion component in the MALDI spectrum.
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Because a large component of the ion flux in MALDI is composed of low-
mass ions (m/z < 1000), the saturation of the detector occurs frequently,
resulting in a reduced capacity to detect high-mass ions. Low-mass ions can
be deflected away from the ion optical axis using a pulsed deflector plate
situated close to the entrance into the flight region. 

Rapid bipolar pulsing of an electrostatic particle guide (EPG) permits
selective elimination of unwanted background peaks that would normally
saturate the detector, thus enhancing the dynamic range of the detector.101 The
EPG is an isolated wire electrode that spans the length of the flight tube,

FIGURE 10.1 
Positive-ion MALDI-TOF spectra of a polyethylene glycol SEC-standard sample obtained in:
(a) linear mode; (b) reflection mode; and (c) delayed extraction mode. (Reprinted with permis-
sion from Ref. 20, Copyright 1999 John Wiley & Sons Ltd)
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creating a potential field in the center which effectively “guides” ions to the
detectors. Ions that are accelerated slightly perpendicular to the ion optical
axis are captured in the potential field and transported to the detector,
resulting in a dramatic improvement in sensitivity. 

A cryogenically cooled superconducting tunnel junction (STJ) detector
might solve poor detection efficiency exhibited by MCPs for large ions.102

The cryogenic detectors comprise a class of particle and x-ray detectors that
do not rely on ionization but register the impact of individual particles,
charged or not, by responding to the deposited energy. The energy response
capability of the detector introduces a way to detect isochronous ions of
different charge.102

Hybrid detectors are different from dual MCPs in that they possess a single
microchannel plate. The second amplification stage is often achieved using
a scintillator which surmounts the entrance window of a photomultiplier.
Sometimes a venetian-blind steel dynode is found in the initial part of a
hybrid detector in order to perform ion-to-electron conversion.

10.2.7 MALDI Calibration

Mass calibration is a fundamental operation in TOF mass spectrometry. The
time-of-flight data recorded in MALDI-TOF analysis are converted into mass-
to-charge (m/z) values for ions using Eq. 10.2, Section 10.2.1. The external
calibration procedure is usually adopted. It consists in recording the spec-
trum of a compound of known mass and computing the set of calibrating
constants in Eq. 10.2. The set of constants are then used to calibrate the spectra
of unknown compounds, recorded using the same instrumental conditions.
Polymer samples with known structure and end-groups may be used. The
accuracy in mass determination by this procedure is claimed to be 0.1%.13 A
more accurate calibration method is the internal calibration procedure that
has been used to calibrate mass spectra of proteins.5

In the case of polymeric materials, internal standards are difficult to find,
since each synthetic polymer class would need structurally identical species
as internal standards, possibly monodisperse, and with mass values, to avoid
overlap with the masses displayed by the polymer sample. 

A precise calibration method for MALDI-TOF spectra of polymers, named
“self-calibration,” has been developed.103,104 In this method, the flight time
of a peak series (usually 20 or more peaks are needed for accurate results)
are recorded and then given as input to a computer program, called CALTOF,103

which yields as output the calibration constants a and b of Eq. 10.2.
The presence of multiply charged molecular ions in the MALDI-TOF spec-

trum can improve the accuracy of mass determination by averaging the
values measured for different charge states. The gain, however, can be very
little, if any, because of the significant spread in the molar mass data derived
from the multiply charged ions.105

Furthermore, ions with different charge states lie on different calibration
curves, depending on their initial energies and energy deficits. To overcome
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this problem and to improve the mass calibration in linear TOF instruments,
a 3-point calibration procedure has been proposed, which takes into account
the initial energies of the molecular ions and uses multiply charged ions in the
calibration.105

The latter method gives 2 or 3 times better accuracy of mass determination
than the conventional 2-point calibration.104 In this method, multiply charged
ions appear to lie on the same calibration curve.

In a recent work, improved calibration of MALDI-TOF mass spectra was
obtained by optimization of the electrostatic field generated by the ions.106

In contrast to conventional methods, where the relationship between ion
flight time and mass is an arbitrary polynomial equation, this method is
based on the physics of ion motion. Parameters needed to describe the
physics are numerically optimized using a simple algorithm. Once these
parameters are established, unknown masses can be determined from their
times-of-flight.106 This calibration method gives well-behaved results,
since non-linear parameters (due to extraction delay, desorption velocity,
and other events) are properly taken into account in the time-of-flight
calculation.106

10.3 Applications of MALDI-TOF-MS to Synthetic Polymers

The amount of structural and compositional information that can be gathered
from MALDI analysis of synthetic polymeric materials is substan-
tial.18,21–27,107–131 It includes repeat units and end-group identification, structural
analysis of linear and cyclic oligomers, tracking of polymerization kinetics,
and the estimate of composition and sequence for complex copolymer systems.

Another important application of MALDI-TOF mass spectrometry is the
measurement of molar mass of synthetic polymeric materials up to 106 Da
and beyond. The conventional MM characterization techniques (viscosity,
SEC, light scattering) are indirect ways of measurement of molar masses,
and the prospect of direct measurements of high MM and MMD has stirred
much expectation among polymer scientists.

10.3.1 Determination of Molar Masses

Molar mass (MM) and molar mass distribution (MMD) values in macromo-
lecular compounds can be calculated from their mass spectra, as discussed
in Chapter 2. Most industrial polymers have average MM in the range of
several tens of thousands and, often being polydisperse, their higher mass
tails usually reach MM values of several hundred thousands and even
higher.
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Determinations of MM in relatively low MM polymer samples (up to a mass
limit of about 10,000 Da) have appeared in the last decades, by a number of
soft ionization MS techniques as static SIMS-TOF,132 LD-FTMS,133,134 DCI,135

FD,2 FAB,1,2 ESI.8 The ESI-TOF technique, which for proteins is capable of
providing high MM measurements, in the case of synthetic polymers yields
spectra only below 5000 Da, due to chain entanglement.8

Before the introduction of MALDI, mass spectrometry was not a widely
applicable method for the determination of MM of synthetic polymers. Since
MALDI-TOF allows desorption and ionization of very large molecules, it is
now possible to perform the direct identification of mass-resolved polymer
chains and the measurement of MM in numerous high polymers. MM values
up to 1.5 million Daltons have been measured for PS monodisperse stan-
dards.74 MALDI-TOF is therefore unique for the MM and MMD estimation
in synthetic polymers by MS techniques.

Comparison of MALDI-TOF spectra of relatively low-mass polymers with
those obtained by other ionization techniques (ESI,38,125,126 SIMS,  FAB127),
yields MM estimates in general agreement. MALDI-TOF was originally devel-
oped for proteins (exactly monodisperse polymers),3–5,12–15,27,31 and its exten-
sion to the characterization of synthetic polymers was not straightforward.
Contrary to the case of proteins, synthetic polymers may show a wide range
of molar mass distributions, according to the synthetic method used in their
preparation.

The determination of MM by SEC (which is an indirect method and needs
appropriate standards for the calibration of the SEC traces) is very popular,
and average values of MM and of MMD for all kinds of polymer samples
can be routinely extracted from SEC measurements (Chapter 2). Therefore
it was a logical choice to compare the MM values obtained from MALDI
with those from SEC.

In the MALDI process, ions strike the detector and produce a current that
is a function of the number of ions, so that the detector response is propor-
tional to molar fractions. Therefore, in a mass spectrum the intensity of the
peaks is proportional to the molar amount of each species, and the masses
are displayed on a linear scale.

In contrast, the intensity of the SEC response is proportional to the weight
amount of each species, and the masses are displayed on a logarithmic scale
in SEC traces. The two traces are therefore not directly comparable, and this
has to be taken into account when handling data from the two tech-
niques.113,114,128,131 Furthermore, SEC traces are continuous, i.e., the oligomers
contributing to the intensity of the detector signal are not mass resolved,
whereas MALDI-TOF spectra are typically mass-resolved up to about
50–60 kDa. At higher masses MALDI-TOF yields continuous traces, which
is analogous to SEC.

The difference between SEC and MALDI traces does not constitute a prob-
lem in computing average molar masses, because the average MM of poly-
mers are calculated from a summation of the abundance of each oligomer,

125,127
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and the same equations apply both to the SEC and MALDI-TOF techniques
(Chapter 2).

The most serious problems encountered in achieving correct estimates of
the molar masses of polymers from their MALDI-TOF spectra do have an
instrumental origin. For the quantitative analysis of mass spectra of polymers,
the number of charged adducts revealed by the MS detector must reflect the
number of polymeric chains actually existing in the sample. This requires that
the ionization yield of the various oligomer species present in polymers must
be independent of chain size, and that the MALDI-TOF detector ought to show
a constant response to ions as the mass of the oligomer increases.

However, the detectors currently in use in commercial MALDI-TOF instru-
ments (see Section 10.2.6)118 do not meet this crucial condition. Mass discrim-
ination effects at high masses are observed, and therefore MALDI spectra of
unfractionated polymer samples may not produce the correct MM estimate.107

Average MM estimates by MALDI-TOF for narrow disperse polymers were
found to be in good agreement with conventional methods of MM determi-
nation,25,34,37,38,44,64,74,107,113–128,131,136–138 but several authors have reported that for
broad distribution polymers MALDI yields false MM values. In the initial
systematic attempt to explore the accuracy of MM estimates obtained with
MALDI-TOF, several polymethylmethacrylate (PMMA), polystyrene (PS),
polyethyleneglycol (PEG) samples with a varying degree of MMD were ana-
lyzed.  Measurements of MALDI-TOF spectra in linear mode were used to
estimate the MM and MMD of these polymer samples.107 The results, reported
in Table 10.1, show that the molar mass estimates provided by MALDI-TOF
measurements agree with the values obtained by conventional techniques
(such as SEC), only in the case of polymer samples with very narrow MMD
(Mw/Mn < 1.10). 

In the PMMA samples analyzed (see Table 10.1), when the polydispersion
index reaches values around 1.10 the Mp (SEC) and Mp (MALDI) values may
differ up to about 20%. At higher dispersions, MALDI spectra failed to yield
reliable MM values, and the MM measured were much lower than those
obtained by conventional methods.107

Also a number of condensation polymers such as Nylon 6, polycarbonate,
and polyesters were studied (see Table 10.2). These polymers usually pos-
sess broad MM distributions, the value of the ratio Mw /Mn being usually
around 2. From the inspection of Table 10.2 it can be seen that MALDI
underestimates both Mw and Mn in the case of condensation polymers and
that the ratio Mw /Mn derived from MALDI spectra of polydisperse polymers
is strongly underestimated, and the MM distribution is much narrower. This
evidence indicates that lighter molecules are preferentially detected in
MALDI-TOF instruments, causing the underestimation of the presence of
larger molecules and limiting the use of MALDI for MM and MMD deter-
minations to “monodisperse” samples.

A great part of the MALDI work published to date has been concerned with
low-mass polymers (<5–10 kDa), thus the value of the conclusions reached in
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these studies on the determination of MM and MMD is somewhat limited.34,137

However, MALDI-TOF studies dealing with the MM determination of higher
mass range polymers have appeared44,74,107,123,124,131 confirming the above
results.

Great caution is therefore needed in estimating MM and MMD of unfrac-
tionated polymers by MALDI-TOF, with accurate estimates being limited to
nearly monodisperse polymer samples.107 Since the great majority of syn-
thetic polymers show a marked polydispersion, this conclusion has raised
some concern about the general applicability of the MALDI-TOF method for
the determination of MM in polymers. This concern, in turn, has stimulated
several studies devised to test these results and to ascertain the reasons why
MALDI spectra have shown such a limitation.25,37,38,63,113–127,137

TABLE 10.1

Molecular Weight Distribution Data for Polymethylmethacrylates (PMMA), 
Polyethyleneglycols (PEG), and Polystyrenes (PS)

Sample Mp(GPC)a Mp(MALDI)a
�%b

Mw/Mn

(GPC)c
Mw/Mn

(MALDI)d

PMMA2400 2400 2100 12.5 1.08 1.10
PMMA3100 3100 2700 12.9 1.09 1.11
PMMA4700 4700 4200 10.6 1.10 1.08
PMMA6540 6540 5200 20.5 1.09 1.11
PMMA9400 9400 7500 20.2 1.10 1.08
PMMA12700 12700 10400 18.1 1.08 1.10
PMMA17000 17000 15000 11.8 1.06 1.03
PMMA29400 29400 27000 8.2 1.06 1.01
PMMA48600 48600 47000 2.1 1.05 1.01
PMMA95000 95000 90000 5.3 1.04 1.01
PMMA_W1e 33000 2200 94.0 2.50 1.15
PS5050 5050 5100 1.0 1.05 1.02
PS7000 7000 7020 0.3 1.04 1.02
PS9680 9680 9600 0.8 1.02 1.01
PS11600 11600 11300 2.6 1.03 1.02
PS22000 22000 20800 5.5 1.03 1.01
PS30300 30300 28000 7.6 1.03 1.02
PS52000 52000 46000 11.5 1.03 1.01
PS_W2e 9000 2000 77.0 2.00 1.06
PEG4100 4100 3900 4.9 1.05 1.01
PEG7100 7100 7420 4.3 1.03 1.02
PEG8650 8650 8610 0.5 1.03 1.02
PEG12600 12600 12790 1.5 1.04 1.01
PEG23600 23600 23710 0.1 1.06 1.02
a Most probable molecular weight. 
b Percent difference between Mp(GPC) and Mp(MALDI).
c Calculated from the GPC curve using the formulas n = (ΣmiNi)/(ΣNi), w = (Σmi

2Ni)/
(ΣmiNi).

d Calculated from the MALDI-TOF MS using the formulas  n =  (ΣmiNi)/(ΣNi),
w =  (Σmi

2Ni)/(�miNi).
e Synthesized by free-radical polymerization.

M M

M
M
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10.3.1.1 Polymers with a Narrow MM Distribution

Samples with a narrow MM distribution are obtained in various ways. The
most used method is anionic polymerization,139 and this synthetic route can
polymerize a large number of monomers. This includes styrene and substituted
styrenes (p-methyl, 2,4,6 trimethyl, p-methoxy, α-methyl), nitrogen-containing
compounds (vinylpiridine), acrylonitrile and substituted acrylonitriles
(methacrylonitrile), a large number of alkylmethacrylates, heterocylic mono-
mers such as ethylene oxide, propylene oxide, isobutylene oxide, ethylene
sulfide and substituted ethylene sulfides, heterocylic dimers as glycolide and
lactide, propiolactone and higher lactones, hexamethylcyclotrisiloxane and
octamethylcyclotetrasiloxane along with dienes (butadiene, isoprene, pip-
erylene, phenylbutadiene).

The theory predicts that the MM distribution of samples obtained by
anionic polymerization follows the Poisson distribution, which is extremely
narrow, as discussed in Chapter 2 of this book. Monodisperse polyelectro-
lytes such as poly(styrenesulfonic acid), poly(styrenecarboxlic acid), and
poly(acrylic acid) can be synthesized from samples polymerized by anionic
polymerization.139 Fractionation also affords samples with a narrow MM
distribution, but it requires substantial quantities of solvents and therefore
it is less frequently adopted for samples that do not dissolve in water.140

Controlled radical (or “living”) polymerization is a relatively new field
which is rapidly developing. Samples obtained by this technique display a
narrow MM distribution with a polydispersion index lower than 1.2, and
often lower than 1.1.139

A large number of authors have recorded MALDI-TOF mass spectra of
samples obtained by anionic polymerization and compared the values for

TABLE 10.2

Molecular Weight Distribution Data for Nylon 6, Polycarbonates, and Other Polymers107

Sample w
a

w

(MALDI)b
n

(NMR)c
n

(MALDI)f
�%d

Polybutyleneadipate 3020 4000f 2090 47.8 — 1.45
Polycarbonate 24200 7930 17000f 6470 61.9 1.42 1.23
Polycaprolactone 6740 10000f 4690 53.1 — 1.44
Nylon 6 diamino            7000 2250 3000g 2020 48.5 2.33 1.11
Nylon 6 monoamino         15000 3080 6200g 2320 62.6 2.42 1.32
Nylon  6  hydrolysis        11000 2070 6800g 1850 72.8 1.62 1.12
Nylon 6 dicarboxyl        19000 2770 6400g 2120 66.7 2.97 1.30

a
Calculated from intrinsic viscosity using appropriate k and a values.

b
Calculated from the MALDI-TOF mass spectrum.

c
Calculated from proton NMR or from end-group analysis.

d
Percent difference between Mn(GPC) and Mn(MALDI).

e
Calculated using viscosity and NMR data.

f
Calculated from proton NMR.

g
Calculated from end-group analysis.

M
M M M

Mw/Mn
e

Mw/Mn
b
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Mn and Mw obtained by MALDI with the values obtained by osmometry,
viscometry, light scattering, and SEC. In general there is good agreement with
MALDI-TOF MM estimates, due to the fact that mass discrimination effects
are negligible and instrumental limitations become less severe. Figure 10.2
shows the MALDI-TOF mass spectrum of a polystyrene sample obtained by
anionic polymerization (initiator n-butyl lithium, termination by methanol).
The peak due to singly charged ions is at 157 kDa, whereas the peak due
to doubly charged ions is at 79 kDa and the peak due to dimeric ions is at
312 kDa. The figure also reports the values for Mn and Mw obtained by
conventional methods. It can be seen that the values for Mn and Mw obtained
by MALDI agree with the latter.

Figure 10.3a shows the MALDI-TOF mass spectrum of a PMMA sample
obtained by anionic polymerization (initiator cumyl lithium, termination by
methanol).  It can be seen that the peak due to singly charged ions is at 48 kDa
and that the peak due to dimeric ions is at 94 kDa. The figure also gives the
values for Mn and Mw obtained by viscometry and SEC, which agree with
the values obtained by MALDI. 

Figure 10.3b reports the MALDI-TOF mass spectrum of a PMMA sample
obtained with the same initiator, but using a higher [M]/[I] ratio.107 It can
be seen that the spectrum is mass-resolved and that the values for Mn and
Mw, namely Mn = 8600 and Mw = 9600, are in excellent agreement with the
values obtained by viscometry, light scattering, and SEC.

Figure 10.4 reports the MALDI-TOF mass spectrum of a PEG sample
obtained by ring-opening polymerization (initiator potassium ethanolate, ter-
mination by ethanol).141 The comparison between the values for Mn and Mw

FIGURE 10.2 
MALDI-TOF mass spectrum of a polystyrene sample.
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obtained by MALDI, namely Mn = 7000 and Mw = 7200, and the values
obtained by osmometry, viscometry, light scattering, and SEC is satisfactory.

Lactones can be polymerized by ring-opening polymerization. MALDI-
TOF spectra of anionic poly(lactic acid) (PLA) display negligible mass dis-
crimination effects. Values of MM measured by MALDI turn out to be in
good agreement with those obtained by conventional methods.142

Polybutadiene (PB) and polyisoprene (PI) samples obtained by anionic
polymerization are employed as primary MM standard for SEC calibration.
Yalcin et al. has recorded MALDI-TOF spectra of anionic PB and PI.143 As an
example, Figure 10.5 shows the MALDI-TOF mass spectrum of a polyiso-
prene sample with Mn = 19300. Yalcin et al. also analyzed PB6000, PI10500,
and PB22000, and compared the MALDI method with conventional methods
for measuring Mn and Mw values, finding a reasonable agreement.143

FIGURE 10.3 
MALDI-TOF mass spectrum of PMMA that possesses a narrow MMD: (a) sample at 49 kDa,
(b) sample at 9.4 kDa.
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FIGURE 10.4 
MALDI-TOF mass spectrum of PEG7100.

FIGURE 10.5 
MALDI-TOF mass spectrum of polyisoprene 19300. (Adaped by permission from Ref. 143)
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Garozzo et al. injected in a preparative SEC apparatus a polydisperse
polymer (dextran) and analyzed the collected fractions by light scattering
and by MALDI-TOF.140 Figure 10.6 shows the MALDI-TOF mass spectrum
of two dextran samples obtained by this method. The analysis of the spectra
yielded Mw = 50000 for the sample on the left and Mw = 90000 for the sample
on the right, and these values compare well with the light scattering values
(Mw = 50000; Mw = 94000).

Figure 10.7 shows the MALDI-TOF mass spectrum of a sample obtained by
ring-opening polymerization of a disubstituted cyclopropane.144 Figure 10.7
also reports the values for Mn and Mw obtained by various conventional tech-
niques, among which is NMR (NMR gives reliable results in the case of low
MM polymers, as the present one) and the analysis of the MALDI spectrum. 

Block copolymers produced by anionic polymerization do possess a very
narrow MM distribution (Chapter 2). Wilczek-Vera et al. recorded the MALDI-
TOF mass spectrum of a block copolymer containing units of α-methylstyrene
and units of styrene.145 MALDI peak intensities were inserted in the equations
which define Mn and Mw and the result was Mn = 4273, Mw = 4411, in fair
agreement with the molar mass averages obtained by SEC (Mn = 4190, Mw =
4510).145

Figure 10.8 reports the MALDI-TOF mass spectrum of a St-MMA block
copolymer.146 The peak due to singly charged ions is at 27000 Da, whereas the
peak due to dimeric ions is at 54000 Da. The SEC analysis yielded Mn = 26000,

FIGURE 10.6 
MALDI-TOF mass spectrum of SEC fractions of dextran. (Reprinted with permission from Ref.
140, Copyright 1995 John Wiley & Sons Ltd)

�
�

�
�

��

����� ����� 	���� 
�����

��

����� ���������� ��������
����� ��������

�	��	 �

���
! �

����� ���������� ���	����
����� ���	����

�	��� �

©2002 CRC Press LLC



and the composition (determined by 1H-NMR) turned out to be almost equimo-
lar.146 This implies that the styrene and MMA blocks have both Mn = 13000.

It can be concluded that the MALDI method for measuring Mn and Mw

values in polymers and copolymers gives a good agreement with conven-
tional methods.

FIGURE 10.7 
MALDI-TOF mass spectrum of a polymer obtained from a disubstituted cyclopropane. (Reprint-
ed with permission from Ref. 144, Copyright 2000 American Chemical Society)

FIGURE 10.8 
MALDI-TOF mass spectrum of a PMMA-block-PS copolymer sample obtained by anionic
polymerization.
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10.3.1.2 Polymers with a Broad MM Distribution

When the sample possesses a broad MM distribution, in order to calculate
the MM it is necessary to consider the intensities of peaks spanning over a
wide range of mass numbers. This constitutes a serious problem in MALDI-
TOF MS, since mass discrimination is likely to occur.

Before analyzing the effect of mass discrimination in the MM determina-
tion, it is interesting here to consider two special cases where MALDI-TOF
measurements of wide distribution polymers are useful not for estimating
the MM averages, but for detecting the MMD shape.

The first case occurs when a light-sensitive molecule initiates the polymer-
ization process and the light source is pulsed, such as in the rotating sector
polymerization147 or in pulsed-laser polymerization (PLP).148 In this case, the
resulting polymer follows a peculiar MMD, since as the chain length (n)
increases, the molar fraction of chains of size n, denoted by I(n), grows and
falls. More specifically, it falls exponentially,147 then it grows, reaches a max-
imum, and then falls again. I(n) possesses a point of inflection, at mass Minf,
which is given by:

Minf = Φ[I(n)] (10.3)

where Φ is an expression which involves the second derivative of I(n) with
respect to “n.” By plotting the oligomer’s abundance against its mass, and
taking the second derivative, the point at which the second derivative
changes from negative to positive is the point of inflection. Minf, is important
in assessing the rate constant of termination and the rate constant of chain
transfer.

Figure 10.9 reports the MALDI-TOF mass spectrum of a polymer obtained
by pulsed-laser polymerization that displays a series of peaks ranging from
3000 Da to 12000 Da.148 The MMD resulting from the MS was plotted, and
the point of inflection of the MMD (Eq. 10.3) was determined. The data allow
one to determine the rate constant of termination and the rate constant of
chain transfer.148 The method based on MS has now become a standard. 

The second case occurs when the polymeric sample possesses a large fraction
of cyclic oligomers. The presence of cyclic oligomers is often noticed in poly-
mers, although the abundance of cyclics decreases drastically as the mass
grows, and cyclic oligomers with n > 50 are very rare. Several MS techniques
have been used to detect cyclics in polymeric samples (Chapters 2 and 7).153

MALDI can be used as well, since the mass range of cyclic oligomers is
relatively limited, and therefore mass discrimination is not severe. Figure 10.10 0
reports the MALDI-TOF mass spectrum of a polylactic acid (PLA) sample.154

In the region 1300–2600 Da, peaks due to cyclics (°) are stronger than peaks
due to linear (×) oligomers, whereas in the region 2600–4000 Da peaks due to
cyclics are weaker. Remarkably, cyclic oligomers up to mass 4000 are indeed
seen, corresponding to chains with a size up to n = 70 and even higher, showing
an unusually extended range of PLA cyclics.154

44, 147–152
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10.3.2 Effect of Mass Discrimination in the MM Determination

All the quantitative applications of MS to polymers, regardless of the ioniza-
tion method utilized to produce ions, are based on the assumption that there
is a quantitative correspondence between the relative abundance of the spe-
cies to be analyzed and the relative intensity of MS peaks (see Chapter 2).

FIGURE 10.9 
MALDI-TOF mass spectrum of a PMMA obtained by pulsed laser polymerization. The arrow
indicates the position of the inflection point Minf. (Reprinted with permission from Ref. 11,
Copyright 1993 American Chemical Society)

FIGURE 10.10 
MALDI-TOF mass spectrum of poly(lactic acid). In the region 1300–2600 peaks due to cyclic
are stronger than peaks due to linear, whereas in the region 2600–4000 peaks due to cyclic are
weaker.
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This assumption implies that there are no mass discrimination effects, i.e., that
ion fragmentation, ionization yield, ion trasmittance, and detector response are
independent of oligomer molar mass. Notably, in the case of the determination
of composition and sequence in copolymers by MS techniques (Chapter 2),
where one needs only to consider the relative intensity of the co-oligomers
of the same length, the assumption that the relative peak intensities reflect
the relative co-oligomers abundance has been proven valid.145,155–167

However, if we consider an extended mass range, these conditions are
certainly not met by any MS technique of current use. The most notable case
where it is necessary to consider the intensities of peaks spanning over a
wide range of mass numbers is the determination of molar masses in poly-
disperse polymers (see Chapter 2).

Up to a decade ago, when the existing soft ionization MS techniques reached
masses up to 5,000–10,000 Da, molar mass estimates produced by these MS
techniques were reported to be in agreement with the results obtained by SEC
analysis. The advent of MALDI-TOF boosted to 106 Da and beyond the range
of masses detectable, and showed the existence of mass discrimination effects
that rendered inaccurate the determination of molar masses in polydisperse
polymers by MS.18,21,116,117,120,131 Even when the detectors currently employed
in MALDI instruments are equipped with a post acceleration device, the
detection of high masses is still only partially efficient.12 This was an important
disadvantage of the technique, but it was crucial for the development of
MALDI applications to synthetic polymers. 

In order to overcome mass discrimination problems in MALDI, several
strategies have been devised. An obvious way to proceed is to couple SEC
fractionation with MALDI analysis of the fractions, in order to reduce the
polydispersion of the original sample. This hyphenated method has been
successful and it is now routinely applied in its off-line version, whereas
several attempts are under way to develop a reliable on-line SEC/MALDI
procedure (Section 10.3.3). 

Another obvious approach is to try to design an ideal detector, capable of
showing a constant response independent of mass value. Attempts in this
direction have been reported,18,21,120 and should these “ideal” detectors
become available, it would be possible to calculate reliable MM and MMD
directly from a single MALDI spectrum. 

Still another attempt to cope with the problem of mass discrimination in
MALDI has been reported. In this, an off-line correction of the detector response
is made, eliminating spurious components in the signal and generating a new
spectral baseline from which the molar mass of the polymer can be calcu-
lated.123 The method utilizes the MALDI spectrum in continuous extraction to
get the full ion yield from the detector. The results obtained up to the present
are encouraging.

Figure 10.11 reports the principal steps and the results obtained when the
above procedure is applied to a BPA-polycarbonate (PC) sample. The upper
part reports the MALDI-TOF mass spectrum of the PC sample. It displays
a series of well-resolved peaks (see inset) in the region between 4000 and

123,124
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8000 Da, followed by a quick decrease of the signal in the region between
8000 and 30000 Da and by a gentle decrease above 30000 Da. The middle
part of the picture reports the result obtained when one applies a strong
smoothing and selects a new level for the baseline. The last part of the picture

FIGURE 10.11 
The procedure for the determination of Mn and Mw from the MALDI spectrum. MALDI-TOF
mass spectrum of a polycarbonate (a), the spectrum after smoothing and baseline subtraction
(b), the result of a calculation which yields Mn and Mw (c). (Reprinted with permission from Ref.
124, Copyright 1997 American Chemical Society)
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reports the result of Mn and of Mw as a function of the m/z value selected
as end line. The correct estimate of MM is where the asymptote is reached.123

A further procedure for the correction of the decreasing detection response
in MALDI-TOF spectra with increasing ion mass, is based on the use of
PMMA standards of known MM to calibrate the detector response. Figure
10.12a shows the MALDI-TOF spectrum of an equimolar mixture of four
PMMA primary standards with different MM. Although the mixture is
equimolar, the areas under the four bell-shaped peaks are not the same, due
to the fact that lighter molecules are preferentially desorbed and the response
of the detector is not constant.

Figure 10.12b reports the ion yield, measured by taking the ratios among
the areas under the four bell-shaped structures in the mass spectrum. It also

FIGURE 10.12 
MALDI-TOF mass spectrum of a mixture of PMMA standards (a) and the function used for the
correction (b). (Reprinted with permission from Ref. 131, Copyright 1998 John Wiley & Sons Ltd)
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reports the function used to take into account the decreasing detection
response in MALDI-TOF. From these data, an equation describing the MALDI-
TOF response to increasing MM has been derived, and it can be used to correct
the experimental spectra.131

10.3.3 Coupling Size Exclusion Chromatography and MALDI-TOF

From the early times of development of MS methods for polymer analysis,
the value of coupling MS with SEC or LC was recognized, and a number of
SEC/MS and LC/MS fractionations applied to polymers have appeared,
using a variety of ionization techniques (Chapter 4).168–175 These studies
showed the unique value of SEC/MS and LC/MS in the structural charac-
terization of homopolymers, copolymers, and complex polymer systems.
With the advent of MALDI-TOF, a large number of investigations focused
on MALDI as a SEC detector for the determination of end-groups and molar
masses in narrow SEC fractions of synthetic polymers.25,108–112,130,140,176–192,193,194

Attempts to measure MM by MALDI of polydisperse polymer samples
yielded poor results. Instead, correct MM estimates could be obtained when
MALDI-TOF was used as a detector for SEC, collecting the SEC fractions
and analyzing them with MALDI.

The earliest SEC/MALDI studies on MM determination108,109,140 were
prompted from the finding107 that MM estimates derived from MALDI-TOF
measurements are accurate only in the case of monodisperse polymers. The
SEC fractionation of polydisperse polymers provided nearly monodisperse
fractions, and MM measurements by MALDI on the samples collected could
be used to calibrate the molar mass vs. retention volume in SEC plots. Thus,
average MM of polydisperse polymers could be determined. At the same
time, it was realized that the MALDI analysis of the fractions obtained in
the SEC procedure allowed the identification of polymer end-groups as a
function of the MM.108,111,112,140,181 Both off-line and on-line SEC/MALDI-TOF
methods have been described. Numerous applications to synthetic polymers
have been published using the off-line method, which is typically operated
by injecting about 0.5 mg of polymer.176–189 The amount of sample present in
each fraction (about 5 µg, on average) exceeds many times the quantity
needed for a MALDI-TOF spectrum. 

The method consists in fractionating the polymer by SEC and collecting a
number of fractions (Figure 10.13). Selected fractions are then analyzed by
MALDI-TOF, and the mass spectra of these nearly monodisperse samples
allow the computation of reliable values of Mn and Mw corresponding to
each fraction. When the Mn of each fraction is plotted vs. elution volume, a
very reliable calibration for the chromatogram is obtained. The SEC trace
and the calibration equation are fed into SEC software, which gives as an
output Mn and Mw of the polymer. A further advantage of collecting SEC
fractions of a polymer sample is that one can use them not only for perform-
ing the SEC/MALDI coupling, but also for SEC/NMR, or any other suitable
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coupling, to obtain complementary structural information.189 Determination
of bivariate distribution in PMMA/PBA and in PS/PAA copolymers was
achieved by performing SEC/MALDI and SEC/NMR experiments.189

The off-line SEC/MALDI coupling is time-consuming and, despite the
advantage illustrated above, the on-line coupling would be the ideal proce-
dure. A number of methods and practical devices have been described to
achieve SEC/MALDI on-line. The methods can be classified as “continuous
flow MALDI” and “aerosol MALDI,” respectively, according to the device
selected for the coupling.177,178

Direct deposition was achieved by post-column mixing of the SEC sol-
vent with matrix solution and then depositing it as a continuous track onto
a rotating sample holder disk.192 In another approach,61 the SEC solvent
was spray-deposited onto a rotating matrix-coated substrate, and the

FIGURE 10.13 
Scheme of the SEC-MALDI method.
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resulting polymer trail was characterized directly by MALDI. The coupling
of SEC to a robotic interface also has been described, where the matrix is
coaxially added to the SEC effluent and spotted dropwise on the MALDI
target.184

In an aerosol SEC/MALDI experiment, the effluent from the SEC column
was combined with a matrix solution and sprayed directly into a MALDI-
TOF spectrometer.177 Ions were formed by irradiation of the aerosol particles
with a pulsed UV laser. The ions were separated in a two-stage TOF appa-
ratus, and averaged mass spectra were stored throughout the SEC/MALDI
experiment. The matter of coupling MALDI with SEC has been recently
reviewed, and it was concluded that off-line SEC/MALDI is routine today,
whereas considerable work is still necessary in order to make on-line SEC/
MALDI a viable alternative to the off-line method.178

Perhaps, one may expect that once the exact experimental conditions for
on-line SEC/MALDI separation have been established for a specific polymer
system, the latter can be routinely repeated as needed, for instance in indus-
trial practice. Conversely, the off-line SEC/MALDI method will always find
its utility in research work, and when one is confronted with new polymeric
materials.

SEC/ESI also has been developed175 (see Chapter 4), although the ESI tech-
nique is mass limited for synthetic polymers, due to the effect of molecular
entanglement8 processes in high MM polymers during electrospray experiments.

Soon after the first reports on the use of SEC/MALDI to the characteriza-
tion of polydisperse polymers,108,112 several papers have appeared176–189 con-
firming the application of SEC/MALDI to the calculation of the average MM
of polydisperse samples of polymers. Progress in the area also has been mon-
itored by some reviews.

MALDI-TOF was coupled to SEC and to other techniques for the structural
characterization of poly(dimethylsiloxane)-co-poly(hydromethylsiloxane), a
copolymer used as a precursor of functionalized silicone grafts.162

Pasch et. al.176 reported a SEC/MALDI investigation of polymers whose
molar masses hardly exceeded 2000 Da. The mass values estimated for each
fraction were not used to calculate average MM values of the whole poly-
mers. The same authors have used preparative SEC to identify by MALDI-
TOF the cyclic PMMA produced by group transfer polymerization.195

The accuracy of the SEC/MALDI procedure has been demonstrated.112 A
series of narrow distributed PMMA samples were injected into a SEC appa-
ratus, and the elution volumes were recorded. A PMMA sample with a broad
MMD (Mn = 13000 Mw = 33000) obtained by free radical polymerization was
injected in an SEC apparatus, and SEC fractions were collected.112 The MALDI-
TOF mass spectra of the SEC fractions were recorded and the respective MM
could be computed. Figure 10.14 reports the SEC calibration line obtained
using the MALDI-TOF mass spectra of the SEC fractions and also the SEC
calibration line obtained using the PMMA standards.111,112 The two lines are
virtually superimposed, thus confirming the accuracy of this procedure,
which makes use of MALDI-TOF mass spectra of SEC fractions. The Mn and

185,188

©2002 CRC Press LLC



Mw values for the whole sample, obtained by the SEC-MALDI method,
turned out to be Mn = 13000 and Mw = 36000, which is within 5% of values
given by the supplier.111,112

SEC-MALDI also proves useful in cases where the production of high
polymers is accompanied by the formation of sizeable amounts of cyclic
oligomers. The presence of a mixture of linear and cyclic chains in low molar
mass polymers causes difficulties in establishing an appropriate SEC cali-
bration curve for such samples.196,197 The theory predicts that cycles are eluted
at later times with respect to linear chains.  In fact, for a given polymer
there is a small but defined difference between the hydrodynamic volumes
of linear and cyclic oligomers of the same molar mass, and this difference is
reflected in the elution volumes (Ve) of the linear and cyclic species of the
same molar mass.197

It has been shown by SEC-light scattering experiments that cyclic oligo-
mers of PDMS are eluted at slightly higher volumes with respect to linear
oligomers of the same MM, owing to the smaller hydrodynamic volume.
The ratio (Mcycle /Mlinear) was found to be 1.24, independent of MM values.197

The experiment was repeated by MALDI-TOF. A commercial PDMS sam-
ple with a wide MMD (Mw/Mn about 2.5) was injected in a SEC apparatus
and SEC fractions were collected.111,112 Figure 10.15 reports the SEC trace
along with the MALDI-TOF mass spectra of four SEC-fractions. The spectra
possess an excellent S/N ratio, they display bell-shaped structures, and Mn

FIGURE 10.14 
SEC calibration plots of the PMMA samples: � Mw of the PMMA GPC standards as indicated
by the supplier,  Mw of the PMMA GPC standards obtained by MALDI-TOF spectra, � Mw

of the PMMA W1 fractions obtained by MALDI-TOF spectra.

20 21 22 23 24 25 26 27 28 29 30 31

Lo
g 

M

Ve(mL)

197

©2002 CRC Press LLC



and Mw can be accurately computed. Another sample possessing a relevant
fraction of cyclics was also analyzed. The MALDI-TOF mass spectra of the
SEC fractions were of excellent quality.112

Figure 10.16 reports the SEC calibration line obtained using the MALDI-
TOF mass spectra for the sample made of linear chains and also for the
sample made of cyclics. It can be seen that the two lines are not superim-
posed, and that cycles are eluted later. Figure 10.17 reports the MALDI -TOF
spectra of four SEC fractions collected from a PDMS sample, and it can be
seen that the average molar mass for the earliest fraction is remarkably high:
Mn = 417,000 and Mw = 424,000.112

The off-line SEC/MALDI procedure has been applied to two polycarbonate
samples PC1 and PC2, which contained both linear and cyclic oligomers.182,183

The results showed that the MALDI spectra of the SEC fractions allow the
net detection of linear and cyclic oligomers contained in these samples, and
also the simultaneous determination of the average molar masses of the linear
and cyclic oligomers.182,183 As expected, two parallel SEC calibration lines were
obtained for linear and cyclic PC chains, and the ratio (Mcycle/Mlinear) was
found to be constant (about 1.20). The mass spectra obtained allowed cali-
bration of the SEC curves against absolute MM, and thereafter calculation of
the MM averages of the original samples from the SEC trace.182,183

FIGURE 10.15
SEC trace of poly(dimethyl siloxane) (PDMS) sample in THF as solvent. The insets display the
MALDI-TOF mass spectra of some selected fractions.
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Applications of SEC/MALDI also proved important in the field of copoly-
mer characterization. The calibration of SEC traces of copolymers is a difficult
problem, and it requires some additional effort compared to the case of
homopolymers. In fact, copolymer chains having the same MM may possess
a different comonomer composition. A change in the comonomer composition
may cause a variation in the overall dimensions of the copolymer chains. As
a consequence, although having the same mass, their hydrodynamic volumes
may be different and the elution volume of isobaric molecules will be subject
to change as the copolymer composition varies. This poses a serious problem
for the calibration of SEC traces.

Runyon et al. proposed a method to compute Mn and Mw of a copolymer
sample which is based on the calibration lines obtained for homopolymer A
and homopolymer B.197

The method consists of two steps. In the first step, after constructing the
calibration lines for homopolymer A and homopolymer B, one records the
SEC trace of the copolymer using a RI detector in series with a UV detector.
Comparing the two detector responses, one measures the changes in wA and
wB, the weight fraction of A units and of B units, as the elution volume grows.
In the second step, Mn and Mw are computed from the SEC trace by using

FIGURE 10.16
SEC calibration lines for poly(dimethyl siloxanes), MALDI-TOF average molecular weights vs.
retention volume VR of each SEC fractions. � linear and � cyclic macromolecules.
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an interpolation formula:

(10.4)

where MC is the molar mass of the copolymer, MA and MB are the molar
masses of the two homopolymers, wA and wB are the weight fractions of A
units and of B units. When the weight fraction of the two units in the copol-
ymer is comparable (wA = 0.5), the copolymer line falls in the middle, and
one can draw it directly on the graph of the two homopolymer lines.

The method of Runyon et al. is based on the assumption that the relation-
ship between the elution volumes of the copolymer and of the two “parent”

FIGURE 10.17 
MALDI-TOF mass spectra, recorded in linear mode, of four selected poly(dimethyl siloxane)
fractions: (a) fraction 6; (b) fraction 8; (c) fraction 17; and (d) fraction 26.
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homopolymers is linear.197 This assumption doesn’t hold, however. The rela-
tionship is more complex,140 and the Mn and Mw values calculated by Eq. 10.4
are erroneous. 

SEC/MALDI can be used to compute Mn and Mw of a copolymer sample
and to overcome this limitation.181 In one example, a random copolymer
containing equimolar amounts of butylene adipate units and of butylene
sebacate units, with a wide MMD (Mw/Mn about 2), was injected in a SEC
apparatus, and SEC fractions were collected.181 The MALDI-TOF mass spec-
tra of the whole sample displayed peaks up to 14 kDa, whereas the MALDI-
TOF mass spectra of the SEC fractions displayed peaks up to 75 kDa.181 The
spectra were characterized by an excellent S/N ratio, and the MM values
for each fraction were determined.

Figure 10.18 reports the SEC calibration line for the random copolymer
(the experimental points are marked as circles), along with the calibration
lines for PBA (the butylene-adipate homopolymer) and for PBSe (the buty-
lene-sebacate homopolymer).  The genuine SEC calibration line for the
random copolymer was used to compute molar mass averages, which turned
out to be Mn = 8500, Mw = 12800.181 It can be noted that the SEC calibration
line for the equimolar copolymer, according to Eq. 10.4, should lie between
the two lines of the homopolymers. Instead, it is almost coincident with the
calibration line of PBSe, probably because of the high hydrodynamic volume
of the copolyester.181

A number of biodegradable copolyesters were analyzed by SEC/MALDI,
the genuine SEC calibration lines were measured, and accurate MM averages
were obtained.181

Nielen et al. used SEC/MALDI for the calculation of the average MM of
a polydisperse MMA/MAA copolymer. The MM averages obtained by SEC/

FIGURE 10.18 
Calibration curves for PBSe, for PBA, and for the PBSe-PBA copolymer. (Reprinted with per-
mission from Ref. 181, Copyright 1998 American Chemical Society)
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MALDI (Mn = 18500 Mw = 36300) were in good agreement with manufac-
turer’s data (Mn = 15000 and Mw = 34000).

10.3.4 Coupling HPLC and MALDI-TOF

High-performance liquid chromatography (HPLC) can be used to separate
macromolecules having the same backbone but different end-groups.198

Combining HPLC with MALDI analysis, some materials have been charac-
terized.176,199–201 For instance the polymerization reaction of styrene using a
carboxyl-functional initiator yields a mixture of chains with zero, one, and
two carboxyl groups, and HPLC can separate the three components mix-
ture.199 MALDI-TOF spectra of the HPLC fractions were used to verify the
efficiency of the separation.199

HPLC can be used also to separate macromolecules of different sizes.
Spickermann et al. used HPLC to separate the high mass fraction of a poly-
styrene sample.191 The MALDI-TOF spectrum of the high mass fraction
turned out to be more informative than the MALDI-TOF spectrum of the
whole sample, since the former displayed some peaks which were absent
(or below the detection limit) in the latter spectrum.191

In another application various HPLC fractions of a poly(decamethylene
adipate) sample were collected, and the HPLC chromatographic trace dis-
played strong peaks separated by deep valleys, suggesting that chains of
different length were eluted at different times.176 However, when the sup-
posed homogeneous fractions were analyzed by MALDI-TOF, it was evident
that oligomers with two, three, and even four repeat units were present in
a single HPLC fraction.176

In the technique of liquid chromatography at the critical condition (LCCC),
macromolecules of different sizes are eluted at the same time (Figure 10.19).202

This peculiar elution behavior is achieved making use of columns in which
the macromolecules are at the adsorption-elution transition, and Figure 10.19
reports the calibration curve for LCCC along with the curves for adsorption
and size exclusion chromatography, respectively.203–205

LCCC can be used to separate macromolecules with different end-groups.
Wachsen et al. used LCCC to separate the products obtained by partially
degrading poly(lactic acid).205 The MALDI-TOF spectra of the LCCC frac-
tions turned out to display a smaller number of peaks compared to the
MALDI-TOF spectrum of the whole sample, and this feature made the peak
assignment procedure for MS peaks simpler and more reliable.190,205

LCCC is a powerful tool for the analysis of block copolymers. Lee et al.
analyzed a copolymer containing blocks of poly(ethylene oxide) and blocks
of poly(lactide) by LCCC, and they were able to determine the conditions
in which chains with lactic blocks of different size are eluted at almost the
same time.201 The LCCC chromatogram shows a series of narrow peaks, and
the MALDI-TOF spectra of the LCCC fractions confirm that each structure
contains exclusively one type of oligomer.
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Pasch used an LCCC apparatus to separate a copolymer containing blocks
of poly(ethylene oxide) and blocks of poly(propylene oxide).202

10.4 Structure and End-Group Identification

Synthetic polymers are characterized not only by differences in their molar
mass distributions, they also exhibit “chemical distribution” (differing func-
tional groups, sequences of monomers, and sequence length) and structural
heterogeneities (linear, cyclic, grafted, and branched portions). Mass accu-
racy and mass resolution obtainable in MALDI-TOF MS often allows the
direct structural determination of the species contained in each polymer
sample and also of the end-groups that are present. Chemical structure and
end-groups functionality of polyamides such as Ny12,

22 Ny6,
206 Ny6,T,

68 Ny10,
68

and Ny6,10,
68 have been characterized by MALDI-TOF mass spectrometry. A

detailed study of the end-groups present in Ny6 samples obtained under
different conditions may illustrate the capability of the method.206

The MALDI-TOF mass spectra of four Nylon 6 (Ny6) samples, each termi-
nated by different end-groups (i.e.: diamino-, amino-methyl-, dicarboxyl-,
and amino-carboxyl) are shown in Figure 10.20.206 These spectra permit a
complete characterization of the molecular species present in each Ny6 sam-
ple. The mass spectrum of the Ny6-diamino terminated (Figure 10.20a) shows

FIGURE 10.19 
Calibration curves for Adsorption Chromatography, SEC, and for Chromatography at the Crit-
ical Conditions. 
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FIGURE 10.20 
Positive-ions MALDI-TOF mass spectra of Ny6 samples: (a) reacted with diaminohexamethyl-
ene; (b) reacted with decylamine; (c) reacted with adipic acid; (d) hydrolyzed with water in
methansulfonic acid. (Continued)
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FIGURE 10.20 
(Continued)
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clusters of three intense peaks due to the protonated, sodiated, and potassi-
ated quasi-molecular ions of the expected diamino-terminated Ny6 oligo-
mers. The protonated peaks (A) disappeared when tetrahydrofuran (THF)
was used as a solvent instead of trifluoroethanol (TFE) solvent. The MALDI-
TOF mass spectrum of the Ny6 amino-teminated sample (Figure 10.20b)
shows intense peaks due to sodiated ions (C) of the expected oligomers
bearing NH2 and C10H21 as terminal groups. The corresponding protonated
ions (D) appear with low intensity. In the region 900–4000 Da, the MALDI
spectrum also shows two mass series of low intensity that can be assigned
to sodiated and potassiated ions of Ny6 cyclic oligomers.

The MALDI-TOF mass spectrum of the Ny6-dicarboxyl terminated
(Figure 10.20c) shows a series of intense peaks ranging from 1000 to 7000 Da,
assigned to Ny6 oligomers bearing two COOH end-groups. Other peak series
of lower intensity appear in the region 1000–4500 Da in Figure 10.20c. Peaks
labeled as 1 and 2 correspond to protonated and sodiated Ny6 cyclic oligo-
mers, respectively. Peaks numbered 4 are due to sodiated ions of the oligomers
with NH2 and COOH end-groups.

The MALDI spectrum of Ny6 hydrolyzed in aqueous methansulfonic acid
(Figure 10.20d) is dominated by a series of intense peaks corresponding to
sodiated ions of the Ny6 oligomers with NH2/COOH end-groups (peaks 4).
Protonated (peaks 5) and potassiated (peaks 6) ions of these oligomers
appear with low intensity. 

The spectrum also displays other low-intensity peak series corresponding
to protonated cyclic oligomers (peaks 1) and sodiated ions of the sodium
salt of the NH2/COOH-terminated Ny6 chains (peaks E).206

Sometimes, the mass spectra of reaction mixtures are very complex, with
partly superimposed peaks, and the end-group assignment is difficult. Dop-
ing the MALDI solutions with different alkali salts may provide a way of
alleviating the problem.

The end-groups of a sample of poly(methylphenylsilane) (PMPS), obtained
by the Wurtz coupling reaction of diorganodichlorosilane followed by frac-
tionation with methanol, were characterized by comparing the MALDI spec-
tra obtained with and without the addition of a specific alkaline salt (LiCl,
KCl, or NaI) to the solution containing the sample and matrix.207

The mass shifts observed in the MALDI spectra of the salt-doped solutions
with respect to the undoped solutions allowed the unambiguous assign-
ments of the isobar peaks corresponding to PMPS oligomers. Six species of
linear oligomers of PMPS bearing different types of end-groups (–Si–(CH3)3,
–O–Si–(CH3)3, –O–CH3, –H), were identified together with a sizeable amount
of cyclic oligomers.207

The end-groups of several PEG samples were identified through their
MALDI-TOF spectra, recorded in linear or reflection mode and in delayed
extraction mode.26,84,107,141,208–212 PEG samples used as primary standards for
SEC were found to possess H/OH and OH/OH end-groups,107,141,208 whereas
several PEG samples used as surfactants were found to have a nonylphenol
end-group.26,84
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Figure 10.21 shows the MALDI-TOF spectra of two PEG samples. The
PEG 4100 sample was synthesized by anionic ring-opening polymerization
of ethylene oxide (EO) initiated with C2H5O

−K+ in the presence C2H5OH,
whereas the polymer PEG 2000 was prepared from EO and H2O in the pres-
ence of an acid catalyst.141

FIGURE 10.21 
Positive ion MALDI-TOF spectra for sample PEG 4100 in the linear mode (a), for sample PEG
4100 in the reflection mode (b), and for sample PEG 2000 in the reflection mode (c). (Reprinted
with permission from Ref. 141, Copyright 1995 American Chemical Society)
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The MALDI-TOF mass spectra of PEG 4100 recorded in linear and reflection
modes are reported in Figures 10.21a and b, respectively. The spectrum recorded
in reflection mode (Figure 10.21b) shows a higher resolution as compared to
that in linear mode (Figure 10.21a), so that two mass series can be discerned
(see inset in Figure 10.21b). The two mass series correspond to sodium- and
potassium-cationized H-(CH2CH2O)n-H oligomers, respectively.141

The MALDI-TOF mass spectrum of PEG 2000 (Figure 10.21c), recorded in
reflection mode, shows one series of mass peaks that corresponds to sodium
cationized HO-(CH2CH2O)n-H oligomers. From this information it is often
possible to deduce the type of initiation and termination mechanisms oper-
ating in the synthesis of PEG samples.141

The end-reactive groups of several types of heterotelechelic PEGs such as
NH2-PEG-OH, CHO-PEG-OH, and CHO-PEG-OCOC(CH3)=CH2, were also
characterized by MALDI-TOF analysis.209 A PEG sample end-labeled with
pyrenebutyrate groups was characterized using HABA as a matrix, doped
with a trace of either sodium chloride or potassium chloride.210 Inspection
of the MALDI-TOF spectra revealed that 80 ± 2% of the chains were doubly
labeled, whereas the remaining chains contained only a single pyrene group.

Ethoxylate end-groups of a PEG sample used as a surfactant additive were
detected by MALDI-MS analysis of fractions obtained by liquid chromatog-
raphy at the critical condition (LCCC).176 Three fractions were collected by
LCCC and, as reported in Figure 10.22, the MALDI-TOF spectra show a
peak-to-peak mass increment of 44 Da, confirming that all fractions consist
of ethylene oxide-based oligomer chains. Accurate mass assignments of
MALDI peaks demonstrated that end-groups of this PEG sample are the
α-tridecyl- -hydroxy (C13) and the α-pentadecyl- -hydroxy (C15) alcohols,
respectively.176

The hydroxy end-group functionalization of some PEG samples, carried
out by reaction with ethyl iodide, has been investigated by MALDI-TOF
analysis.208 The decreasing amount of unsubstituted polymer and the forma-
tion of the expected end-groups was determined as a function of the reaction
time. It was also observed that the ionization probabilities of functional-
ized and unfunctionalized polymers are different.161

MALDI-TOF MS has been useful for the identification of the end-chain of
two heterotelechelic PEG spacers, containing a carboxyl group on one side
and an allylic or hydroxyl group on the other terminus.211 These polymers
were synthesized by appropriate hydroxy end-group modification of PEG
diols.

The high mass resolution that can be obtained by delayed extraction
MALDI-TOF has permitted the characterization of two poly(ethylene glycol)
derivatives of pharmaceutical significance, PEG-bis(ephedrine) and PEG-
bis(acetaminophenone).84 MALDI analysis confirmed that these polymers
have ephedrine or acetaminophenone linked at both ends. End-group char-
acterization, by MALDI-TOF, of derivatized and underivatized samples of
octylphenol-teminated PEG revealed that the addition of carboxylic ends
substantially enhances the detectability of these ethoxylated polymers.212

ω ω
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FIGURE 10.22 
Separation of a technical polyethylene oxide (PEG) by liquid chromatography at the critical
point of adsorption and analysis of fraction by MALDI-MS. Peak assignment indicates degree
of polymerization (n). Column: Nucleosil 100 RP-18 (126 × 4 mm I.D.); eluent: acetonitrile-water
(70:30 v/v). (Reprinted with permission from Ref. 176)
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Some fluorescence-labeled poly(ethylene glycol) samples containing
pyrene units at the chains ends, were also characterized.213 These polymers
are particularly useful for studying end-to-end cyclization kinetics.213

End-group characterization of PEG samples has also been performed by
MALDI-FT-MS.91,92 With respect to MALDI-TOF data, a higher resolution
(30000 at 1000 Da and 6000 at 4300 Da) and higher mass accuracy (better than
15 ppm) were obtained for PEG 1000 and PEG 4000, respectively.91,92

Several papers report the use of MALDI-TOF for the end-group determi-
nation of PMMA synthesized by different methods: free-radical polymeriza-
tion,150,152,214 screened anionic polymerization (SAP),215 group transfer
polymerization (GTP),195,215 catalytic chain polymerization (CCP), and emul-
sion polymerization.216 All spectra consist of an envelope of different homo-
logues, each separated by approximately 100 mass units, the repeat unit in
PMMA.

The GTP, performed in the presence of trimethylsilyldimethylketene acetal
as initiator in conjunction with tetrabutyl ammonium acetate catalyst,
showed the formation of cyclic oligomers in addition to the expected linear
oligomers.195,215 In contrast, PMMA prepared by radical polymerization does
not have this functional heterogeneity.149,150 MALDI-TOF spectra of low
molar mass PMMA, obtained by the polymerization of MMA using zir-
conocene as initiator, reveal that the process is not a living polymerization
and that a back-biting cyclization process is involved.217

The mode of termination for thermally initiated free radical polymerization
of styrene and MMA with AIBN as initiator has been evaluated by MALDI-
TOF, and for low molar mass samples excellent agreement between MALDI-
MS and SEC data was obtained.150

Termination can occur via either disproportionation or combination, result-
ing in chains with one or two initiator fragments, respectively. The ratio of the
termination modes, determined for PMMA and PS, was in excellent agreement
with literature data.150

In the case of PS, even subtle properties of the reaction could be revealed,
e.g., a Diels-Alder rearrangement product due to thermal initiation as well
as a chain scission product due to the MALDI conditions.150

MALDI end-group analysis was investigated for the determination of the
chain transfer coefficients (Cs) for free-radical polymerization of PMMA with
AIBN as initiator and 2-methyl-2-propanethiol as a chain transfer agent in
toluene.152 However, the values of Cs obtained were not consistent with those
obtained with standard methods, and the relative intensities of the peak
series relative to the oligomers with different end-groups were found to be
dependent on the selection of cation (Li+ or Na+).  

The ester exchange reactivity of ester end-groups with respect to the back-
bone esters groups in a PMMA sample, prepared by free-radical polymer-
ization of MMA in the presence of mercaptans as chain transfer agent, was
monitored by MALDI-TOF.214 The results indicate that a mixture was
obtained containing a high amount of mono ester-exchanged PMMA and a
low amount of both di ester-exchanged and unreacted PMMA.214
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Delayed extraction MALDI-TOF has been employed to identify unusual
end-groups in several PMMA samples with average molar masses between
approximately 3500 and 12500 Da.86 DE-MALDI-TOF spectra of these polymers,
acquired using dithranol (DITH) as a matrix, 1,1,1,3,3,3-hexafluoro-iso-
propanol (HFIP) as a solvent, and sodium iodide as cationizing agent, are
shown in Figure 10.23. As a consequence of the improved signal-to-noise ratio
and the good mass accuracy obtained, the different end-groups (Figure 10.23)
of the PMMA samples analyzed were characterized and their structures were
also confirmed by NMR analysis.86

The spectrum of the PMMA sample in Figure 10.23a presents a series of
peaks corresponding to the sodiated ions of oligomers with structure 1. The
expanded regions of spectra in Figure 10.23b,c, d, reveal two series of low
intensity peaks that can be assigned to cyclic PMMA chains and to linear
oligomers with hydrogen end-groups, respectively (structures 5 and 6).86

The DE-MALDI-TOF spectrum (Figure 10.23e) of a PMMA sample of
higher molar mass (Mn = 7900, Mw = 8680), shows two intense series of peaks
that have been assigned to PMMA chains with both hydrogen end-groups
(species 7) and either a hydrogen end-group or a cyclic structure (species 8).  

MALDI-TOF analysis of a PMMA sample synthesized by anionic poly-
merization of MMA, initiated with tert-butyl lithium (tBuLi) in presence of
aluminum alkyls at −78°C in toluene, yielded interesting information.218 The
MALDI spectra showed a series of peaks corresponding to the expected
PMMA macromolecular chains with tBu/H end-groups, and another series
corresponding to PMMA oligomers with the same end-groups and one tert-
butyl isoprenyl ketone (tBVK) unit incorporated in the polymer chains.218

The tBVK is supposed to be produced by the attack of the initiator on the
carbonyl group of the monomer, in the initial step of the polymerization. A
molar ratio Al/Li > 2 was necessary to avoid the formation of this unit.218

Free-radical polymerization in the presence of functional alkyl mercaptans
yields a variety of semitelechelic (ST) polymers with different functional
groups, and MALDI-TOF has been used to characterize the end-chains of
ST-poly[N-(2-hydroxypropyl)methacrylamide] (ST-PHPMA) prepared using
AIBN as initiator.219 The analysis revealed that the end-groups of each poly-
mer reflected the structure of the respective alkyl mercaptan used.219

Also in the case of relatively low molar mass polystyrene (PS), the mass-
resolved molecular ions in the MALDI-TOF spectra have provided informa-
tion concerning the end-groups present.9,38,150,180,220–222

The end-groups of two functionalized PS polymers, one terminated with
a dimethylphenylsilyl [–Si–(CH3)2C6H5] end-group (PS-135), and the other
with perfluoalkylsilyl [–Si(CH3)2(CH2)2C6F13] (PS-405) have been character-
ized by MALDI-TOF MS.180 In this study, the effect of end-groups on
desorption, ionization, and detection probabilities in MALDI-TOF MS anal-
ysis was also investigated. In fact, the relative ion yields of the two func-
tionalized polystyrenes (PS-135 and PS-405) were compared relative to the
standard proton-terminated polymer. Reporting the intensity ratios of the
functionalized to unfuctionalized oligomers at each degree of polymerization,
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the effect of end-group on ion yield could be established.180 In fact, a value
of 0.5 is expected if the ion yield of functionalized and unfunctionalized PS
are the same. Agreement with this value was obtained for the oligomers with
degree of polymerization n = 8–12, whereas a deviation was observed for

FIGURE 10.23 
DE-MALDI-TOF mass spectra of: (a) PMMA E obtained in reflection mode (the inset shows the
expansion of the sodium-molecular ion peak region for the 36-mer of PMMA E and the theo-
retical isotope pattern); (b) PMMA F obtained in linear mode (the inset shows the expansion
of the region m/z 3575–4200); (c) PMMA G obtained in linear mode (the inset shows the
expansion of the region m/z 3580–4275); (d) PMMA H obtained in linear mode (the inset shows
the expansion of the region m/z 3600–4200); and (e) PMMA I obtained in linear mode (the inset
shows the expansion of the region m/z 3550–4075). (Reprinted with permission from Ref. 86,
Copyright 1997 John Wiley & Sons Ltd) (Continued)
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FIGURE 10.23 
(Continued)
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lower mass oligomers (n < 8) and for higher oligomer numbers (n > 12).
The higher ion yield of the latter oligomer has probably resulted from
improved interaction with the matrix, whereas for lower mass oligomers
the end-group modification may allow it to ionize more easily than the
protonated oligomers.180

MALDI-TOF spectra were obtained of carboxy-terminated oligostyrene
samples, prepared by radical polymerization using a dicarboxylated initiator
and efficiently fractionated by HPLC. The data show that in addition to the
carboxy end-groups, further end-groups are formed due to contamination
of the initiator or else to side reactions during the polymerization process.199

MALDI-TOF of PS samples prepared by TEMPO-mediated (TEMPO:
2,2,6,6-tetramethylpiperidine-N-oxyl) living free radical polymerization,
have been performed using dithranol/silver trifluoroacetate or DHB as
matrix.222 The TEMPO-capped PS chains were observed only using the DHB
matrix. With dithranol/silver trifluoroacetate these polymers undergo gas
phase fragmentation during the MALDI analysis, and polystyrene chains with
a methylene end-group were detected.222 This fragmentation, only minor for
conventionally prepared PS polymers, is enhanced when the chains contain
TEMPO-based alkoxyamine end-groups. 

The rupture of PS chains under MALDI conditions, observed in some
studies, was hypothesized to occur near the chain ends, and causes some
error in the MM determination.150,222

Oligomers and chemical composition of a series of aliphatic and aromatic
polyesters have been characterized by MALDI-TOF mass spectrome-
try.103,108,136,176,223–230 The analysis of several aliphatic polyesters revealed asym-
metric oligomer distributions, hetero-terminated linear chains, and cyclic
oligomers.  In order to obtain the structural identification of higher molar
mass species or of insoluble portions of the starting polymer, an acidolysis
was performed by following the progress of the reaction through the MALDI
spectra.229 The MALDI ionization efficiency appeared to be higher for car-
boxyl-terminated oligomers, causing a large disparity in the percentage of
hydroxyl and carboxyl end-groups detected in the aliphatic polyesters.229

However, a study on the MALDI-TOF spectra of some low-mass polyesters
with hydroxyl and ester end-groups reported that these end functionalities
do not influence the desorption/ionization process.227

Pertinent structure and end-groups in poly(ethyleneterephthalate) (PET)
samples originated by different synthetic methods were determined by
MALDI-TOF.223 In this work, cyclic PET oligomers and a low amount of
cyclic oligomers having a unit of diethylene glycol in the chain were revealed
in the spectra of the oligomer mixtures extracted from technical PET. The
presence of linear PET oligomers with methyl ester as end-groups, which
happen to be isobaric with the cyclics, was excluded by a parallel NMR
investigation.223

The MALDI-TOF spectrum of opportunely synthesized oligo(ethylene
terephthalate diol)s (PET-OH) exhibits an intense series of peaks due to sodi-
ated linear oligomers with two hydroxyl end-groups. The spectrum also shows

229
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some minor signals that are assigned to cyclic oligomers, terephthalic acid-
terminated oligomers, and to oligomers containing impurities of diethylene
glycol units.223

Polyester species terminated with hydroxyl or carboxyl groups were char-
acterized in the MALDI-TOF analysis of polymers synthesized by enzymatic
transesterification of adipic acid esters with 1,4 butanediol.136

The positive ions MALDI-TOF spectrum of poly(butylene adipate diol)s,
made by bulk polymerization of terephthaloyl chloride with a molar excess
of 1,4 butanediol, shows only one series of peaks, extending over mass range
1000–6000 Da. These may be assigned to dihydroxyl-terminated oligomers.  

Carboxylic, hydroxyl, adipoyl chloride, and sodium adipate end-groups
of the high molar mass poly(butylene adipate) (PBA), synthesized by poly-
condensation of an equimolar mixture of adipoyl chloride and 1,4-butanediol,
were characterized by MALDI-TOF. Narrow dispersed fractions with low
molar masses (<6000 Da) were collected by SEC fractionation, prior to
MALDI analysis.108

Linear macromolecules having two hydroxyl end-groups were exclusively
detected in polyesters obtained by bulk polymerization of spiro compounds
such as O,O′-phthalid-3-ylidenecatechol and 4-methyl-O,O′-phthalid-3-
ylidenecatechol.224

MALDI-TOF analysis showed that imidazoles used as initiators in the
strictly alternating copolymerization of phenylglycidyl ether (PGE) and
phthalic anhydride (PA) remain chemically bound to the polyester chains
during the whole reaction.230

Positive ion MALDI-TOF mass spectrometry of macromolecules prepared
by ring-opening polymerization of ε-caprolactone with tin(II) octoate
[Sn(Oct)2], in the presence of R’OH (water or alcohol) as co-initiator, revealed
that there is a sizeable population of macromolecules having Sn atoms in
the chains, either linear and/or cyclic ones:

According to the kinetics, polymerization proceeds by the “active chain end”
mechanism, i.e., adding monomers to the Sn-alkoxide linkage present at the
chain ends.231 The presence of the Sn atoms in the form shown above indicates
that the polymerization is proceeding with Sn-alkoxides as active species.231

The MALDI mass spectra of four polylactides obtained by ring-opening
polymerization of lactide, initiated by aluminum alkoxide derived from a
Schiff’s base, show well-resolved signals that can be assigned to both even-
membered and odd-membered polylactide oligomers.142 The unexpected odd-
member, on the basis of the lactide ring-opening polymerization, may be

103
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formed by ester exchange reactions which occur parallel to the polymerization
process, causing a random cleavage of the polylactide chain.142 Linear oligomers
terminated by methoxy ester and hydroxy end-groups were observed in
these polylactides. Open-chain oligomers with carboxylic end-groups were
also observed; these may be formed by hydrolysis of ester groups. Cyclic
oligomers were also found in the MALDI-TOF spectrum of a low molar mass
fraction of a polylactide at high monomer conversion (98.0%) (Figure 10.24).
This indicates that ester exchange reactions occur also in polylactide by
intramolecular end-biting reactions.142

The end-groups present in poly(bisphenol A carbonate) (PC) have been
identified by MALDI-TOF methods.  MALDI spectra of two poly-
disperse PC samples (PC1 and PC2), recorded in reflection mode with a mass
resolution of about 3000 fwhm, show well-resolved peaks up to 16000 Da
(Figure 10.25).182 The inset expansions in Figure 10.25 show the presence of
peaks belonging to six mass series, assigned in Table 10.3, which are desorbed
as sodiated ions accompanied by less intense potassiated adducts. 

Cyclic oligomers (species of type D, Table 10.3) appear as the most abun-
dant species at low masses in both samples, whereas their peak intensities
decrease rapidly with size. At high mass, linear oligomers with two phe-
nylcarbonate end-groups (species A, Table 10.3) and with two p-tert-
butylphenylcarbonate end-groups (species A’, Table 10.3) predominate in the

FIGURE 10.24 
Positive ions MALDI-TOF mass spectrum of the low molar mass methanol soluble oligomers of
a high conversion (98%) poly(D,L)lactide sample, recorded in reflection mode using HABA as a
matrix. (Reprinted with permission from Ref. 142, Copyright 1996 American Chemical Society)
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FIGURE 10.25
Positive ions MALDI-TOF MS spectra of unfractionated PC1 (a) and PC2 samples (b).
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spectra of PC1 and PC2 samples. Oligomers with two phenol groups (species
C, Table 10.3) appear with very low intensity.182

The chemical composition of these PC samples was studied by MALDI-
TOF analysis of the narrow distribution fractions obtained by SEC fraction-
ation. Remarkably, MALDI spectra of the SEC fractions at high MM collected
at lower elution volume display well-resolved oligomer peaks up to 70000 Da.
The mass of these peaks confirms that they are mainly linear PC chains
corresponding to species A and A’ (Table 10.3).182

MALDI spectra of the SEC fractions reported in Figure 10.26 are dominated
by sodiated-ion peaks corresponding to linear poly(bisphenol A carbonate)
species A (Table 10.3).182 In contrast, MALDI spectra of lower MM SEC

TABLE 10.3

Structural Assignments of the Peaks Appearing  in the Inset Sections of the MALDI 
Spectra of Polydisperse PC1 and PC2 Samples Reported in Figure 10.25(a),(b)

Mass M
Series Oligomers Structures n Na+ K+

A 11
12
13

3034
3288
3542

A’ 13
14
15

3654
3908
4162

3670
3924
4178

B 12
13
14

3168
3422
3676

B’ 14
15
16

3732
3986
4240

3748
4002
4256

C 11
12
13
14
15
16

3048
3302
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3810
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15
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17
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FIGURE 10.26 
Positive ions MALDI-TOF mass spectra of the SEC fractions from sample PC1 collected at: (a)
27.8 mL, (b) 28.54 mL, (c) 30.2 mL, and (d) 35.3 mL.
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fractions showed that cyclic oligomers are eluted at later times with respect
to the isobaric linear oligomers.182

MALDI-TOF analysis also revealed that transesterification reactions
between propylene carbonate and diols containing six or more carbon atoms
in the molecule, carried out in presence of a coordination catalyst, lead to
almost pure oligocarbonate diols.232 When ethylene carbonate (EtC) was used,
the resultant polymer contained a different combination of ethylene carbonate
and ethylene oxide units. The transesterification with EtC, carried out in the
presence of catalysts, such as K2CO3 and CsF, leads to oligomers with high
amounts of oxyethylene fragments.232

Polythiophenes and regioregular, head-tail poly(3-alkylthiophenes) synthe-
sized by different methods, have been characterized by MALDI-TOF.233,234

More than one type of end-group, depending on the synthetic method
employed, were characterized.233 These polymers appear as molecular ions
( ) in the MALDI spectra recorded using dithranol matrix, and cationized
macromolecular chains were not detected.

The structure of linear polysulfides has been characterized using 9-nitroan-
thracene/silver trifluoroacetate as the matrix/cation system.235

MALDI-TOF MS was also performed to characterize some well-defined
mono- and ditelechelic polyphosphazenes.236 The MALDI spectrum of non-
telechelic polymers shows one series of peaks corresponding to sodiated ions
of the expected CF3CH2O–[CF3(CH2O)2–P=N]n–P–(OCH2CF3)4 oligomers.236

Oligomers having either H2C=CHCH2N(H)– and –P–(OCH2CF3)4 end-groups
and both H2C=CHCH2N(H) end functional groups were characterized in the
MALDI spectrum of di-telechelic polyphosphazene.236

Diydroxy telechelic polyisobutylene (OH–PIB–OH), which is of great
importance for the preparation of functionalized polymers and polymer
networks, was characterized by MALDI-TOF using a DITH/CF3COOAg
matrix system.237 Despite the apolar nature of PIB, the good quality MALDI
spectra can be explained by the fact that PIB chains have two hydroxyl end-
groups. This permits the formation of stable [HO–PIB–OH +Ag]+ ions.237 A
good agreement was also found between the calculated isotope distributions
and the distributions determined by means of MALDI.237

Structural confirmation of the end-groups and the repeat unit of some
polydienes with average molar mass of about 24,000 Da, was also obtained
by DE-MALDI-TOF using all-trans-retinoic acid as the matrix and copper(II)
nitrate as the cationization agent.143 In addition to the [polymer +Cu]+principal
distribution, a second distribution generated by the incorporation of the
copper salt with the polymer chains was also observed.143

10.4.1 Post Source Decay 

Since MALDI is a soft ionization method, fragmentation is generally not
pronounced in the mass spectra. However, under specific instrumental and
experimental conditions, different types of fragments can be observed in
MALDI-TOF spectra.21

M.+
223
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At higher laser fluences, fragmentation might occur in the ion-source
region, sometimes referred to as “prompt fragmentation.”47 In addition, in
delayed extraction ion sources, fast metastable fragmentation may occur
during the delay time before extraction, i.e., on the ~100–200 ns time scale,
referred to as “in-source decay” (ISD).47,211 The increment in ISD fragmenta-
tion with laser energy at a fixed delay time is caused by a greater number
of collisions in the expanding plume, leading to a greater amount of colli-
sional activation in the source.

Prompt and ISD fragmentation yield fragment ions in the mass spectra in
both the linear and reflection mode. In contrast, metastable fragmentation in
the field-free region, referred to as “post-source decay” (PSD), occurs on the
~10 µs time scale and yields fragment ions in the mass spectrum from the
reflection detector only. With the aid of a suitable precursor ion selector in
the field-free region of the linear flight path and a scanning reflectron voltage,
a PSD product (or daughter) ion spectrum can be obtained.238

Despite the low internal energy and low fragmentation efficiency obtained,
MALDI-PSD is very useful for controlled fragmentation such as required, for
example, in peptide sequencing,238–240 isomeric oligosaccharide sequencing,241

and end-group identification in synthetic polymers. In addition, a pulsed
collision gas cell (CID) can be installed in the field-free region of MALDI TOF
systems, thus yielding additional fragments in polymer analysis (PSD/CID).
In contrast to the large number of papers on MALDI PSD (and PSD/CID) of
biopolymers,238–241 little can be found on synthetic polymers in the MALDI-
TOF literature.242–250 It may be noted that obtaining PSD spectra is a tedious,
time-consuming process.

ISD fragmentation was observed in MALDI analysis of poly(propylene
glycol) (PPG) and poly(ethylene glycol) when higher laser energy (~120 µJ)
was used.47

MALDI analysis of hyperbranched polyesteramides showed rapid disso-
ciation of higher oligomers into lower oligomers, and PSD/CID of mass
selected ions was used to discriminate between fragment ions and the iso-
baric cyclic oligomers.249 The results, as well those obtained by NMR, titra-
tion, and FD-MS, indicated that simple MALDI-TOF spectra yielded wrong
conclusions about the chemical composition and functionality type distribution
for the hyperbranched samples.249

Structural information on dendritic polyurethanes was obtained by PSD
experiments, which allowed the detection of fragment ions arising from the
cleavage of ester or amide bonds.250

Studies concerning the structural determination of some synthetic
homopolymers by MALDI, combined with post-source decay or collisional-
induced dissociation fragment ion analysis, show that the masses of indi-
vidual end-groups can be determined from ion peaks generated by cleavage
of the polymer backbone.242–248

PSD-MALDI and CID-MALDI investigations of polystyrene,244,245 poly(alkyl
methacrylates)s,243,246,247 poly(ethylene glycol),243 and poly(ethylene terephtha-
late),243 have been carried using MALDI hybrid sector-orthogonal acceleration
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TOF instruments. Mechanisms are proposed for the formation of the ion
peak series observed in the spectra, and the masses of the end-groups of
these polymers can be inferred from the data.243–247 The fragment ions spectra
obtained for PMMA and PS polymers are dependent on the mass-to-charge
ratio of the precursor ion, the mechanism of cation attachment, the nature
of the cation, and the mobilty of the polymer chain.247

Copper (Cu++) and Silver (Ag+) ions are commonly used for the MALDI-
CID characterization of PS samples, since the corresponding clusters give
greater sensitivity.245,247 In the MALDI-CID spectra of poly(alkyl methacry-
lates),246,247 and polystyrene,247 distributions of fragment ions were found to
be consistent with those originating from precursor ions. 

PSD MALDI was used in order to differentiate between linear and branched
PEG.251 Linear PEG oligomers showed a fragmentation process occurring by
cleavage on both sides of oxygen atoms, whereas branched PEG showed a
dominant cleavage of ethylene oxide.251

MALDI-CID spectra of PEGs symmetrically terminated with butanoyl,
benzoyl, and acetyl groups, have been performed using the novel hybrid
magnetic-sector/time-of-flight instrumentation (MAG-TOF).248 The authors
reported a fragmentation mechanism of the alkali metal PEG adduct, which
is in accord either with that proposed on the basis of the MALDI-CID spectra
of PEG obtained with the hybrid sector-orthogonal acceleration TOF instru-
ment,171 or with that proposed on the basis of LSIMS mass spectrometry.252

PSD fragmentation patterns were also reported for mass selected oligomers
ion of polyisobutylene.252

Linear and cyclic structures of polycarbonates from bisphenol-A, from
bisphenol-Z, and from 4,4′-dihydroxydiphenyl-3,3-pentane, were deter-
mined by PSD MALDI-TOF experiments.  It was found that the fragmen-
tation behavior of these polycarbonates depends on the substituents bound
to the central carbon atom of the bisphenol unit. The cleavage of the polymer
backbone is suppressed, and the spectra are dominated by the loss of side
groups. PSD MALDI spectra of these polycarbonates could be acquired only
from Li adduct ions, because the sodium or potassium cationized adduct
ions yield only dissociation of the cation from the polymer.242

PSD MALDI spectrum of the lithiated trimer (m/z 1096.2) from poly(bisphe-
nol-A carbonate) (PC) end-capped with 4-tert-butylphenol at both ends, is
shown in Figure 10.27. It shows one series of fragment ion peaks (m/z 904.3,
649.6, 395.5, and 141.1) that corresponds to the oligomer containing only one
end-group, while retaining the lithium cation. The mechanisms hypothesized
for the fragmentation of the PC chains are reported in Scheme 10.1. Fragmen-
tation pathway A had been previously proposed to explain fragmentation of
PC by electron impact and by SIMS measurements.242

PSD MALDI of a PC sample containing a mixture of differently terminated
chains was also possible by analysis of the SEC fractions containing PC
oligomers below 2000 Da. The intensity of the signals was high enough to
allow the acquisition of a PSD spectrum of selected ions present in each SEC
fraction.242

242
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FIGURE 10.27 
PSD-MALDI-TOF mass spectrum of the trimer from poly(bisphenol-A carbonate) (PC). (Re-
printed with permission from Ref. 242)

SCHEME 10.1
Possible mechanism for the fragmentation of poly(bisphenol A carbonate).

O C O

CH3

CH3

O

O C

CH3

CH3

O

CH3 O

CH
3

CH3

CH3

3

904.3

649.6

395.5
141.1

O C O

CH3

CH3

CH3

CH3

CH3,

CH3

CH2,

O Li+

Li+Li+

-

-

and  -
A

O H

B
chain scission
and
hydrogen transfer

©2002 CRC Press LLC



10.5 Copolymer Characterization

MALDI can be used for the analysis of copolymers.145,155–167,254–258 The meth-
odology for measuring MMD and MM averages is the same as for homopoly-
mers. The mass numbers can be assigned to chemical structures, and end-
groups may be identified along with the number of different repeat units.

As discussed in Chapter 2, mass spectra of copolymers are usually more
complex as compared to homopolymers. Furthermore, the number of peaks
increases with chain size. In the case of two different monomers (an AB
copolymer), the number of peaks increases linearly, whereas in the case of
three different monomers (an ABC terpolymer), the number increases quad-
ratically with chain size. As a consequence, a higher mass resolution is
required (as compared to homopolymers) in order to detect as separate peaks
the signals due to the individual oligomers in the copolymer.

For instance, chains of PMMA of different length possess masses which
are 100 Daltons apart and this implies that, in order to record a mass-resolved
spectrum of a PMMA sample at 10 kDa, the resolution must be higher than
100. In the case of copolymers, peaks due to the different co-oligomers may
appear very close to each other, as in the MMA/St copolymers (with the
two repeat units differing by 4 mass units). As a consequence, in order to
obtain a mass-resolved spectrum of a St/MMA copolymer at 10 kDa the
resolution must be higher than 2500.

When the determination of the composition is not required, the assignment
of mass spectral peaks can be directly carried out to establish what kind of
oligomers is present. In a straightforward application, Vitalini et al.256 recorded
the negative ion MALDI-TOF mass spectrum of a copolymer containing units
of bisphenol (referred to as A) and units of a derivatized fullerene (referred
to as B). The mass spectrum (see Figure 10.28) covers a wide mass range
(1600–14000 Da). The peaks are due to cyclic ions of the type AnB where n
extends from 1 to 15.

Yoshida et al.258 recorded the MALDI-TOF spectra of a copolymer containing
units of a substituted siloxane (referred to as A) and of dimethylsiloxane
(referred to as B). The molar fraction of A in the copolymer (cA) is known to be
0.2. The inspection of the assignments revealed that the number of A units varied
in the range n = 0–2, whereas the number of B units varied in the range n = 9–24.

Nielen et al.179 recorded the MALDI mass spectrum of a copolymer con-
taining units of methacrylic acid (A) and methylmethacrylate (B). They
observed peaks of the type Bn (pure MMA homosequences) and peaks of
the type ABn−1 (with various types of end-groups). Peaks with two or more
A units are absent, and this is consistent with the fact that the copolymer is
known to possess only 16 mole % of A.

For block copolymers, the assignment of the MALDI peaks provides
useful structure information. AmBn means a block of “m” consecutive units
of A followed by a block of “n” consecutive units of B. Francke et al.160

used a monomer with a triple bond to synthetize a poly(para-phenylene
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ethylene)-block-poly(ethylene oxide) block copolymer. The MALDI-TOF
spectrum of the copolymer display peaks due to ions corresponding to AmBn,
where n takes the values 4,5,6 and m ranges from 10 to 20.

Mormann et al.158 recorded the MALDI mass spectrum of a copolymer
containing methylmethacrylate (MMA) and phenyl acrylate (PA) . The copol-
ymer spectrum displays peaks due to ions containing a relatively large number
of MMA units (in the range n = 15–53), and only one, two, and three PA units.
This result is incompatible with an exactly alternating structure, initially
hypothesized.

Schriemer et al.85 recorded the MALDI spectrum of a copolymer containing
propylene oxide (A) and ethylene oxide (B). The most intense peaks in the
mass spectrum are A2B39, A2B40, A2B41, A2B42, A2B43, and A2B44, implying that
the copolymer is very rich in B units. 

10.5.1 Determination of Copolymer Composition and Sequence

As discussed in Chapter 2, mass spectral peak intensities can be used to
determine copolymer composition and sequence and various methods have
been developed for this purpose. Montaudo et al.163,259 investigated two meth-
ods suitable of performing the calculation. 

The first method is the chain statistics approach, which compares the
observed mass spectral intensities with the intensities derived from a specific
statistical model for the sequence distribution. The second method is the direct

FIGURE 10.28 
MALDI-TOF mass spectrum of a copolymer containing units of BPA-CH2 and units of a deriva-
tized fullerene. (Reprinted with permission from Ref. 256, Copyright 1996 American Chemical
Society)

2000 4000 6000 8000 10000 12000 m/z

a.u.

140

120

100

80

60

40

20

1690

2436

3182

3928

4674

5420
5166

6912 7658
8404 9150 9896 10642 12134 13626

©2002 CRC Press LLC



method, which does not make use of statistics and employs instead a combi-
nation of mass spectral intensities.163,259

Wilczek-Vera et al.155 applied the direct method to the MALDI-TOF mass
spectrum of a block copolymer containing units of α-methylstyrene (A) and
units of styrene (B). The resulting molar fraction of A units in the copolymer
(cA) was cA = 0.29, which is consistent with the value cA = 0.31 derived from
NMR. The direct method was used by the authors to compute 〈nA〉 and 〈nB〉
(the number-average length of like monomers) and the result was 〈nA〉 =
20.4 and 〈nB〉 = 7.3. This implies that styrene blocks are much longer than
α-methylstyrene blocks.

Raeder et al.260 analyzed the MALDI-TOF mass spectrum of a copolymer
containing units of styrene (A) and styrenesulfonic acid (B). They measured
the abundances of the MALDI peaks and inserted the intensities into the key
equation of the direct approach (see Chapter. 2). They found that cA = 0.06,
which implies that the average degree of sulfonation is 94%.

In Figure 10.29 another spectrum is reported, namely the MALDI-TOF spec-
trum of a copolymer containing units of α-methylstyrene (A) and units of meth-
ylmethacrylate (B).130 The sample is a reference material denoted SRM1487, and
it was obtained by anionic polymerization using a bifunctional initiator, namely
the dimer of α-methylstyrene (sodium salt). The most intense peaks are between

FIGURE 10.29 
MALDI-TOF mass spectrum of a copolymer containing units of alfamethylstyrene and methyl-
methacrylate. (Reprinted with permission from Ref. 130, Copyright 1997 John Wiley & Sons Ltd)
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4000 and 6000 Da. The copolymer is rich in A units, and peaks in the region
10000–14000 Da are well resolved. The MALDI intensities were used by the
authors to determine the average number of A units in the chain, λ(s), using the
direct approach. The authors displayed the result of the calculation of λ(s) along
with the average number of A units in the chain, determined by a two detector
SEC device. Excellent agreement was found.130

Chain statistics makes use of model distributions, and the most popular
models are the Bernoulli model and the first-order Markoff model (see
Chapter 2). The agreement factor (AF) is sometimes computed (see Chapter 2).

Figure 10.30a reports the first MALDI-TOF spectrum of a copolymer contain-
ing units of β-hydroxybutyrate (B) and β-hydroxyvalerate (V).165 The copolymer

FIGURE 10.30 
Positive-ion MALDI-TOF mass spectra of a copolymer containing units of hydroxybutirate and
units of hydroxyvalerate. (a) Experimental mass spectrum and (b) calculated mass spectrum.
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was obtained by partial methanolysis of a high molar mass copolyester (Mw =
750,000), and peaks are due to ions of the type HO–CH2R–(OCH2R)n–
OCH3…Na+, where “n” is the degree of polymerization and R is a methyl or
an ethyl group. Chain statistics was applied, and experimental MALDI peak
intensities were given as an input to the MACO computer program (see
Chapter 2).165 The result was cV = 0.13 (cV is the molar fraction of V units),
which is in excellent agreement with composition data obtained by other
techniques. The agreement factor turned out to be AF = 0.11. Figure 10.30b
reports the calculated mass spectrum, generated using the MACO program.165

Suddaby et al157 recorded the MALDI-TOF mass spectrum of a series of
five copolymers containing units of methyl methacrylate (referred to as
MMA) and units of butyl methacrylate (referred to as BMA). They applied
the direct method to plot the variation of the copolymer composition as the
length of the chain increases. Although the method can detect subtle com-
positional heterogeneities, the five copolymers turned out to possess an
extraordinarily homogeneous composition. Thereafter chain statistics was
applied, and this yielded an estimate of the reactivity ratios (see Chapter 2).
The calculations gave rMMA = 1.09, rBMA = 0.77, that differ from the literature
values and also from the reactivity ratios determined by 1H-NMR (rMMA = 0.75,
rBMA = 0.98).157 The authors also found a bias in the MALDI spectra toward
chains rich in MMA, and concluded that MMA units favor ionization over
the more hydrophobic BMA units, under the MALDI conditions used.157

Servaty et al. applied chain statistics to the MALDI-TOF mass spectrum of a
copolymer sample containing units of hydromethylsiloxane (A) and units of
dimethylsiloxane (B). The authors generated theoretical MALDI intensities
using chain statistics.162 They also determined the weight fraction of the chains
that possess one functionalizable unit (hydromethylsiloxane unit), two func-
tionalizable units, three functionalizable units, and so on. They found that the
molar fraction of the chains without a functionalizable unit is by no means
negligible (it accounts for 25% of the chains).

Figure 10.31 reports the MALDI-TOF spectrum of a copolymer containing
units of butylene adipate (A) and units of butylene sebacate (B).112 The synthetic
route makes use of butandiol and the dimethyl esters of adipic and sebacic acids.
The resulting copolymer was injected into the SEC apparatus, and the fraction
eluting at 27 mL was collected. The mass spectral peaks are due to ions of the
type: H3CO–[CO(CH2)4COO(CH2)4O]m–[CO(CH2)8COO(CH2)4O]n–OCH3…Li+,
where m and n are the number of A and B units. The inset reports an expansion
of a region of the spectrum. The peaks in the inset are due to chains with 11, 12,
and 13 repeat units, and the base peak in the spectrum is A6B6. Chain statistics
was applied and the result was cA = 0.46 (cA is the molar fraction of adipate
units), which compares well with cA = 0.47 obtained from NMR analysis.112 The
agreement factor turned out to be AF = 0.09, which is satisfactory. Table 10.4
reports the experimental and the calculated mass spectral intensities generated
using the MACO program (see Chapter 2).

The MALDI-TOF mass spectrum of a copolymer containing units of buty-
lene adipate and units of butylene succinate was recorded.108 Contrary to
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the previous cases, the peaks in the spectrum are due to two types of ions
(two mass series are present), and this complicates the peaks assignments.
Despite this additional complexity, chain statistics was applied, and a rea-
sonable agreement between the experimental and the calculated mass spec-
tral intensities was found.108

Sometimes an extremely accurate determination of the sequence distribu-
tion of a copolymer sample is required. In this case, the method based on
chain statistics should be preferred over the direct method. As an example,
Montaudo167 recorded the MALDI-TOF mass spectrum of a copolymer con-
taining units of lactic acid residue (L) and units of glycine (G) obtained by
ring-opening copolymerization of dilactide and 6-methyl-2,5-morpholinedi-
one (the cyclic glycine-lactic acid dimer). The synthetic scheme yields a
quasi-random copolymer with a peculiar sequence distribution, since it devi-
ates from the standard one in which the two repeat units (L and G) are found
at random along the copolymer chain. The deviation is due to chains having
sequences containing two consecutive G units, which are not produced. This
deviation is small and is therefore difficult to detect. Figure 10.32 reports a
portion of the MALDI-TOF spectrum of the copolymer in the region 550–800.
The peak at 588 is the most intense, and it is the sum of two contributions,
namely H–L5G3–OH K+ and H–L5 (L′)G2–OH Na+, where species L′ possesses
a 13C atom. Analogously, the peak at m/z 603 is the sum of H–L6G2–OH K+

and H–L6(L’)G1–OH Na+. Peaks at 617, 645, 660, 675, 690, 702, 717, 732, 474,
762 also have a double assignment.167

FIGURE 10.31 
Positive-ion MALDI-TOF mass spectrum of a copolymer containing butylene adipate (A) and
butylene sebacate (B) units.
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TABLE 10.4

Experimental and Calculated Relative Amounts of PBA/PBSe 
Lithiated Oligomersa Observed in the MALDI Spectrum Reported 
in Figure 10.31

Oligomersb m/zc Iexp.
d Icalc.

e

10-mers
A7B3 2407 290 398
A6B4 2463 570 653
A5B5 2519 780 766
A4B6 2575 810 642
A3B7 2631 500 376
A2B8 2687 240 147
AB9 2743 50 34
B10 2799 10 3
11-mers
A8B3 2607 330 377
A7B4 2663 710 709
A6B5 2719 1010 970
A5B6 2775 1020 975
A4B7 2831 770 715
A3B8 2887 430 372
A2B9 2943 160 131
AB10 2999 40 27
12-mers
A9B3 2807 280 273
A8B4 2863 620 566
A7B5 2919 940 901
A6B6 2975 1090 1057
A5B7 3031 930 930
A4B8 3087 620 606
A3B9 3143 280 284
A2B10 3199 100 91
13-mers
A10B3 3007 180 167
A9B4 3063 410 393
A8B5 3119 740 692
A7B6 3175 960 927
A6B7 3231 1010 952
A5B8 3287 720 744
A4B9 3343 410 436
A3B10 3399 160 186
A2B11 3455 40 54

AF = 9%f

a The lithiated molecular ions of the oligomers observed correspond to the
following structure:
H3CO-[-CO(CH2)4COO(CH2)4O–]m –[–CO(CH2)8COO(CH2)4O–]n–OCH3…Li+.

b A = butylene adipate, B = butylene sebacate. 
c Observed m/z values after calibration procedure.
d Intensity of the MLi+ ions in the MALDI-TOF spectrum. 
e Intensities calculated using MACO4 program . 
f AF = agreement factor between experimental and calculated MALDI-TOF

spectrum.

166
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Despite these difficulties, chain statistics was applied successfully. The MACO
program evaluated the probability of finding two consecutive glycine units
(GG), and it yielded a vanishingly low value, which is correct since the synthetic
method prevents GG sequences. The result for copolymer composition was
cG = 0.23 (cG is the molar fraction of G units), which compares well with cG =
0.24, obtained from NMR analysis.167

Montaudo and Samperi163 recorded the MALDI-TOF mass spectrum of a
copolymer containing units of butylene adipate and units of butylene tereph-
thalate. Chain statistics was applied and a reasonable agreement between
the experimental and the calculated mass spectral intensities was found.

The MALDI-TOF mass spectrum of a copolymer containing units of buty-
lene succinate, butylene adipate, and butylene sebacate has been recorded,
and chain statistics was applied with success.164

10.6 Molecular Association

Applications of MALDI have been extended by exploring some peculiar
aspects of the MALDI-TOF response to the phenomenon of molecular associ-
ation in poly(bisphenol-A carbonate) (PC) samples.183 Chain self-association
was observed when a 10 mg/ml solution was injected onto SEC columns, using

FIGURE 10.32 
Expansion of the positive ion MALDI-TOF mass spectrum of a copolymer containing units of
glycine and units of lactic, in the region of octamers, nonamers, and decamers.
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chloroform (CHCl3) or tetrahydrofuran (THF) as eluent. The presence of asso-
ciation in PC was revealed by the difficulty of obtaining SEC fractions with
the usually narrow MMD.183 In fact SEC fractionation produced fractions
containing PC chains of different size, and MALDI analysis showed that PC
chains terminated with hydroxyl (OH) groups undergo self-association by
hydrogen bonding. Chain association was found to produce aggregates with
high hydrodynamic volume that were eluted through SEC columns at the
same volume as that for higher molar mass chains.

The chain aggregates were broken when the SEC fractions, containing a
heterogeneous mixture of PC chains of different size, were diluted in the
HABA or IAA matrix used for the MALDI sample preparation. These matrices
contain the carboxylic acid units, which are able to break the hydrogen bonds
responsible for the formation of the chain aggregates. 

The MALDI spectra of the PC fractions (Figure 10.33) show bimodal distri-
butions of peaks, one at the expected high masses (in agreement with SEC
calibration line measured in the absence of self-association), and the other at
very low masses. The low mass peaks are due to PC chains terminated with
OH groups (species B and C in Table 10.3), whereas the ions at high mass
corresponding to PC chains capped at both ends (species A in Table 10.3).

Figures 10.33(a)-(d) report the MALDI spectra of PC fractions collected at
the same elution volume (31.3 ml) in four different SEC runs. As shown in
the spectra, a higher sample dilution, or the addition of a polar solvent such
as ethanol to the CHCl3 used as eluent in SEC analysis, is able to suppress
self-association in PC samples. Figure 10.33a shows the MALDI spectrum of
the fraction obtained by injecting a PC sample containing 850 ppm of OH
end-groups, onto the SEC columns at a concentration of 2.5 mg/ml. Since
the spectrum shows a narrow distribution of peaks centered at 15 kDa, it
was concluded that this level of sample dilution (2.5 mg/ml) is able to
suppress self-association. 

When the same sample was injected into SEC apparatus at a sample con-
centration of 20.0 mg/ml, the MALDI spectrum showed a bimodal distribu-
tion of peaks (Figure 10.33b). Self-association can be suppressed (Figure 10.33c)
using a CHCl3/ethanol (95/5 v/v) mixture as eluent in SEC, even if the sample
was injected into the SEC columns at a concentration of 20.0 mg/mL. The
MALDI spectrum of an SEC fraction collected after injection of a 20 mg/mL
solution of a PC sample with a reduced OH end-group concentration (100 ppm;
Figure 10.33d) showed a very narrow distribution of peaks centered at about
15 kDa.183

The formation of aggregates of macrocyclic amphiphiles has been
reported.261 It was found that the amount of aggregates increases with increas-
ing laser power, and it was assumed that the aggregate clusters are formed
during the vaporization of the matrix/analyte molecule.261

In a recent investigation, the intermolecular association of a series of donor-
and acceptor-substituted poly(p-phenylenevinylene)s was observed by SEC
analysis, and MALDI-TOF was then used for the determination of the MM
of these polymers.262
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FIGURE 10.33 
MALDI-TOF spectra of PC fractions collected at the same elution volume (31.3 mL) in four
different SEC runs: (a) sample PC1 injected at a concentration of 2.5 mg/mL in CHCl3; (b) sample
PC1 injected at a concentration of 20 mg/mL in CHCl3; (c) sample PC1 injected at a concentration
of 20 mg/mL in CHCl3/C2H5OH 95/5 v/v; (d) sample PC3 injected at a concentration of 2.5
mg/mL in CHCl3.
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The relative stability constants of the crown ether complexes (18C6) with
sodium, potassium, rubidium, and cesium in glycerol solution were measured
by MALDI-TOF analysis.263 The stability constants measured by MALDI-TOF
were found to be in good agreement with those available in the literature, and
the authors concluded that (under the conditions used) the MALDI results
quantitatively described the relative concentrations of the complexes in the
initial solution.263

10.7 Polymer Degradation 

Recent studies have shown that MALDI-MS is a useful method to analyze
pyrolysis products from polar polymers. MALDI has been used to examine
pyrolyzates from poly(bisphenol-A carbonate),264 segmented polyurethane,265

PEG,  poly(tetrahydrofuran) (PTHF),267 and poly(propylene glycol).269 MALDI-
MS was found to have advantage because, with respect to traditional mass
spectral techniques such as GC/MS (Chapter 4) and DPMS (Chapter 5), pyro-
lyzates with much higher MM can be studied. Further development has recently
resulted from comparing DPMS and MALDI-TOF in the study of the thermal
degradation processes of polymers.264,265

In such experiments, one may partially degrade a polymeric sample, keep-
ing it under inert atmosphere (e.g., nitrogen, argon) at a certain temperature,
and then obtain the MALDI spectrum of the sample to observe the thermally
induced changes. The spectrum will consist of a mixture of undegraded and
degraded chains. The MALDI analysis may prove incomplete, since only the
degradation products most thermally stable will survive the heating at atmo-
spheric pressure. DPMS data, being taken on-line and in a continuously
evacuated system that provides very short transport times from the hot zone,
may complement the MALDI data by supplying information on less ther-
mally stable pyrolysis products and on possible intermediates.264,265

The isothermal pyrolysis of BPA-polycarbonate (PC) was studied by heating
it at a fixed temperature (between 350°C and 450°C) under a nitrogen stream,
and the MALDI-TOF spectra of this thermally treated PC were analyzed.264

This showed that a rearrangement of the carbonate group leads to the for-
mation of xanthone units in PC chains of sizeable molar mass. The xanthones
(aromatic units) are considered to be precursors of graphite-like structures
in the char residue that is produced at temperatures higher than 450°C under
inert atmosphere.264 The PC pyrolysis products formed at 400°C at different
heating times are observed in MALDI spectra in the mass range 2900–3100
reported in Figures 10.34a–d.264 The MALDI data agree with those obtained
by DPMS, and the structure of the PC pyrolyzates is in accord with the
proposed mechanism of thermal degradation (Scheme 5.8, Chapter 5).264

Furthermore, kinetic studies of PC isothermal pyrolysis were possible by

266
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FIGURE 10.34 
MALDI-TOF mass spectra of the THF soluble fraction extracted from the pyrolysis residue of
PC obtained after heating at 400°C for: (a) 0 min, (b) 15 min, (c) 30 min, and (d) 60 min.
(Reprinted with permissiom from Ref. 264, Copyright 1999 American Chemical Society)
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monitoring the diverse molecular species present in the MALDI spectra of
the partially degraded samples.264

The pyrolysis product of a segmented polyurethane consisting of 4,4′-
methylenebis-(phenylisocyanate) (MDI), poly(butylene adipate) (PBA), and
1,4-butanediol (BDO) have been studied by MALDI-TOF.  Several series of
oligomeric pyrolysis products were observed over the range 800–10,000 Da.
Dissociation of the urethane linkage to yield products with isocyanate and
hydroxyl end-groups was observed at the lowest temperatures (ca. 250°C).
Linear polyester oligomers with hydroxyl and/or vinyl end-groups were
detected. Cyclic polyester oligomers were also observed. At higher temper-
atures (>300°C) the nitrogen-containing pyrolysis products are no longer
present in the residue. Dehydration of the linear and cyclic polyester pyro-
lyzates occurs at these temperatures, producing olefinic end-groups.

The low-temperature (150–300°C) inert atmosphere degradation of PEG
(2000 Da) was studied by MALDI-MS.266 Pyrolysis ensued as low as 150°C,
and the initial pyrolyzed products were found to have hydroxyl and ethyl
ether end-groups formed via C-O homolytic cleavage followed by hydrogen
abstraction. At higher temperatures, the abundance of the ether end-groups
increases as more C-C cleavage occurs. Vinyl ether end-groups increase at
higher temperatures (250–300°C), due to dehydration of hydroxyl end-
groups.266 The pyrolysis products were also characterized by chemical ion-
ization mass spectrometry (CI-MS), and the assignment of their structures
was aided by tandem mass spectrometry (CI-MS/MS) and by deuteration
of hydroxyl end-groups in the pyrolyzate.266

The same methods have also been applied to identify the oligomeric pyrol-
ysis products of PTHF.267 Eleven series of oligomeric pyrolyzates were char-
acterized by MALDI-MS. Pyrolysis of PTHF ensues about 175°C in inert
atmosphere, and the initial pyrolysis products all have at least one hydroxyl
end-group, retained from the original low molar mass polymer. The other
end-group is ethyl ether, propyl ether, butyl ether, or aldehyde. MALDI spec-
tra of the pyrolysis products at higher temperatures (250–350°C) showed
that there is an increasing tendency to form products with a combination of
alkyl ether and/or aldehyde end-groups. The amount of pyrolysis products
containing the hydroxyl end-group diminishes at the higher temperatures,
and butenyl ether end-groups are observed to an appreciable extent. The
latter functionality is apparently formed mainly via dehydration of oligo-
mers terminated with OH groups. A free radical mechanism was proposed
to explain the main degradation products of PTHF sample.267

Structural information on copolymers may be obtained by combining chem-
ical or thermal degradation methods with MALDI-MS analysis.270–272 Oligomers
formed by thermal and chemical degradation of poly[(R)-3-hydroxybutanoate]
(PHB) were characterized by MALDI-TOF.270 The molar mass distributions
determined by MALDI analysis of the partially degraded material are similar
to those calulated by SEC.270

Selective chemical degradation combined with MALDI analysis was used
for the characterization of polyether and polyester polyurethane (PUR) soft

265

265
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blocks.271 Ethanolamine and phenylisocyanate were used for the recovery of
PTHF and polyester soft blocks, respectively; accurate MM of these blocks
were determined by the SEC/MALDI method.271

Highly crosslinked networks synthesized by photopolymerization of
dimethacrylated sebacic acid were degraded in a phosphate saline solution,
and the poly(methacrylic acid) degradation product, purified from sebacic
acid, was characterized by MALDI-TOF.273

The MM of the poly(methacrylic acid) degradation product was evaluated
as a function of the network formation (i.e., double-bond conversion), rate of
initiation, and monomer size. MALDI-TOF results, supported by 1H-NMR,
showed that distribution of the kinetic chain lengths was relatively narrow,
with average lengths shorter than calculated from experimentally measured
rate data. This indicated the influence of diffusion-controlled kinetics as well
as chain transfer. It was also found that the average kinetic chain length shifted
to lower values with increasing initiation rate and double bond conversion.273

MALDI-TOF analysis of an ozonolysis degradation product has been
used to distinguish a random styrene-butadiene copolymer from a block
styrene-butadiene copolymer (ABA), containing 45 wt% and 38% styrene,
respectively.272 Several acrylonitrile-butadiene copolymers were also char-
acterized using ozonolysis/MALDI-MS.272 The composition calculated
from the oligomer distributions detected by MALDI-TOF was close to the
reported composition for these copolymers (typically within 5 wt%). The
discrepancy in the values was explained, in part, by a compositional bias
resulting from the ozonolysis process. This bias arises when only one of the
comonomers reacts efficiently with ozone.291

Oxidative and hydrolytic degradation processes occurring in PET were
studied by means of MALDI-TOF,225,226  and the thermal oxidation of a poly
(ethylene glycol) containing a 1,3-disubstituted phenolic group in the chain
was shown by MALDI-TOF to give carbonization and the release of a wide
range of volatile degradation products.201

The formation of different oligomers during the hydrolytic degradation of
a commercial PET sample was observed by MALDI-MS. An ester scission
process was found to generate acid terminated oligomers H–[GT]m–OH and
T–[GT]m–OH and ethylene glycol terminated oligomers H–[GT]m–G, where
G is an ethylene glycol unit and T is a terephthalic acid unit. The scission of
ester bonds during the chemical treatment led to a strong decrease in the
number of cyclic oligomers ([GT]m). The presence of diacid-terminated species
demonstrated a high degree of degradation.226,227

In a recent work,275 MALDI-TOF has been used to monitor the thermal
oxidation products of a Nylon 6 sample, at 250°C in air. The MALDI spectra
(Figure 10.35) of the thermo-oxidation products of Ny6 samples terminated
with carboxylic end-groups (species A and B, Table 10.5) showed the presence
of polymer chains containing aldehydes, amides, methyl and N-formamide
terminal groups (Table 10.5), generated in the primary oxidation process. Oli-
gomers terminated with carboxyl end-groups (species G, Table 10.5) might
be formed by the further oxidation of aldehyde-containing compounds.
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The formation of azomethynes, from further reaction of aldehydes with amino-
terminated Ny6 chains, is also supported by the appearance of specific peaks
in the MALDI spectra (species I, Figure 10.35, Table 10.5).275

10.8 Selected Polymers 

MALDI has been used to analyze a variety of polymers, and listings of MALDI
studies on synthetic polymers have appeared.18,21 In this section, a survey
of the MALDI literature on selected polymers is reported.

10.8.1 Polystyrene

A host of papers on MALDI-TOF of PS have appeared.9,10,22,26,38,39,41–43,47,50,54,55,62,

66,74,84,109,113,115,117,122,150–152,180,191,199,220–222,244–246,276,277 Although the overwhelming major-
ity of the PS samples analyzed possess a narrow MM distribution, PS samples
with a broad MM distribution,107 along with macrocyclic PS samples,194,277 have
also been investigated.

The first report of MALDI on polystyrene samples is the seminal paper by
Bahr et al.,9 where the matrix used was 2-nitrophenyl octyl ether, which is
a liquid. Liquid matrices can be best used with instruments equipped with
horizontal sample plates. In the case of vertical plates, the thickness of the
matrix layer at a specific spot on the probe tip varies with time (due to gravity).

FIGURE 10.35 
Positive ions MALDI-TOF mass spectrum of an Ny6 sample heated at 250°C for 30 min in air.
(Reprinted with permission from Ref. 275, Copyright 2001, John Wiley & Sons.)
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TABLE 10.5

Structural Assignments of Peaks Displayed in the Inset Expansions in Figure 10.35 
and Corresponding to Sodiated Molecular Ions 

Species Structure M+Na+(n)

A 1583 (12), 1696 (13)
1809 (14), 1922 (15)

B 1605 (12), 1718 (13)
1831 (14), 1944 (15)

C 1625 (14), 1738 (15)
1851 (16), 1964 (17)

D
1607 (14), 1720 (15)
1833 (16), 2965 (26)
3078 (27), 3192 (28)

E
1597 (11), 1710 (12)
1823 (13), 1936 (14)
2953 (25), 3066 (26)

F

1623 (13), 1736 (14)
1849 (15), 3207 (27)
3302 (28), 3433 (29)

G

1639 (13), 1749 (14)
1865 (15), 3223 (27)
3318 (28), 3449 (29)

H

1651 (13), 1764 (14)
1877 (15), 3235 (27)
3348 (28), 3461 (29)

1651 (14), 1764 (15)
1877 (16), 3235 (28)
3348 (29), 3461 (30)

(Continued)
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As a consequence, the distance between the sample and the acceleration
plate varies, causing continuous variation in the MALDI conditions. 

For this reason, the usual practice nowadays is to record MALDI spectra of
PS samples using solid matrices. A PS sample with a MM of about 1.5 million
was recorded using all-trans retinoic acid.74

Polymeric samples often contain impurities or additives (such as antioxi-
dants, plasticizers, surfactants), and some of these compounds (for example,
surfactants) are known to act as a “poison,” depressing the efficiency of the
MALDI process. In order to enhance the number of ions produced by MALDI,
it may be necessary to purify the analyte from these contaminants prior to
analysis.74 Some MALDI matrices, such as all-trans retinoic acid,74 are partic-
ularly sensitive to impurities, whereas for other matrices (like HABA220 and
dithranol38) the loss of efficency is small. Hence the latter matrices may be
preferable when purification is a problem.

Though several groups have observed attachment of alkali metal cation to
polystyrene,220,278 most MALDI practitioners add silver or copper salts to produce
good metal-polystyrene cation signals, dithranol as a matrix.54,119,121,244,278 Good
spectra were also obtained using palladium salts, but other transition metal salts
were unfavorable under the conditions used.279 It is noteworthy that silver salts
were found to be the best cationization reagents in all the cases studied.

Some authors have also reported that polystyrene cationization in MALDI
depends strongly on the ability of MALDI to produce the metal in the +1
oxidation state. It has been proposed that the cationization may proceed
through gas-phase metal attachment reactions under the condition used.54,279

Medium-quality spectra of PS were obtained using IAA138 or 9-nitroan-
thracene,113 whereas 4-(phenylazo)-resorcinol39 and DHB yield low-quality
spectra above 50 kDa. 

10.8.2 Polymethylmethacrylate 

PMMA has been extensively studied by MALDI-TOF.9,44,137,214,281 Bahr et al.9

reported the first MALDI spectrum of PMMA, using DHB as a matrix. This
matrix is not optimal, since it does not contain chemical groups similar to the
groups present in the polymer repeat unit. All-trans indoleacrylic-acid (IAA)

TABLE 10.5

Structural Assignments of Peaks Displayed in the Inset Expansions in Figure 10.35 
and Corresponding to Sodiated Molecular Ions (continued)

Species Structure M+Na+(n)

I 1664 (13), 1777 (14) 
1890 (15), 3248 (27),

L
1565 (12), 1678 (13)
1791 (14), 3149 (26)
3262 (27), 3375 (28)
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is chemically similar to PMMA, and Danis et al.44 used it to record MALDI
spectra of a PMMA sample which has high molar mass, namely Mw = 260,000.
Following this line of reasoning, the fact that IAA also gave good results in
the case of poly (butyl methacrylate) is not surprising.138

10.8.3 Aliphatic Polyethers

A class of polymers that has received considerable attention by researchers in
the field of MALDI is the aliphatic polyethers,80,141,210,213,284–289 with particular
reference to poly(ethylene glycol), poly(propylene glycol), and poly(tetrameth-
ylene glycol), abbreviated as PEG, PPG, and PTMG. It is well-known from
studies with other ionization techniques (e.g., FAB, DCI, FD, LD, see Chapters
5, 6, 7, 8) that these polymers show a strong tendency to readily form ions
in the gas phase. Some workers have analyzed PEG samples using HABA
to determine their MM, and obtained spectra with an excellent signal-to-noise
ratio.141

Very often the goal of the MALDI-TOF analysis is to record the mass
spectrum at the highest possible resolution, with less concern for the signal-
to-noise ratio. In this case, one must select a matrix that is not ejected at high
initial velocity, since a high initial velocity causes a broadening of mass
spectral peaks in MALDI-TOF and degrades the resolution. Thus, DHB is
preferred to HABA, since it is known that HABA is ejected at a speed almost
double that of DHB.27 A better resolution was recorded in some cases using
a HABA/KI system.30

Some authors80,260 analyzed also PPG using DHB. Several liquid matrices
were used in MALDI-TOF analysis of PEG, and excellent agreement was
found between the molar mass distribution determined with liquid and solid
matrices.287

The preferred conformation of PEG 600 in the gas phase has been obtained
by the coupling of a MALDI source to an ion chromatograph. Drift time in
the ion chromatograph provide a measure of the size/conformation of the
ion in the gas phase. The PEG chains were detected as sodium-cationized
ions in the MALDI spectrum, and mobilities of PEG9.Na+ to PEG19.Na+ oli-
gomers were reported.52 Detailed modeling of PEG9.Na+ with molecular
mechanics methods indicated that the lowest energy structure has the Na+

ion “solvated” by the polymer chain with seven oxygen atoms as nearest
neighbors. The excellent agreement between the model and experiment sup-
ports the deduced gas-phase structures of the sodiated-PEG chain.52

Though MALDI is considered a soft ionization technique, some authors
proposed that many signals observed in the low-mass range (less than m/z
1000–2500) of PEG 6000, are due to the pyrolysis of neutral high-mass oligomers
under MALDI conditions.47,289 In fact, together with the expected ions of PEG
chains having end-groups correlated with the polymerization procedure,
were also detected ions such as monomethylated PEG, dimethylated PEG,
monovinyl PEG, and divinyl PEG, formed according to the hypothesized
Scheme 10.2.289
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10.8.4 Polyesters

Numerous MALDI-TOF spectra of aliphatic and aromatic polyesters have
appeared.103,104,108,126,176,179,181,182,190,225–231,243,270,290 Aliphatic polyesters are easily
dissolved in THF or chloroform, and DHB,270 HABA,103 and IAA230,265 give
excellent MALDI-TOF spectra.

On the other hand, aromatic polyesters such as PET and PBT do not dissolve
in THF or chloroform, and different solvents (such as tetrachloroethane, triflu-
oracetic acid and chloroform/trifluoracetic mixtures) must be used. Neverthe-
less, PET, PBT, and poly(1,2-dihydroxybenzene phthalate) can be analyzed
using HABA223,224 or dithranol.20

Some authors have used DHB and IAA matrices for MALDI-TOF analysis
of some aliphatic and aromatic polyesters and have observed that molar mass
distribution values exhibit a certain variability with both laser fluence and
matrix.290 A certain degree of selectivity in the cationization process by Na+

and K+, according to the structure and the MM of the oligomers, was also
observed.290

Molar masses estimated by MALDI-TOF were close to those calculated
by ESI for a series of polyester paints126 and for some low-molar mass
polyesters.227 However, the results significantly underestimated the MMD
of the polyester paint studed.126 Differences in the relative abundances of
branched and cyclic species in ESI vs. MALDI mass spectra were also
noted.126

SCHEME 10.2
Fragmentation pathway of the high-mass PEG oligomers under MALDI conditions.
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10.8.5 Polycarbonates

The MALDI-TOF analysis of poly(bisphenol-A carbonate)102,179,181,182 and of
other carbonates256,257 is straightforward, since these polymers desorb well.
As a consequence, the choice of the matrix is not critical. However, when
the scope of the analysis is to obtain mass-resolved spectra at 60 kDa and
above, only one matrix has been used, namely HABA.182,183

MALDI-TOF spectra of commercial polycarbonates display peaks due to
open-chain macromolecules along with peaks due to cyclics. Polycarbonates
containing porphyrin or fullerene units in the main chain fullerene are easily
analyzed by MALDI-TOF.257

10.8.6 Polyamides

MALDI-TOF studies of polyamides are rare, although these polymers desorb
very well.22,68,206 Most studies are on Nylon 6 and HABA has been the best
matrix. Nylon 6 does not dissolve in THF, acetone, or chloroform, but it does
dissolve in trifluoroethanol and formic acid. 

10.8.7 Polyelectrolytes 

Polyelectrolytes require desalting and conversion to the “hydrogen” form prior
to MALDI analysis. Sinapinic acid is often used as a matrix for polylectrolytes
such as poly(styrenesulfonic acid)260 and poly(acrylic acid).291 Figure 10.36
reports the MALDI-TOF mass spectrum (recorded in the negative-ion mode)
of poly(styrenesulfonic acid), which possesses a narrow MM distribution.260

The most intense peaks are those at 130,000 and 200,000 due respectively to

FIGURE 10.36 
MALDI-TOF mass spectrum of a poly(styrenesulfonic acid) sample. (Reprinted with permission
from Ref. 70, Copyright 1995 American Chemical Society)
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triply and doubly charged ions, and the peak at 390,000 (due to ions bearing
a single charge) is much less intense. The degree of sulfonation of polysty-
renes was calculated from the difference in MMD deduced by MALDI-TOF
analysis of the sulfonated and parent PS samples.70

Polyacrylamides are water-soluble polymers. In the early days of MALDI
of polymers, they attracted the attention of researchers in the field, since one
can use sample preparation recipes developed for proteins. This avoids the
tedious operation of performing various attempts with different matrices. 

DHB was used as a matrix to analyze poly(N–N diethylacrylamide)
(PDEAA) prepared by group transfer polymerization,292 and also PDEAA
prepared by anionic polymerization.293 HABA was used in the analysis of a
substituted polyacrylamide obtained by free radical polymerization.219

The MALDI-TOF mass spectrum of a polymer based on an acrylamide
with an α-helical peptide structure in the side chain was shown to yield a
series of peaks up to 14000 Da.294

10.8.8 Epoxy Resins and Polysilanes

Epoxy resins and polymers containing silicon atoms in the backbone have
been extensively studied by MALDI-TOF in order to determine their molar
mass distribution and chemical functionality.37,38,49,109,111,112,123,125,286–288,295

MALDI-TOF was used to deduce the three-dimensional structure of com-
plex silsesquioxane polymers.295 These polymers have silicon coordinated with
three bridging oxygen atoms in the form of [RSiO3/2] and can form a wide
variety of complex three-dimensional structures. Specifically, the branched-
linear silsesquioxane may react with itself to form intramolecular closed loops.
Four distinct levels of molecular structure were observed from the MALDI-
TOF spectrum.

The mass separation of the major cluster of peaks was found to be 108.25 Da
as expected from the synthesis. The mass separation of 18 Da between peaks
within a major cluster indicated the loss of H2O and the formation of intramo-
lecular closed loops. The data indicated also that the percentage of closed loops
did not vary with oligomer size, and that the molecular structure was interme-
diate between branched-linear and a simple ladder structure, with no evidence
that fully condensed structures had been formed in significant amounts.295

10.8.9 Dendrimers and Hyperbranched Polymers

Dendrimers are monodisperse polymers with precisely controlled macromo-
lecular architecture. Although dendrimer synthesis is complex, the lack of
chain entanglements results in a lower viscosity with respect to linear poly-
mers of the same MM.296

The polymerization of AxB monomers yields highly branched polymers
(hyperbranched), containing a multitude of end-groups. Hyperbranched
polymers are similar to dendrimers in the sense that they are less prone than
linear polymers to form entanglements and to undergo crystallization.297
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MALDI can be used to follow dendrimer growth. Some papers report the
characterization of dendrimers grown on a star-shaped nucleus made of
PEG252 and of some aromatic polyester dendrimers.  Figure 10.37 shows
the MALDI-TOF mass spectra of a dendrimer which grows on a star-shaped
nucleus made of PEG, at various stages of its growth.298 Initially, the molar
mass is around 25000, then it changes to 28000 and to 33000, and eventually
it reaches 39000. 

Polyether dendrimers,301 phosphorus-containing dendrimers,302 and poly-
urethane dendritic wedges303 also have been characterized by MALDI-TOF. 

The MALDI-TOF mass spectrum of a linear block copolymer made of PEG
and polyether dendrimer blocks indicated that the number of ions produced
decreases very rapidly (almost exponentially) as the laser irradiance is turned
down, until a threshold is reached where no ions are produced.301 It was also
found that the best resolution is achieved with a laser power 40% above the
threshold. This is unusual, since normally the mass-spectral resolution falls
steadily as laser power grows.301

The average molar mass and the structure of some hyperbranched polymers
with phenol terminal groups304 and of some hyperbranched polyglycerols305

have been characterized by MALDI-TOF analysis.
The role of cyclization in hyperbranched polymers was also investigated.306

Cyclization in hyperbranched pentafluorophenyl-terminated poly(benzyl
ether)s was indicated by the presence of ions at 20 Da less than the masses of
acyclic species, owing to the loss of the HF chain ends during polymerization.306

FIGURE 10.37 
MALDI-TOF mass spectra of a dendrimer sample at various stages of its growth. The dendrimer
grows on a star-shaped nucleus made of PEG. (Reprinted with permission from Ref. 298,
Copyright 1999 American Chemical Society)
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10.8.10 Hydrocarbon Polymers and Carbon-Rich Polymers

Hydrocarbon polymers, in particular nonaromatic polyolefins, are materials
that are extremely difficult to analyze by MALDI mass spectrometry, prima-
rily because it is difficult for them to form cation attachment ions.

A few papers report the characterization of polydienes, such as polybuta-
dienes,39,143,221 and polyisoprene, by MALDI-TOF.143,221 Polybutadienes of nar-
row polydispersity with masses up to 300,000 Da, and polyisoprenes of narrow
polydispersity with masses up to 150,000 Da, were well-characterized using
all-trans-retinoic acid as the matrix and copper(II) nitrate as the cationization
agent.143 Intense signals due to Cu+ attachment to the polymer chains were
observed, while much weaker spectra were obtained using siver nitrate as
cationization salt.143 Oligomers with average molar masses up to 5000 Da have
been well-characterized by MALDI-FTMS.93

Information about the degradation pathways occurring in polyolefins
exposed to vacuum-ultraviolet radiation (VUV) were obtained by MALDI-TOF
analysis of oligomers formed by VUV photolysis of linear C36-alkane.307 Both
molar masses and end-groups of degradation product were studied.

MALDI-TOF analysis was also applied to the characterization of carbon-rich
polymers such as polyparaphenylene,129 poly(4′-vinylhexaphenylbenzene),308

and large polycyclic aromatic hydrocarbons (PAHs).69,318 The mechanical mix-
ing of the analyte with matrix powders was used as the sample preparation
method, since the PAHs are insoluble.69 In this case, 7,7,8,8,-tetracyanoquin-
odimethane, a new matrix with promising properities, was used.

Carbon-rich polymers can be obtained by free radical polymerization of
4′-(4-vinylphenylene)hexaphenylbenzene, and the MALDI-TOF analysis can
be carried out using dithranol as the matrix.308

10.8.11 Fluorinated Polymers

A few papers report the MALDI-TOF characterization of fluorinated poly-
mers.289,309 Fluorinated polymers are insoluble or only sparingly soluble in
common organic solvent systems, and modified MALDI sample prepara-
tion methods were applied to overcome this problem.289 It was found that
the signal intensity of the fluorinated oligomers changes remarkably with
sample preparation methodology.289 Positive and negative ion MALDI spec-
tra of the fluorinated polymers were recorded using DHB as a matrix. The
presence of fluorinated groups offers the advantage of inductive stabilization
of anionic charge sites for improved signals in the negative ion mode.309

10.8.12 Polymer Mixtures

Mixtures of narrow distribution polymers were used in several studies about
mass discrimination problems in MALDI-TOF.25,26,88

In a recent work it was found that, under similar sample preparation
and MALDI instrument conditions, different ion detection systems produce
a different response in polymer mixtures.116 This is due to several factors:
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(i) the type of detection system, (ii) saturation effects, and (iii) signal-to-noise
limitations. Gating the matrix ion signal, adjusting the operating parameters,
and working under nonsaturating conditions may minimize complications
from the first two factors. Correcting for the third factor is more difficult,
given the limits of the technology.116

MALDI applications concerning mixtures of different polymers are scarce,
probably because of significant differences in cationization efficiencies and
mass discrimation effects. Figures 10.38a–c reports the DE-MALDI-TOF spectra

FIGURE 10.38 
Positive-ion DE-MALDI-TOF mass spectra of a PEG/PMMA blend recorded adopting different
delay times grid voltage % values. (a) 4600 ns and 88%; (b) 100 ns and 96%; and (c) 2800 ns
and 96%. (Reprinted with permission from Ref. 88, Copyright 1999 John Wiley & Sons Ltd)
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of an equimolar mixture of two narrow dispersed PEG and PMMA samples
having similar molar masses.88 These mass spectra were recorded under
various experimental conditions, and their examination reveals the presence
of mass discrimination effects.88 In fact, the spectrum in Figure 10.38a shows
a signal centered at about m/z 7000, consisting of a series of peaks separated
by 44 Da, due to the PEG component. A series of less intense peaks differ-
entiated by 100 Da, due to PMMA, also appears in the spectrum at lower
mass values. In contrast, the spectrum in Figure 10.38b is composed almost
exclusively of this second family of peaks, as if the material consisted only
of PMMA. The effective composition of the blend is shown instead by the
spectra in Figure 10.38c.88

10.8.13 Miscellaneous

In addition to the polymers described above, the MALDI technique has also
been employed for the characterization of several synthetic polymeric materials.
The literature reports the MALDI characterization of polyacrylonitrile (PAN),276

poly(ether sulfone) (PES),124 poly(dimethyl phenylene oxide) (PDMPO),124 and
functionalized poly(p-phenylene)s.200 Analysis by MALDI-TOF of aromatic
polyethers (such as PEEK), can be found,  and several macrocyclic samples
were also characterized by MALDI-TOF.310–317
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11.1 Introduction

The study of organic polymers by mass spectrometry has been an active field
of research in recent years. Both time-of-flight (TOF) and Fourier transform
ion cyclotron resonance mass spectrometry (FTMS) have been used in com-
bination with a variety of ionization methods. These include secondary ion
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mass spectrometry (SIMS),1 matrix-assisted laser desorption and ionization
(MALDI),2 and neutral laser desorption, combined with cationization,3-5 and
photoionization. The challenge in such studies lies in getting the molecules
into the gas phase and ionizing them without fragmentation. This is an impor-
tant objective because potential new contributions of mass spectrometry to
polymer analysis may result from the possibility of obtaining exact oligomeric
distributions. Traditional analysis methods, such as nuclear magnetic reso-
nance (NMR) and various forms of chromatography, generally provide aver-
age distributions or envelopes. Details of chain length distributions can easily
be missed. For example bimodal distributions, branching variations, func-
tional group distributions, or exact compositions of copolymers are all difficult
to deduce from averaged measurements. Mass spectrometry therefore holds
great promise for advanced polymer analysis, provided one can obtain parent
mass distributions without fragmentation, without mass bias, and with exact
mass measurements.

There is now an arsenal of techniques that have been shown to be capable
of providing mass spectra of whole polymers. A major subgroup of these new
methods uses pulsed lasers to vaporize and ionize the high molecular weight
material.6  Two important effects have been put to use in this approach to aid
in the production of stable molecular ions: Chemical ionization and matrix-
assisted desorption. Wilkins and others have shown many examples where
cationization with alkali ions, added to the polymer as salts, yields oligomeric
mass distributions.4,7–9 Hillenkamp and coworkers have originated and devel-
oped the MALDI technique, in which a low molecular weight organic matrix
serves the dual function of entraining large molecules into the vapor phase
without decomposition, and ionizing them chemically, usually by proton
transfer.2,10 These techniques are discussed elsewhere in this book. One general
drawback of cationization and MALDI is the need for sample preparation.
Another limitation is that matrices and dopants are often material-specific;
in fact not all materials lend themselves to these types of analysis. An exam-
ple is the class of perfluorinated polyether polymers (PFPEs), which we will
discuss below.

In this chapter we concern ourselves with the laser-induced vaporization
of neat polymers. In this case, without ionic dopants or ions created by laser-
induced breakdown, there is no chemical ionization and the gas phase poly-
mer molecules are neutral. Post-ionization is thus necessary to convert them
into ions. Since this is usually done by a second pulsed laser the procedure
has also been called two-step laser mass spectrometry.11–15

11.2 Step 1: Laser Desorption

While thermal desorption of polymers generally causes thermal degradation,
one can generalize that many polymers—as well as other complex mole-
cules—can be lifted into the gas phase intact, provided the heating rate is
fast enough. Heating rates of the order of 1011 degrees Kelvin/second are
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easily achieved with commercial nanosecond pulsed lasers and suffice in
many cases. The extension of the method to shorter pulse lengths is not yet
extensively investigated and may offer further improvements. Some theo-
retical models exist to explain the phenomenon with very limited systematic
experimental data for comparison. Hall discusses laser desorption in terms
of  a competition between rates for desorption and thermal chemistry.16 With
a high pre-exponential factor, the former would prevail at higher tempera-
tures. Therefore reaching higher temperatures sufficiently quickly would
lead to preferential desorption. Zare and Levine  discuss laser desorption in
terms of a bottleneck model.17 One assumes that most of the laser energy is
absorbed by the substrate rather than by the adsorbate. At the nanosecond
time scale, far from thermal equilibrium, the energy redistributes in such a
way that the bond between the molecule and the surface is the first weak
link that is encountered. Thus this bond acts as the “bottleneck” and is most
likely to be broken, leading to intact desorption. Experimentally, Li et al.
have varied the time scale for cooling after the laser pulse by preparing
layered substrates with materials of different heat conductance.18 Spectroscopic
studies of desorbed material have been reported by Zenobi on aniline11 and
by D.H. Levy on indole19 and on Trp-Gly.20 These studies show, among other
things, that these molecules come off the surface with internal temperatures
above room temperature, but well below the calculated surface temperature.
Much work still remains to be done in order to completely characterize the
process.

In general, laser desorption produces neutrals in excess of ions by prob-
ably several orders of magnitude. In terms of sensitivity, on the other hand,
several orders of magnitude can be lost in the ionization step. As mentioned
before, both MALDI and electrospray produce ions directly in the ioniza-
tion step. The advantage of desorbing neutrals and thus separating the
ionization from the volatilization step will be illustrated in the examples
below.

11.3 Step 2: Laser Ionization

In the techniques that we discuss here, the ionization step is always achieved
separately with a second pulsed laser. In all cases we aim to produce a very
soft ionization pathway in order to minimize fragmentation. Depending on
the analytical challenge, ionization can either be as general as possible, or
just the opposite, very selective for specific polymers. The most obvious way
to achieve ionization with pulsed lasers is photoionization, which we discuss
in Sections 11.3.3 and 11.3.4. However, some molecular species resist photo-
ionization by virtue of a very high ionization potential and the absence of a
suitable chromophore. Therefore in Sections 11.3.1 and 11.3.2, we will discuss
five indirect approaches, in which the ionization laser merely generates the
ionizing agent, either in the form of ions or of low energy electrons.
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First: Laser-generated cationization. In Section 11.3.1 we show how one can
employ a laser, focused on a transition metal target, in order to generate a
metal plasma. The resulting metal ions subsequently cationize neutral poly-
mers that were desorbed by an independent desorption laser at low fluence.

Second: Photoelectron attachment. In Section 11.3.2 we follow a similar idea,
in which the ionizing laser produces photoelectrons from a suitable metal
target. These very low energy electrons can then attach to independently
desorbed neutral polymers in order to form negative ions.

Third: Single-photon ionization. Conceptually the simplest and most general
form of photoionization is single-photon ionization by a photon with energy
exceeding the vertical ionization potential. We have found that for larger
molecules, such as polymers, this approach usually leads to fragmentation,
unless the desorbed molecules are effectively cooled in order to minimize
internal energy. We achieve this by jet cooling. In order for this approach to
be effective for most polymers, photon energies in the vacuum ultraviolet
region of the spectrum are required.

Fourth: Two-photon ionization. For polymers with a suitable chromophore,
particularly aromatic groups, we can use two-photon ionization, which
makes it possible to perform photoionization at commercial laser wave-
lengths. The opportunity to match a wavelength with a specific type of
chromophore can provide a certain degree of selectivity of detection. This
approach can also successfully be applied to ionize polymers with end-group
chromophores.

Fifth:Resonance-enhanced multiphoton ionization (REMPI). In the most sophis-
ticated form of photoionization we vary the wavelength of an excitation laser,
such that a second photon (from the same or another laser) ionizes only when
the first photon is resonant with a specific molecular level. Thus we obtain a
combination of optical spectroscopy and mass spectrometry.

11.3.1 Laser-Generated Cationization

As a first approach to post-ionization of desorbed neutral polymers we discuss
laser-generated cationization. This approach differs from other desorption/
cationization techniques because the desorption step and the cationization step
are completely separate. First polymers are gently laser desorbed at low flu-
ence with one laser. Independently atomic metal ions are generated by a second
pulsed laser that is tightly focused on a metal surface to create a plume of
metal ions. Gas phase collisions above the sample surface subsequently pro-
duce the cationized complexes. Separation of the desorption and cationization
processes allows independent optimization of the two laser/material interac-
tions. This approach is especially useful in situations where other ionization
methods fail, such as the example of PFPEs discussed here.21

Perfluorinated polyethers are widely used throughout industry as lubricants.
Compared to their hydrocarbon analogues, they are more chemically inert and
thermally stable, and have very low vapor pressures at room temperature.
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This makes them very attractive for use in harsh environments and areas
where polymer degradation is a concern. These polymers are commercially
available with average molecular weights ranging from 2000 to 10000. A
typical structure is as follows:

(11.1)

where the repeat group  and represent the end-
groups.

11.3.1.1 Experimental Details

All mass spectra were obtained with a Fourier transform ion cyclotron res-
onance mass spectrometer (FTMS). The theory and applications of FTMS
spectrometry are well-established and will not be discussed here.22,23 In our
apparatus the sample was located at one of the trap plates of the cell, inside
a superconducting magnet. Two pulsed lasers were used, one for the PFPE
desorption and another for metal ion formation. Typically, 2 to 4 mJ/pulse
of 248 nm or 193-nm light (20 ns fwhm) from an excimer laser was softly
focused to an elliptical spot with a 2-mm long axis for desorption. To create
the metal ions, a 0.3-mJ pulse of 532-nm light (10 ns fwhm) from the doubled
output of a Nd:YAG was tightly focused. The metal substrates were prepared
from foils of various metals (typically 0.010 in. thick). Surface preparation
was not critical because the experiment was not sensitive to PFPE/metal
surface interactions since the thickness of the polymer films was on the order
of 1 µm.

11.3.1.2 Molecular Weight Distributions

We have applied this technique to determine the chain length distribution
and average molecular weight of PFPE samples of type P1, with nonfunc-
tionalized end-groups:

This material is commercially produced under the brand names Demnum-
S65® or Krytox®, the latter having branched repeat groups. A representative
mass spectrum obtained by this method is shown in Figure 11.1. There are
other methods that can be used to determine average molecular weights
such as HPLC and 19F-NMR. However, one gets limited information on the
distribution of chain lengths or variations in the end-groups of the polymer
molecules from these methods.

E1–O–[R3 ]–E2

Ri CF2[ ]i–0, i 1, 2, 3,== Ei

E1 –CF2–CF3=

E2 –CF2–CF2–CF3.=
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The method for calculation of the average molecular weight of a polymer
sample using FTMS has been described previously.4 Each peak in a mass
spectrum corresponds to a given chain length and set of end-groups. At the
low resolution used, each peak encompasses the distribution of isotopes
associated with that species. To account for the change in resolution of FTMS
with increasing mass and the change in the isotope distribution with an increas-
ing number of C-atoms, it is necessary to measure the area under each peak
to obtain the relative amount of that species in a given sample. The assump-
tion is made that the desorption efficiency remains constant for the different
length PFPEs in a given sample. This appears to hold true for higher molec-
ular weight samples (MW > 2000) but not for those with molecular weights
under ∼2000. It is also assumed that there is no bias due to nonuniform
excitation or detection of ions of different mass in the ICR cell.

The number average molecular weight, 〈M〉, is calculated according to

When using this equation with In equal to the area under each peak, we
found that 〈M〉 came out higher than the values obtained from 19F-NMR meas-
urements. However, if one makes the simple assumption that the cationization
cross section increases linearly with the polymer chain length

(11.2)

FIGURE 11.1
Mass spectrum of cationized Demnum S-65, having structure I and 〈M〉 = 4600 Da. The PFPE
film was on an Au/Ni coated Cu sample. The desorbed polymer was cationized by Ni+.
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a much better agreement results. The average molecular weights calculated
this way for two different polymer samples and the values obtained for the
same samples using 19F NMR are presented in Table 11.1. The uncertainties
in the 〈M〉 values determined by FTMS represent the standard deviation of
five independent measurements. The agreement between the two methods
is very good, attesting to the validity of using this method to determine chain
length distributions of PFPE compounds.

11.3.2 Electron Attachment

As a variation to the laser-generated cationization technique, we can also
generate electrons, rather than ions, by focusing a laser on a metal surface.
With the photon energy exceeding the work function of the metal, photo-
electrons are ejected with very low kinetic energy. Those very low energy
photoelectrons can serve as a soft ionization source that potentially causes
much less fragmentation than the traditional 70 eV electron impact ionization
source. One can also use photoelectrons to generate negative ions by electron
attachment, as in the following example. 

The experimental details are identical to those in Section 11.3.1, except
that the cell voltages on the end plates are adjusted in order to trap negative
ions instead of positive ions. We used a single laser here to produce both
neutral desorption and electrons, although the two processes could also be
separated for individual optimization, as in Section 11.3.1.

Figure 11.2 shows a characteristic negative ion mass spectrum for a Demnum-
S65® sample (〈n〉 = 25) on an Au surface. Only the mass peaks above 1000 Da
are shown; all lower mass ions were ejected with a SWIFT waveform for this
spectrum.24 Fall-off of the peak intensities below 1200 Da is due to the limited
resolution of the SWIFT waveform. The spectrum was taken with 0.5 mJ�
pulse of 193-nm light focused to a ~100 µm diameter spot and averaged over
six spots on the sample for 500 shots�spot. No positive ions were generated
under these conditions.

The spectrum consists of sets of three peaks that repeat every 166 Da. This
spacing is equivalent to the mass of the polymer repeat unit. Two of these
sets are shown in the inset of Figure 11.2. The two major peaks are spaced
by 50 Da, corresponding to a CF2 group, while the minor peak is spaced
22 Da from the high mass peak in the group. Small ripples on the low mass
side of the major peaks, which are spaced by a constant frequency, are artifacts
due to “ringing.” The intensity of each group grows roughly exponentially

TABLE 11.1

Comparison of 〈M〉 Determined by FTMS and 19F NMR

Sample FTMS 19F

Demnum S65 4600 ± 85 4560 ± 0
3970 ± 10 4030 ± 50
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toward lower mass. Measurements of the lower masses verified that this
trend continues down to n = 0. The exponent of this increase is found to
depend on the laser energy and wavelength, with higher pulse energies and
wavelengths producing a steeper increase.

The two major peaks in each group of the spectrum can be explained by
a simple model involving two competing reaction channels. During or after
desorption of a polymer molecule, a photoelectron from the metal surface
attaches to the polymer causing dissociation via one of two pathways

(11.3)

(11.4)

The negative fragment observed carries the  group. The
peaks with the 50 Da difference correspond to negative ion fragments with
long or short end-groups (E1 or E2, respectively). The rough equivalency
between the intensities of the two peaks indicates that the two channels are
equally probable. This same fragmentation pathway has been observed for
CF3–O–CF3 in the gas phase.25 In this case electron attachment leads to the
formation of 

The overall shape of the distribution can be understood by considering that
each fragment can undergo further fragmentation. These secondary reactions
can result from electron attachment to a neutral fragment or dissociation of

FIGURE 11.2
Negative ion spectrum obtained from desorption and electron attachment of a Demnum S-65
PFPE sample (〈M〉 = 4600 Da). An expanded view of two peak sets is shown in the insert (mass
scale and spacings are in Da).

E1– R3( )n–E2 e − E1–(R3)x–CF2CF2CF20−→+

CF•
2+ CF2CF20–(R3)n–x–2–E2

E1–(R3)n–E2 e− E1–(R3)x–CF2CF2CF2
•

→+

–+ OCF2CF2CF20–(R3)n–x–2–E2.

–CF2CF2CF2O–

CF30– CF3+ .
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a negatively charged fragment. The distribution can be modeled by succes-
sive random dissociations along the polymer chain. In other words, each
–CF2–O–CF2– center on a negatively charged polymer is equally reactive.
When this process is repeated several times, it produces a fragment distri-
bution rising exponentially toward the monomer. Increasing the laser energy
increases the number of random breaks. As the number of breaks increases,
the distribution gets steeper, being weighted toward shorter chains. This is
consistent with experimental observations for higher laser pulse energies
and shorter wavelengths.

The possible secondary reactions are important to understanding the neg-
ative ion spectrum. The –CF20

– end-group may dissociate into –CFO + F–.
This would create a PFPE with an acid fluoride end-group which, upon
electron attachment, could form a negative ion according to

(11.5)

accounting for the presence of the third peak in each set at 22 Da below the
main fragment peaks. 

Negative ions corresponding to parent PFPE molecules were searched for
extensively at many different laser fluences, at 248 nm as well as 193 nm
desorption wavelengths, with various PFPE film thicknesses, and with dif-
ferent metal substrates. No such ions were ever observed. This suggests that
the barrier to dissociation of the negatively charged polymers is very low.
Therefore, after electron attachment, the rate of polymer dissociation is much
greater than that of negative ion stabilization under the conditions of our
experiment. We also observed that the extent of fragmentation decreased at
longer desorption wavelengths and detected no negative ions at 532 nm
under low laser fluence conditions. This can be attributed to insufficient
photon energy to generate photoelectrons from the substrate.

11.3.3 VUV Ionization

Conceptually one of the most promising forms of soft ionization is photoion-
ization. In principle it is possible to choose photon energies that just exceed
the vertical ionization energy of the neutral in order to impart minimal excess
energy and thus limit fragmentation. In practice there are two problems with
this concept. First the ion is produced with excess energy due to the internal
energy of the neutral. Even if the ionization step does not add much energy,
the ionic dissociation energy can often be less than that of the neutral. As a
result the ion often fragments, even though the neutral was stable. This
problem is particularly severe for larger molecules, where the large number
of degrees of freedom imply that the molecule can contain a large amount
of internal energy even at moderate temperatures.26–29 As we will see below,

E1–(R3)m–CF2CF2CFO e– E1–(R3)y–CF2CF2CF2
•→+

+ –OCF2CF2CF2O–(R3)m–y–2 –CF2CF2CFO
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the key to minimizing fragmentation is cooling the neutrals prior to ioniza-
tion. The second practical problem is that one cannot easily tune the ionization
wavelength such that it fits any molecule to within a fraction of an electron volt.
If, on the other hand, one wishes to employ a single wavelength to serve as a
general photoionization source for most molecules, then it should be of the order
of 10 eV. At that energy a large number of molecules can be ionized, notably
including most fully saturated hydrocarbons.

11.3.3.1 Experimental Details

In order to overcome both problems outlined above, we will show examples of
the combination of laser desorption, jet cooling, and vacuum ultraviolet (VUV)
single-photon ionization at 125 nm (corresponding to 10 eV). Several previous
studies have used VUV postionization without cooling.30,31 The VUV pulses
were generated by nonresonant third harmonic generation in phase-matched
rare gas mixtures.32 Because of its potential for achieving higher VUV flu-
ences we used resonance-enhanced four wave mixing in Hg vapor instead,
employing only a single, tunable dye laser at 625.70 nm to generate VUV at
125.14 nm.32

Figure 11.3 schematically shows the experimental setup. The approach
consists of a pulsed nozzle, skimmer, and reflectron TOF mass analyzer. The
125 nm VUV beam was introduced along the jet axis and focused in the
ionization volume. A doubled Nd:YAG laser (532 nm) was used for desorp-
tion, with pulse energy densities of 10 to 100 mJ/cm2 and a spot size of about
1 mm diameter. Vaporization was caused by substrate heating only. Optimal
injection of the vapor into the jet expansion occurred when the desorption
spot was about 1 mm in front of and 0.5 mm below the nozzle, and the
desorption laser was fired near the peak of the jet gas pulse. The pulsed
valve was operated with Ar or Xe at a backing pressure of 8 atmospheres.

For comparison we also used a setup without jet cooling in the form of a
modified laser microprobe ion source coupled to a reflectron TOF mass
analyzer.15

11.3.3.2 Poly(ethylene oxide)

We applied the jet/VUV technique to some readily available samples of small,
aliphatic polymers. Figure 11.4 shows mass spectra of two different samples
of poly(ethylene oxide). Panel B shows a pure reference sample of nominal
Mp = 1000 Da, Panel A a laboratory detergent called Liqui-Nox (Alconox Inc.).
Both spectra show an oligomeric distribution of parent ions. Using oligomer
peak heights as a measure of abundance, we calculate Mn = 840 Da and
Mw = 880 for the reference sample, whose masses are consistent with the
formula H–(O–CH2–CH2)n–OH. The spectrum of this sample also shows
a distribution of low molecular weight fragments with masses n × 44 Da
whose abundance increases monotonically with decreasing weight. In addition
there is a prominent odd-mass fragment at 71 Da. The polymer in Liqui-Nox
is shorter, and its mass values also conform to the formula n × 44 Da. Since this
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is a detergent, the composition is probably either C5H11–(O–CH2–CH2)n–OH,
or C9H19–φ–(O–CH2–CH2)n–OH.

The ∆m = 44 fragment series fits none of the products found or interme-
diates postulated in thermal degradation studies,33,34 but is consistent with
earlier laser desorption work where the same series was observed in cation-
ized form9 and attributed to the random scission process

The vinyl-terminated product fits the observed fragment series. It must
arise from pyrolysis because it is not a typical ether ion fragment35 and
can be detected by cationization.9 The discrepancy with slow thermal
degradation presumably arises because the vinyl product is formed in a
high activation energy unimolecular reaction which predominates under
the conditions of laser desorption. A possible mechanism is a concerted
hydrogen transfer.36 In that case the C–O bond scission shown in paren-
theses in the above reaction diagram would be simultaneous with a hydro-
gen transfer. The odd mass fragment observed at 71 Da could be the radical

FIGURE 11.3
Schematic diagram of the experimental setup for laser desorption with jet cooling and postion-
ization. Abbreviations: sb, sample bar; sk, skimmer; g, ion source grids; m, moveable mirror;
pd, photodiode; mcp, multichannel plate detector; LiF, plano-convex lithium fluoride lens; c,
annular cooler; h, annular heater; w, fused silica window; al, achromatic lens.

–CH2–CH2–O–CH2 – (CH2–CH2 O–CH2+ ) →→

–CH=CH2
• •HO–CH

2–.+
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CH2–CH2–O–CH=CH2, derived from the vinyl terminal by a simple C–O
bond rupture.

11.3.3.3 Poly(isoprene)

Figure 11.5 shows the mass spectrum of a sample of poly(isoprene) with nom-
inal Mp = 1000 Da. It corresponds to the structure C4H9–(CH2 –C(CH3) =
CH–CH2)n–H. From the peak heights one calculates Mn = 820 and Mw =
870. At the low mass end this spectrum shows peaks for isoprene monomer
(68 Da) and dimer (136 Da).

FIGURE 11.4
Jet/VUV mass spectra of poly(ethylene oxide) samples. A: Liqui-Nox laboratory detergent. B:
Reference sample with nominal Mp = 1000; A fragment series in spectrum B is labeled with
asterisks. The number, n, of ethylene oxide repeat units is given for some peaks (in parentheses
for fragment series).

©2002 CRC Press LLC



11.3.3.4 Poly(dimethyl siloxane)

Jet/VUV mass spectra for three different samples of poly(dimethyl siloxane)
with nominal Mw = 800, 2000, and 6000 Da are shown in Figure 11.6. In this
case the masses observed are all fragments missing one methyl group. We
did not observe the molecular ions corresponding to the structure (CH3)3Si–
(O –Si(CH3)2)n–CH3, M = 88 + n × 74 Da; instead the spectrum shows the
M–15 Da ions. We also examined the cyclic tetramer and pentamer,
(O–Si(CH3)2)m, m = 4 and 5, and observed only the M–15 Da ions.

Cooling can only be effective if the ion has a stable ground state and
fragmentation is thermally activated. This example reminds us that this is
not always the case. The complete absence of a molecular ion for all linear
and cyclic poly(dimethylsiloxane)s shows that their molecular ions as pro-
duced by VUV ionization are intrinsically unstable. Judging from the ioniza-
tion potential of (CH3)3Si–O –Si(CH3)3, 9.64 ± 0.01 eV,37the excess energy for
VUV ionization is small and similar to that of the paraffins, where cooling
suppresses fragmentation completely.

For the linear polymer samples shown in Figure 11.6 the Mw (Mn) values
determined from the mass spectra of the three samples are 950 (920), 1310
(1240), and 2150 (2010) Da, respectively. There is clearly a deficit of signal
for higher oligomers, increasing with the Mw of the sample and accompanied
by an increasing proportion of low mass fragments in the mass spectrum.

FIGURE 11.5
Jet/ VUV mass spectrum of poly(isoprene) with nominal Mp = 1000. The number, n, of isoprene
repeat units is given for some peaks. I and I2 refer to isoprene monomer and dimer.

��� ��� ����

���� ���	


�

�
��

��

©2002 CRC Press LLC



11.3.3.5 Polystyrene

In order to compare ionization efficiencies of two-photon and one-photon ion-
ization we investigated an aromatic polymer that can readily be ionized by
two-photon ionization at 193 nm, namely polystyrene. The sample compo-
sition corresponds to the structure C4H9–(CH2–CHφ)n–H, where φ = phenyl.
Figure 11.7 shows representative mass spectra of samples with nominal Mp

FIGURRE 11.6
Jet/VUV mass spectra of 3 samples of poly(dimethyl siloxane) whose nominal Mp values are
indicated in the figure. Numbers of repeat units, n, are indicated for some of the oligomer peaks
which are all (M-15) Da masses.
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values of 950, 1300, and 4250. For 193 nm ionization the values of Mw (Mn)
determined from the mass spectra were, respectively, 910 (860), 1340 (1270),
and 2120 (1830) Da. For 125 nm ionization, the values were 780 (700) and
1220 (1150) Da, and the spectrum of the highest molecular weight sample
was too weak to be evaluated. Just as for poly(dimethyl siloxane), there is a

FIGURE 11.7
One-photon (125 nm) and two-photon (193 nm) ionization mass spectra of 3 samples of poly-
styrene whose nominal Mp values are indicated in the figure. Some peaks are labeled with the
number, n, of styrene repeat units. The low mass peak designated S in the 125-nm ionization
spectra is styrene. Note the vertical scale change (×2) in these traces.
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discrimination against higher oligomers that increases with the average molec-
ular weight of the sample and is accompanied by an increasing proportion of
low mass fragments. A prominent fragment observed with 125 nm ionization
is styrene; this was also detected by Feldmann et al. as a photoablation product
of polystyrene using 118.4 nm ionization.30 A comparison of the one-photon
and two-photon ionization traces shows that the former exhibit a bias toward
low mass when compared to the latter. Since the method of ionization is the
only difference between these spectra, it follows that ionization efficiency falls
off more rapidly with molecular weight for the one-photon process.

The onset of mass discrimination depends on the type of polymer. We
consider four causes for this effect: (i) preferential fragmentation of high mass
ions, (ii) competition between vaporization and thermal decomposition in the
desorption step, (iii) reduced ionization efficiency for high mass oligomers,
and (iv) mass dependence of the detector. Since we have no evidence for less
efficient cooling of high mass neutrals we regard cause (i) as unlikely. Schlag
and Levine have presented arguments and some evidence for cause (iii).38

They proposed a mass dependence of the molecular ionization efficiency of
the form exp(–M/M0)

3�2, where M is the molecular weight and M0 an empir-
ical constant. This may account for part of the mass bias we observe, but since
the exponential falloff is steepest for the low masses, it cannot account for
the increased distortion we observe for M > 1000 Da. Mass dependent detection
can probably be ruled out at the ion kinetic energies that we are using, as
also evidenced by the detection of much higher mass polymers described
below. The discrimination against higher oligomers is probably due to cause
(ii) which predominates in this mass range. For high mass molecules disso-
ciation becomes faster than vaporization. Desorption changes into ablation,
which gives rise to the increased proportion of small fragments detected with
samples of high average molecular weight.

Notice that even for M < 1000 Da there appears to be relatively more efficient
two-photon than one-photon ionization of the higher oligomers of polysty-
rene. Schlag et al. reported a similar effect for small, aromatic peptides.39 They
used identical total ionization energy, while in our case comparison is less
direct because the energies are different (9.9 eV for one-photon, 12.9 eV for
two-photon ionization). The effect may be due to increased oscillator strength
(more chromophores) of higher oligomers in the first step of the two-photon
process.

11.3.4 Two-Photon Ionization

In two-photon ionization the first photon excites polymers to an electronic
state and a second photon ionizes the excited molecules. This approach has
the following advantages over single-photon ionization. One can employ
commercial lasers, avoiding the complication of sum frequency mixing or
other schemes for VUV generation. Typical lasers for this purpose include
the quadrupled Nd:YAG laser and excimer lasers. Two-photon processes in
the absence of saturation of both steps depend quadratically on laser power,
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while single-photon processes depend linearly on power. On the other hand
the mixing or doubling schemes required to generate VUV photons depend
nonlinearly on the power of the pump lasers. Therefore on the one hand the
single-photon scheme has higher ionization efficiency; however on the other
hand in practice much higher laser fluences are available for two-photon
ionization. The result is that sensitivities can be achieved in practice that can
be higher by order of magnitudes.

Two-photon ionization requires a chromophore at a practical wavelength
to absorb the first photon. This constitutes both a weakness and a strength
of the method. On the one hand not all polymers can be two-photon ionized,
on the other hand wavelength dependence introduces selectivity of detection.

11.3.4.1 Photofrin 

Figure 11.8 shows a comparison of a number of mass spectral techniques,
which were all applied to measure the oligomeric distribution of a small
polymer, Photofrin. This is a complex mixture of nonmetalic porphyrins,
linked primarily through ether bonds.40,41 The compound was developed
as a drug for use in photodynamic therapy for the treatment of solid tumors. Its
characterization, important for drug approval, has proven to be a serious
analytical challenge. Figure 11.8 shows the result of analysis by FAB (fast
atom bombardment), UV- and IR-MALDI, electron spray ionization, and
two-step laser mass spectrometry with jet cooling.42 In the latter case ionization
was performed at 193 nm. The major conclusion from this direct comparison
is that all four techniques show a very similar oligomeric distribution. We note
that another study, which employed two-step laser mass spectrometry with-
out jet cooling produced almost exclusively monomers,43 which once again
points to the importance of cooling in order to reduce fragmentation with
photoionization.

11.3.4.2 Two Photon Ionization of End-Group Chromophores

Figure 11.9 shows the mass spectrum of a monofunctionalized homopolymer
with repeat unit R3 and a functional end-group A, consisting of aromatic
ester as follows:

The monofunctionalized polymer is of the form:

(11.6)

Bifunctional polymers have the form:

(11.7)

A –CF2–(CO)–O –CH2CH2–O–C6H5,=

A −(R3)n−E2.

A−O −(R3)n−A.
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The monofunctional material is commercially available under the brand
name Demnum-SP®.44 We performed two-photon ionization with 193 nm. All
major peaks correspond to parent ions and are spaced apart by 166 Da, the
mass of a repeat unit. They range from polymers with n = 5 (m/z = 1114 Da)
to n = 40 (m/z = 6924 Da). Values of n are indicated with selected peaks. This
mass spectrum qualitatively shows the distribution of chain lengths in the
sample. The measured distribution may be affected by mass dependencies in
the experiment, such as transmission, detector response, and entrainment
efficiency. However the average of this distribution is consistent with NMR.
Minor peaks in the spectrum are due to (i) bifunctional polymers that are
present in this sample as an impurity and (ii) polymers missing CF2 in one

FIGURE 11.8
Mass spectra of desalted Photofrin, in the positive ionization modes, obtained by (A) FAB/MS,
(B) UV-MALDI/MS, (C) IR-MALDI/MS, (D) ESI/MS (nozzle-skimmer voltage 100 V). (E) Mass
spectrum of per-methyl ester of Photofrin, in the positive ionization mode, obtained by LD/
Jet-PI(193 nm)/MS.
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of their repeat units or their end unit. We note that the presence of bifunctional
polymers cannot be observed by either NMR or size exclusion chromatogra-
phy, and in fact would lead to an erroneous assignment of the average chain
length distribution in the case of NMR.

Figure 11.10a shows the mass spectrum of a co-polymer of the type:

where P represents an end-group containing a piperonyl chromophore:

This material is commercially available under the name AM-2001®. Ionization
was performed with 193 nm. Every peak in this mass spectrum corresponds
to a parent mass with one of the possible combinations of k and l. Information
contained in this mass spectrum goes beyond the distribution of chain lengths.
The ability to distinguish the abundances of individual (k, l) combinations
provides for a much more refined characterization of co-polymers, as will
be further discussed below.

From an analytical perspective there is the limitation that the molecule needs
to have a chromophore in order to be detected by REMPI. We have extended
the applicability of the technique by chemically attaching chromophores to

FIGURE 11.9
Laser desorption REMPI time of flight mass spectrum of Demnum-SP®. Ionization wavelength
193 nm. Major peaks represent parent masses, separated by the 166 Da mass of a repeat unit:
[CF2]3–O. The numbers of units are indicated for some peaks.

P −O −[(R1)k(R2)l] −P,

P –CF2–CH2 – O–C8H7O2.=
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a number of commercial PFPEs that do not have chromophores, particularly
those with alcohol and acid end groups.

Figure 11.10b shows the mass spectrum of a co-polymer of the type:

where  takes the place of the alcohol end-group of the original polymer
and was obtained by esterifying it with phenyl acetyl chloride. The alcohol
polymer is commercially available under the name Z-Dol®. Ionization was
performed at 193 nm. The difference between this material and that in
Figure 11.10a is that in the case of AM-2001 the end-group is itself a
chromophore, while in the case of Z-Dol the chromophore first had to be
attached. Furthermore our analysis shows that the distribution of repeat units
as a function of chain length is different in the two cases, as discussed below.

To demonstrate the increased level of detail that is available because
parent molecules can be detected without fragmentation for individual
(k, l) combinations, we have plotted the relative abundances in a different
way. Figure 11.11 shows relative peak integrals plotted in a grid of k and l.

FIGURE 11.10
Laser desorption REMPI time of flight mass spectrum of (a) AM-2001®: P–O–[(CF2–
O)k(C2F4 –0)l]–P, with P = –CF2–CH2–O–C8H7O2, (b) Z-Dol® with esterified end-groups:
A–O–[(CF2–O)k (C2F4–0)l]–A with A = –CF2–CH2–O–CO–CH2–C6H5. Ionization wavelength
193 nm.

A′– O – [(R1)k(R2)l] – A′

A′ – CF3– CH2– O–CO – CH2– C6H5,=

A′
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Figure 11.11a is for the AM-2001; Figure 11.11b is for the Z-Dol. For compar-
ison Figure 11.11c shows a plot for a model distribution, which assumes a
purely random copolymer. This takes the form of a binomial distribution,
with Ik,l denoting the relative abundance of a polymer with a repeat unit
combination (k, l) as follows:

FIGURE 11.11
Relative abundances of copolymers of type A–O–[(CF2–O)k(C2F4–0)l]–A, plotted as a function
of k and l. (a) AM-2001®, (b) Z-Dol®, (c) model calculation for a random copolymer.

Ik ,l
k l+

l
---------- 

  p1
k p2

l=

P1 P2 1=+
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P1 and P2 represent the relative probabilities of adding either an R1 or an R2,
unit as the chain is being built up during the polymerization. The ratio f =
Pl/P2 is the only free parameter in the model. Furthermore we have restricted
the overall chain length by multiplying the distribution with an envelope
function that was taken from the actual molecular weight distribution. We
cannot completely reproduce the actual distributions of Figures 11.11a or
11.11b with any single value of f. In the model the line of maximum abun-
dance must pass through the origin for any f while for the actual polymers
this is not the case. We find f to be different depending on the overall length
of the polymer chain. For Z-Dol the smaller polymers tend to have relatively
more single carbon repeat units, while the larger ones on average have
somewhat more than two carbon repeat units. For AM2001 this trend appears
to be inverted. This phenomenon must be related to the detailed kinetics of
the polymerization reactions that formed these polymers.

Attachment of chromophore end-groups can also be used as a labeling tech-
nique. We have used it to investigate degradation by friction of the non-
functionalized, commercial PFPE polymer, Demnum-S65. Friction tends to
break this polymer randomly at the ether linkages, producing carbonyl flu-
oride and new C3 end-groups. The effect is similar to that of electron attach-
ment as discussed in Section 11.3.2 although the mechanism may be different.
In the presence of water the carbonyl fluoride is transformed into carboxylic
acid, which we selectively labeled with a phenoxy group. The  resulting laser
desorption REMPI mass spectrum of the labeled acid fragments is shown in
Figure 11.12. It exhibits a molecular weight distribution that peaks around
1500 Da and averages about 2000 Da, while that of the original polymer
peaks around 3800 Da and averages 4600 Da.21 Fragmentation is evident in
the pattern of major peaks that occur in pairs 50 Da apart: The labeled acid
group appears with either the –CF2CF2CF3 or the –CF2CF3 end-group of the
original polymer, labeled � and �, respectively. Peaks with the former end-
group are stronger since additional C3 end-groups are formed during frag-
mentation, and these products may fragment again. There is a third set of
peaks 50 Da below those with the –CF2CF3 end-group, labeled �. Two pos-
sible explanations for this set are (1) loss of C2F4 from a radical intermediate
of the fragmentation process or (2) preferential chain-breaking at R2 repeat
units that are present in minor amounts, as mentioned above.

11.3.5 REMPI

The next refinement in polymer detection by photoionization comes in the
form of resonance enhanced multiphoton ionization (REMPI).13,14,45,46 This is
a form of two-photon ionization in which the first photon is tuned to a
resonant transition in the molecule. By varying the wavelength one obtains
an excitation spectrum, potentially providing vibrational spectroscopy of the
excited electronic state of the polymer. Cooling is essential in order to obtain
resolvable spectral features. We demonstrate the principle with the example
of a PFPE with an aromatic chromophoric end-group of type A1.
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A REMPI spectrum results from monitoring a particular mass to charge
ratio in the mass spectrum while tuning the wavelength of the ionization
laser. Figure 11.13 shows REMPI spectra of a series of molecules of increasing
size and complexity which were chosen to model the chromophore end of
the polymer and converge to the structure of the PFPEs.47 We assign the main
features in these spectra to the respective S0-0 transitions for two reasons: (1) In
each case the peak is close to the wavelength of the known S0-0 transitions
of phenol and anisole; (2) no other spectral feature that can be assigned to
the electronic origin is observed when scanning at least 1300 cm–1 to the red.
Panel A shows the spectrum of phenol; panel B, anisole; and panel C,
2-phenoxyethanol. Panels D through G show 2-phenoxyethyl esters of per-
fluorinated carboxylic acids, with increasing length of the perfluoroalkyl
chain. In H through J a series of esters with branched perfluorinated poly-
ether chains is shown. Finally panels K through N show spectra of straight
chain perfluorinated polyethers found in the PFPE sample with the shorter
chain distribution. Generally, the spectra evolve smoothly from phenol to
the polymers. The transition shifts to higher energy in going from phenol
(A) to the first ester (D). In D, E, and F structure is observed that may be
related to several electronic origins corresponding to different conformations
of the molecule. In proceeding from the esters to the branched ethers (H–J)

FIGURE 11.12
Laser desorption REMPI time of flight spectrum of degradation products  of Demnum-S65 after
frictional wear. The spectrum is obtained by esterification of fragments that have acid end-
groups. Ionization wavelength 193 nm. The symbols differentiate three different series of frag-
ments, as described in the text.
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the spectra shift back slightly toward lower energy. The straight chain poly-
mers (K–N) show no further shift or broadening. It appears that the spectra
have converged to a limiting value at three ether oxygens in the chain (J)
and the branched and straight chain polyethers have similar spectra.

A comparison of the branched polyether in panel J with the straight chain
polyether with two more additional repeat units in panel K suggests that
there is no difference in the spectra of the branched and straight chain

FIGURE 11.13
R2PI spectra of the series of model compounds and PFPEs illustrated in Figure 11.1: (A) phenol;
(B) anisole; (C) 2-phenoxyethanol; (D–G) 2-phenoxyethyl esters of perfluorinated carboxylic acids:
perfluoroacetate, perfluorobutyrate, perfluoropropionate, and perfluorooctanoate; (H–J) 2–phenox-
yethyl esters with branched ether chains: n = 1, 2, and 3; (K–N) type I PFPE with n = 5, 6, 7, and 9.
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polymers. The progression through panels K–N, corresponding to increasing
the number of repeat units, indicates that both the position and width of the
spectra are insensitive to chain length in this range.

In general, the spectral shift has reached its limit at the perfluoroacetate
(panel D). Although an anomalous shift does appear in the perfluoropropi-
onate (panel E), the larger molecules seem to prefer a conformation closer
to one that resembles the perfluoroacetate. The spectral width seems to have
converged with the first branched ether (panel H). The PFPE spectrum (posi-
tion and width) seems to have converged at three repeat units, assuming no
difference in branched and straight chain spectra, as the data suggest.

Apparently, additional repeat units beyond three are too remote from the
chromophore to induce additional shifts. The additional units also do not
significantly affect the ionization efficiency: With increasing length of the
ether chain, vibrations involving low frequency torsional and bending motions
that remain populated in the beam must continue to increase in number and
decrease in vibrational frequency. Transitions originating from these vibra-
tional levels certainly add additional congestion to the spectrum. However,
they must have small shifts relative to those already present in the spectrum
and add unobservable broadening to the already broadened peaks.

We note that the increasing spectral bandwidth with increasing molecular
size observed in Figure 11.13, should serve as a caution about comparing
ionization efficiencies at fixed wavelength. An apparent decline in ioniza-
tion efficiency may be due to sampling a smaller fraction of the molecular
population as the molecules get larger and the broadening effects cited above
become important.

11.3.5.1 Van der Waals Dimers of Polymers

When material is desorbed with high enough density into the early part of
the supersonic expansion it is possible to form small van der Waals clusters.
Figure 11.14 shows spectra of the dimers of type A1, obtained from the
sample with the lower average molecular weight. Since the sample contained
a distribution of chain lengths, each peak in the mass spectrum is due to a
mixture of dimers. Each dimer mass can only be assigned in terms of the sum
of two monomer chain lengths. For example, a dimer mass peak corresponding
to a chain length of 16 can contain contributions of monomers with n and
m repeat units in any combination for which n + m = 16. All the dimer spectra
show a broadening and a characteristic redshift of about 110 cm�1 from the
monomer wavelength.

For comparison with the polymer clusters, we measured the spectrum of
the anisole dimer. The spectrum showed a sharp origin shifted 215 cm�1

from the anisole monomer. The trimer absorbed in the same region, but gave
a much broader signal (about 100 cm�1 full width at half maximum) without
any sharp structure.

We also obtained REMPI spectra of doubly functionalized PFPEs of type
A2 for a number of chain lengths. These spectra exhibit broadening and
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redshifts remarkably similar to those of the dimer spectra. The similarity in
the spectra of the dimers of the type A1 polymers and the isolated, doubly
functionalized type A2 polymers leads to the conjecture that the chro-
mophore environment in both cases may be similar.

Another indication that the two chromophores are not independent in the
type A2 polymers can be seen in the mass spectra obtained at two different
wavelengths. One way of achieving this similarity is to form an intramolecular
complex in the type A2 polymers that resembles the intermolecular complex
in the van der Waals dimer. This would involve similar interactions between
pairs of chromophores in each case. If the type A2 polymers in fact had
independent chromophores, they would appear with the type A1 polymers
in the mass spectrum in panel A, which was taken with the ionization laser
tuned to 273.3 nm, near the peak of the type A1 polymer absorption. Instead,
they are most pronounced in the mass spectrum taken at 274.8 nm, the
ionization wavelength that favors the van der Waals dimers.

We note that the possibility of dimers forming due to chromophore-chain
interactions can be eliminated by the absence of dimers between type A1

FIGURE 11.14
Mass spectra of the type I PFPE sample with 〈n〉 = 8. (a) Ionization at 273.3 nm yields predom-
inantly parent ions of the type I PFPE, which are indicated by the filled circles. (b) Ionization
at 274.4 nm favors ionization of the type B polymers present as an impurity in the sample
(crosses) and van der Waals dimers of the type I polymers (open circles). Peaks due to these
two components of the mass spectrum are not visible in panel A. The parent masses of the type
I polymer are again indicated by the filled circles.
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polymers and nonfunctionalized polymers. Since the polymer mixture
contains 28% of the nonfunctionalized polymer, strong interaction between
the chromophore and the chain would result in a significant portion of the
dimers involving one functionalized and one nonfunctionalized member.
These were not observed. We conclude, therefore, that the van der Waals
complex must be formed by intimate interaction between the chromophores.

If the intramolecular and intermolecular complexes are formed in the same
way, as their wavelength spectra suggest, we expect that they both involve
interaction of the chromophore ends. This scenario has two prerequisites. First,
the chains must be flexible enough so that during the jet expansion they can
efficiently bend to bring the chromophores together. In other words, the bar-
riers to internal rotation must be low enough for the polymers to explore many
conformations while they are being cooled, since the experiments suggest that
the two ends of the molecule find each other with high efficiency. Second, the
interaction between chromophores must be strong enough to effectively form
the intramolecular complex once the chromophores are brought together.

We believe it is significant for the formation of the intramolecular dimer
of the type A2 polymer that the chromophore dimer binding energy is
substantially larger than the torsional barrier heights. High quality ab initio
calculations for a model ether compound, 1,2-dimethoxyethane, predict bar-
riers in the range of 500 to 800 cm�1.48 Analogous barriers for the perfluori-
nated compound are expected to be similar or lower.48 When the polymers
are laser-vaporized from the surface they must have an internal temperature
equal to at least room temperature or higher. At this stage they have sufficient
internal energy to surmount the barriers to internal rotation and freely explore
many conformations. A certain fraction of these conformations bring the chro-
mophore ends together, but at this point the molecules may be too energetic
to form a complex.

As the internal energy of the molecules is reduced during the expansion,
there comes a stage when there is still sufficient energy for the conformations
to interconvert but the chromophores begin to get trapped in the dimer
geometry if they happen to come together. If the dimer binding energy is
larger than the critical barrier heights, there is still sufficient vibrational
energy in the chain for conformational changes after the dimers have begun
to form. As the internal energy continues to drop, the chain conformations
are eventually frozen in, but only after almost all the chromophores have
formed intramolecular dimers. Since the torsional barriers are likely larger
than 400 cm�1, we expect to see metastable conformations, in agreement with
our observations for some of the model compounds.

Combinations of polymer chains of variable flexibility with different chro-
mophores will provide an interesting arena for making predictions based on
barriers to internal rotation and binding energy. Gas phase spectroscopic
measurements, similar to those reported here, of the interaction between
chromophores at remote positions on polymer chains may be excellent tests
of those predictions. It may be possible to gauge the internal barrier heights
with a sequence of chromophores of ranging dimer strength.
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11.4 Summary

Two-step laser mass spectrometry, especially in combination with jet cooling,
offers ways to obtain complete and accurate oligomeric distributions in many
cases at a level of detail that is unavailable from conventional techniques.
Additional information can often be obtained from the wavelength selectivity
in the ionizing step, ultimately allowing for optical spectroscopy in combi-
nation with mass spectrometry. Thus the techniques described in this chapter
extend the tools of polymer analysis and can provide new insights in poly-
mer properties.
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