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Chemistry. The word conjures up mystery—perhaps magic—smoke, fire-
works, explosions, unpleasant odors. But it could evoke “smokeless burn-
ing,” which would be invisible, fluorescent lights, “neon” signs, the quiet
crumbling of rocks under the pressure of freezing water, the slow and quiet
formation of caves in limestone, and the delightful scents of perfumes or
fruit aromas. There is no magic, only knowledge and understanding. We
offer this Encyclopedia as a contribution to help readers gain knowledge and
understanding of chemistry.

Chemistry was manifested as an art at the beginnings of civilization. 
The early decorative chemical arts included the preparation of pigments
such as the Egyptian blue applied to King Tutankhamen’s golden death
mask; the various bronze alloys that were used to make vases in the ancient
world of the Middle East as well as in China; and the glass objects that have
been found in Mesopotamia (now known as Iraq). Those chemical arts be-
came a science in the eighteenth century when Antoine Laurent Lavoisier
(1743–1794) led what has been called “the chemical revolution.” Using 
accurate measurements of primarily mass, early chemists began to make 
order out of the myriad of substances that are found in the natural world.
This order was eventually expressed in a number of chemical concepts 
that include the laws of chemical composition (constant composition, mass
conservation, multiple proportions), periodicity, the nature of atoms, chem-
ical bonding, and a variety of concepts involving chemical structures. The
early symbiosis of chemistry with civilization remains. Chemistry is still a
useful science in the advancement of civilization. Chemists have developed
and refined the core concepts of chemistry to the point where they have 
become powerful tools to assist humankind in the acquisition of materials
of practical use to extend and preserve civilization. Humans now have 
available a broader array of substances with a remarkable spectrum of 
properties than was available before chemistry became a science. Light 
emitting diodes (LEDs) produce more light than the individual torches, 
candles, and oil lamps of the distant past—indeed, than the incandescent
light bulbs of the immediate past—more efficiently and with less pollution.
Polymeric materials or composites can be produced with virtually any prop-
erty desired—from stretching clingy Saran Wrap to Kevlar used in bullet
proof vests; from nonstick Teflon to optical fibers; from rubber objects that
are impervious to oil and gasoline to tires that can be used for 100,000 miles
before needing replacement; from fibers that compete with (in some cases

xi
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surpass) natural materials to plastics that have more desirable optical prop-
erties than glass. In a word, chemistry is everywhere.

There is no magic, only knowledge and understanding.

These volumes are a contribution to assist readers in their understand-
ing of chemistry and chemical ideas and concepts. The 509 articles have
been carefully chosen to provide basic information on a broad range of 
topics. For those readers who desire to expand their knowledge of a topic,
we have included bibliographic references to readily accessible sources.

The continual evolution of the discipline of chemistry is reflected in our
treatment of the elements. The careful reader will note that we have in-
cluded articles for the first 104 elements; the remainder of the elements are
“recently” discovered or exist only as short-lived species and, accordingly,
are not readily available for the usual chemical studies that reveal, for ex-
ample, their bulk properties or reactivity and much of the “standard chem-
istry” that is of interest. Much of what little we know about the elements
beyond 104 permits us to place these elements in their appropriate places
in the periodic table, which nevertheless still turns out to be quite insight-
ful from a chemical point of view.

Entries in the Encyclopedia are in alphabetic sequence. Cross-references
appear in small capitals at the ends of the articles to help readers locate re-
lated discussions. Articles range from brief, but concise, definitions to 
extensive overviews that treat key concepts in larger contexts. A list of com-
mon abbreviations and symbols, and a list of the known elements, as well
as a modern version of the periodic table are included in the For Your 
Reference section at the beginning of each volume. A glossary and a com-
prehensive index appear at the end of each volume. Contributors are listed
alphabetically, together with their academic and professional affiliations, at
the beginning of each volume.

Following this preface, we offer a topical arrangement of the articles in
the Encyclopedia. This outline provides a general overview of the principal
parts of the subject of chemistry and is arranged in alphabetical order.

Many individuals have contributed greatly and in many ways to this 
Encyclopedia. The associate editors—Alton J. Banks, Thomas Holme, Doris
Kolb, and Herbert Silber—carried the major responsibility in shaping the
intellectual content of the Encyclopedia. The authors of the articles executed
that plan admirably and we thank them for that effort.

The staff at Macmillan Reference USA—Marie-Claire Antoine, Hélène
Potter, Ray Abruzzi, Gloria Lam, and Christine Slovey—have been out-
standing in their dedication and contributions to bring this Encyclopedia from
its initial concept to the current reality. Without their considerable input,
insightful guidance, and effort this Encyclopedia would never have seen the
light of day. I take this opportunity to thank them personally and publicly.
I am particularly grateful to Rita Wilkinson, my administrative assistant for
her persistent and careful attention to details that kept the editorial office
and my office connected for the smooth transmission of numerous critical
details. I am especially grateful to Christine Slovey who, through her de-
termined efforts and dedication, made a potentially difficult and tedious task
far less onerous and, indeed, enjoyable.

J. J. Lagowski
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Analytical Chemistry
Applications
Adhesives
Agricultural Chemistry
Analytical Chemistry
Bleaches
Ceramics
Chemical Engineering
Chemical Informatics
Coal
Cosmetics
Cryogenics
Detergents
Disposable Diapers
Dyes
Explosions
Fertilizer
Fibers
Food Preservatives
Forensic Chemistry
Formulation Chemistry
Freons
Gardening
Gasoline
Gemstones
Genetic Engineering
Glass
Hair Dyes and Hair Treatments
Herbicides
Industrial Chemistry, Inorganic
Industrial Chemistry, Organic
Insecticides
Irradiated Foods
Materials Science
Nanochemistry
Nylon
Pesticides
Pigments
Polymers, Synthetic
Recycling
Rocketry

Superconductors
Zeolites

Aqueous Chemistry
Acid-Base Chemistry
Bases
Bleaches
Chemical Reactions
Colloids
Corrosion
Equilibrium
Solution Chemistry
Water

Astrochemistry
Astrochemistry

Biochemistry
Acetylcholine
Active Site
Allosteric Enzymes
Amino Acid
Antibiotics
Artificial Sweeteners
Base Pairing
Bioluminescence
Caffeine
Carbohydrates
Cellulose
Chemiluminescence
Cholecalciferol
Cholesterol
Chromosome
Clones
Codon
Coenzyme
Cofactor
Collagen
Cortisone
Denaturation
Deoxyribonucleic Acid

Disaccharides
DNA Replication
Dopamine
Double Helix
Endorphins
Enzymes
Epinephrine
Estrogen
Fats and Fatty Acids
Fibrous Protein
Genes
Genetic Engineering
Genome
Globular Protein
Glycolysis
Glycoprotein
Hemoglobin
Hydrolase
Hydrolysis
Ion Channels
Kinase
Krebs Cycle
Lipid Bilayers
Lipids
Low Density Lipoprotein (LDL)
Membrane
Methylphenidate
Mutagen
Mutation
Neurochemistry
Neurotoxins
Neurotransmitters
Nicotinamide
Nicotinamide Adenine Dinucleotide

(NAD)
Nicotine
Norepinephrine
Nucleic Acids
Nucleotide
Peptide Bond
Phospholipids

xiii
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Photosynthesis
Polymerase Chain Reaction (PCR)
Polymers, Natural
Polysaccharides
Proteins
Primary Structure
Protein Solubility
Protein Synthesis
Protein Translation
Quaternary Structure
Residue
Restriction Enzymes
Retinol
Rhodium
Ribonucleic Acid
RNA Synthesis
Secondary Structure
Starch
Steroids
Stimulants
Storage Protein
Substrate
Taste Receptors
Teratogen
Tertiary Structure
Testosterone
Thiamin
Toxicity
Transmembrane Protein
Transport Protein
Triglycerides
Venom
Zwitterion

Biographies
Al Razi, Abu Bakr Muhammed ibn

Zakariya
Anfinsen, Christian
Arrhenius, Svante
Avery, Oswald
Avogadro, Amedeo
Baekeland, Leo
Balmer, Johann Jakob
Bardeen, John
Becquerel, Antoine-Henri
Berg, Paul
Berthollet, Claude-Louis
Berzelius, Jöns Jakob
Black, Joseph
Bohr, Niels
Boltzmann, Ludwig
Boyle, Robert
Bragg, William Henry
Bragg, William Lawrence
Brønsted, Johannes Nicolaus
Bunsen, Robert

Caldwell, Mary
Calvin, Melvin
Cannizzaro, Stanislao
Carnot, Sadi
Carothers, Wallace
Carver, George Washington
Cavendish, Henry
Chadwick, James
Chappelle, Emmett
Chardonnet, Hilaire
Charles, Jacques
Chevreul, Michel
Cleve, Per Theodor
Cori, Carl and Gerty
Cottrell, Frederick
Coulomb, Charles
Curie, Marie Sklodowska
Dalton, John
Davy, Humphry
de Broglie, Louis
Dewar, James
du Pont, Éleuthère Irénée
Ehrlich, Paul
Einstein, Albert
Elion, Gertrude Belle
Fahrenheit, Gabriel
Faraday, Michael
Fermi, Enrico
Fischer, Emil Hermann
Fleming, Alexander
Franklin, Rosalind
Gadolin, Johan
Gay-Lussac, Joseph-Louis
Gibbs, Josiah Willard
Goodyear, Charles
Haber, Fritz
Hall, Charles
Heisenberg, Werner
Hess, Germain Henri
Heyrovsky, Jaroslav
Hodgkin, Dorothy
Julian, Percy
Kekulé, Friedrich August
Kelsey, Frances Kathleen Oldham
Khorana, Har Gobind
Krebs, Hans Adolf
Lavoisier, Antoine
Lawrence, Ernest
Le Bel, Joseph-Achille
Leblanc, Nicolas
LeChâtelier, Henri
Leclanché, Georges
Leloir, Luis
Lewis, Gilbert N.
Liebig, Justus von
Lister, Joseph

Lonsdale, Kathleen
Lucretius
Marsden, Ernest
Martin, Archer John Porter
Maxwell, James Clerk
Meitner, Lise
Mendeleev, Dimitri
Menten, Maud
Meyer, Lothar
Millikan, Robert
Morgan, Agnes Fay
Moseley, Henry
Nernst, Walther Hermann
Newton, Isaac
Nobel, Alfred Bernhard
Northrop, John
Oppenheimer, Robert
Ostwald, Friedrich Wilhelm
Paracelsus
Pasteur, Louis
Pauli, Wolfgang
Pauling, Linus
Perkin, William Henry
Planck, Max
Priestley, Joseph
Raman, Chandrasekhara
Ramsay, William
Remsen, Ira
Robinson, Robert
Röntgen, Wilhelm
Rutherford, Ernest
Rydberg, Johannes
Sanger, Frederick
Scheele, Carl
Schrödinger, Erwin
Seaborg, Glenn Theodore
Seibert, Florence
Soddy, Frederick
Stanley, Wendell
Staudinger, Hermann
Strutt, John (Lord Rayleigh)
Sumner, James
Svedberg, Theodor
Synge, Richard Laurence Millington
Szent-Györgyi, Albert
Thomson, Joseph John
Todd, Alexander
Travers, Morris
Urey, Harold
van der Waals, Johannes
Van Helmont, Johann Baptista
Van’t Hoff, Jacobus Hendricus
Volta, Alessandro
Waksman, Selman
Watson, James Dewey
Weizmann, Chaim
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Werner, Alfred
Willstätter, Richard
Wöhler, Friedrich
Woodward, Robert
Yalow, Rosalyn
Yukawa, Hideki
Zsigmondy, Richard

Chemical Substances
Coordination Compounds
Materials Science
Minerals
Nanochemistry
Nylon
Plastics
Rubber
Rydberg, Johannes
Silicone
Soap
Starch
Steel
Water

Computing
Chemical Informatics
Computational Chemistry
Digital X Ray
Molecular Modeling

Elements
Actinides
Actinium
Alkali Metals
Alkaline Earth Metals
Allotropes
Aluminum
Americium
Antimony
Argon
Arsenic
Astatine
Barium
Berkelium
Beryllium
Bismuth
Boron
Bromine
Cadmium
Calcium
Californium
Carbon
Cerium
Cesium
Chalcogens
Chlorine
Chromium

Cobalt
Copper
Curium
Dysprosium
Einsteinium
Erbium
Europium
Fermium
Fluorine
Francium
Fullerenes
Gadolinium
Germanium
Gold
Hafnium
Halogens
Helium
Holmium
Hydrogen
Indium
Iodine
Iridium
Iron
Lanthanides
Lanthanum
Lawrencium
Lead
Lithium
Lutetium
Magnesium
Manganese
Mendelevium
Mercury
Molybdenum
Neodymium
Neon
Neptunium
Nickel
Niobium
Nitrogen
Nobelium
Noble Gases
Osmium
Oxygen
Ozone
Palladium
Platinum
Plutonium
Polonium
Potassium
Praseodymium
Promethium
Protactinium
Radium
Radon
Rhenium

Rhodium
Rubidium
Ruthenium
Rutherfordium
Samarium
Scandium
Selenium
Silicon
Silver
Sodium
Sulfur
Tantalum
Technetium
Tellurium
Terbium
Thallium
Thorium
Thulium
Tin
Titanium
Transactinides
Tungsten
Uranium
Vanadium
Xenon
Ytterbium
Yttrium
Zinc
Zirconium

Energy
Chemistry and Energy
Energy
Energy Sources and Production
Explosions
Fire, Fuels, Power Plants
Fossil Fuels
Heat
Manhattan Project
New Battery Technology
Nuclear Fission
Nuclear Fusion
Petroleum
Solar Cells
Solid-State Devices
Storage Protein
Sustainable Energy Use
Temperature
Thermochemistry
Thermodynamics

Environmental Chemistry
Air Pollution
Atmospheric Chemistry
Environmental Pollution
Fertilizer
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Freons
Global Warming
Green Chemistry
Herbicides
Insecticides
Pesticides
Recycling
Water Pollution
Water Quality

History
Alchemy

Inorganic Chemistry
Ceramics
Gemstones
Industrial Chemistry, Inorganic
Materials Science
Minerals
Nomenclature of Inorganic

Chemistry

Medicine
Acetaminophen
Acetylsalicylic Acid
Acne Medication
Antibiotics
Ascorbic Acid
Carcinogen
Chemotherapy
CT Scans
Heavy Metal Toxins
Ibuprofen
Insulin
Interferon
Irradiated Foods
Neurotoxins
Neurotransmitters

Nuclear Medicine
Penicillin
Pharmaceutical Chemistry
Sulfa Drugs
Teratogen
Toxicity
Venom

Organic Chemistry
Aromaticity
Freons
Industrial Chemistry, Organic
Nylon
Organic Chemistry
Organic Halogen Compounds
Organometallic Compounds
Pesticides
Petroleum
Polyesters
Polymers, Synthetic
Rubber
Terpenes
Zwitterion

Physical Chemistry
Catalysis and Catalysts
Colloids
Concentration Gradient
Corrosion
Electrochemistry
International System of Units
Kinetics
Measurement
Nuclear Magnetic Resonance
Physical Chemistry
Quantum Chemistry
Spectroscopy
Surface Chemistry

Theoretical Chemistry

Radiation
Digital X Ray
Radiation
Radiation Exposure
Radioactivity

Reactions
Chemical Reactions
Combinatorial Chemistry
Equations, Chemical
Equilibrium
Inhibitors
Recombinant DNA
Synthesis, Chemical

States of Matter
Gases
Liquid Crystals
Liquids
Solid State

Structure
Chirality
Isomerism
Lewis Structures
Magnetism
Molecular Geometry
Molecular Modeling
Molecular Structure
Molecules
Periodic Table
Primary Structure
Quaternary Structure
Secondary Structure
Stoichiometry
Tertiary Structure
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For Your Reference

TABLE 1. SELECTED METRIC CONVERSIONS

WHEN YOU KNOW MULTIPLY BY TO FIND

Temperature

Celsius (˚C) 1.8 (˚C) �32 Fahrenheit (˚F)
Celsius (˚C) ˚C �273.15 Kelvin (K)
degree change  1.8 degree change
 (Celsius)    (Fahrenheit)
Fahrenheit (˚F) [(˚F) �32] / 1.8 Celsius (˚C)
Fahrenheit (˚F) [(˚F �32) / 1.8] �273.15 Kelvin (K)
Kelvin (K) K �273.15 Celsius (˚C)
Kelvin (K) 1.8(K �273.15) �32 Fahrenheit (˚F)

WHEN YOU KNOW MULTIPLY BY TO FIND

Distance/Length

centimeters 0.3937 inches
kilometers 0.6214 miles
meters 3.281 feet
meters 39.37 inches
meters 0.0006214 miles
microns 0.000001 meters
millimeters 0.03937 inches

WHEN YOU KNOW MULTIPLY BY TO FIND

Capacity/Volume

cubic kilometers 0.2399 cubic miles
cubic meters 35.31 cubic feet
cubic meters 1.308 cubic yards
cubic meters 8.107 � 10–4 acre-feet
liters 0.2642 gallons
liters 33.81 fluid ounces

WHEN YOU KNOW MULTIPLY BY TO FIND

Area

hectares
 (10,000 square meters) 2.471 acres
hectares
 (10,000 square meters) 107,600 square feet
square meters 10.76 square feet
square kilometers 247.1 acres
square kilometers 0.3861 square miles

WHEN YOU KNOW MULTIPLY BY TO FIND

Weight/Mass

kilograms 2.205 pounds
metric tons 2205 pounds
micrograms (�g) 10–6 grams
milligrams (mg)  10–3 grams
nanograms (ng)  10–9 grams
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TABLE 2. ALPHABETIC TABLE OF THE ELEMENTS

(227)
26.982

(243)
121.75
39.948
74.922

(210)
137.33

(247)
9.012

208.980
(262)

10.811
79.904

112.411
40.08
(251)

12.011
140.115

132.90
35.453
51.996
58.933
63.546

(247)
(269)
(262)

162.50
(252)

167.26
151.965

(257)
18.998

(223)
157.25
69.723

72.61
196.967

178.49
(265)

4.003
164.93

1.008
114.82

126.905
192.22
55.847

83.80
138.906

(260)
207.2
6.941

174.967
24.305
54.938

Atomic
Mass*

89
13
95
51
18
33
85
56
97

4
83

107
5

35
48
20
98

6
58
55
17
24
27
29
96

110
105

66
99
68
63

100
9

87
64
31
32
79
72

108
2

67
1

49
53
77
26
36
57

103
82

3
71
12
25

Atomic
Number

Atomic
Mass*

(266)
(258)

200.59
95.94

144.24
20.180

237.048
58.69

92.908
14.007

(259)
190.2

15.999
106.42
30.974
195.08

(244)
(209)
39.1

140.908
(145)

231.036
226.025

(222)
186.207
102.906

85.47
101.07

(261)
150.36
44.966

(263)
78.96

28.086
107.868

22.990
87.62

32.066
180.948

(98)
127.60

158.925
204.383
232.038
168.934

118.71
47.88

183.85
238.029

50.942
131.29
173.04
88.906

65.38
91.224

Atomic
Number

109
101

80
42
60
10
93
28
41

7
102

76
8

46
15
78
94
84
19
59
61
91
88
86
75
45
37
44

104
62
21

106
34
14
47
11
38
16
73
43
52
65
81
90
69
50
22
74
92
23
54
70
39
30
40

Mt
Md
Hg
Mo
Nd
Ne
Np
Ni
Nb
N
No
Os
O
Pd
P
Pt
Pu
Po
K
Pr
Pm
Pa
Ra
Rn
Re
Rh
Rb
Ru
Rf
Sm
Sc
Sg
Se
Si
Ag
Na
Sr
S
Ta
Tc
Te
Tb
Tl
Th
Tm
Sn
Ti
W
U
V
Xe
Yb
Y
Zn
Zr

Symbol

Meitnerium
Mendelevium
Mercury
Molybdenum
Neodymium
Neon
Neptunium
Nickel
Niobium
Nitrogen
Nobelium
Osmium
Oxygen
Palladium
Phosphorus
Platinum
Plutonium
Polonium
Potassium
Praseodymium
Promethium
Protactinium
Radium
Radon
Rhenium
Rhodium
Rubidium
Ruthenium
Rutherfordium
Samarium
Scandium
Seaborgium
Selenium
Silicon
Silver
Sodium
Strontium
Sulfur
Tantalum
Technetium
Tellurium
Terbium
Thallium
Thorium
Thulium
Tin
Titanium
Tungsten
Uranium
Vanadium
Xenon
Ytterbium
Yttrium
Zinc
Zirconium

Element

Ac
Al
Am
Sb
Ar
As
At
Ba
Bk
Be
Bi
Bh
B
Br
Cd
Ca
Cf
C
Ce
Cs
Cl
Cr
Co
Cu
Cm
Ds
Db
Dy
Es
Er
Eu
Fm
F
Fr
Gd
Ga
Ge
Au
Hf
Hs
He
Ho
H
In
I
Ir
Fe
Kr
La
Lr
Pb
Li
Lu
Mg
Mn

Symbol

Actinium
Aluminum
Americium
Antimony
Argon
Arsenic
Astatine
Barium
Berkelium
Beryllium
Bismuth
Bohrium
Boron
Bromine
Cadmium
Calcium
Californium
Carbon
Cerium
Cesium
Chlorine
Chromium
Cobalt
Copper
Curium
Darmastadtium
Dubnium
Dysprosium
Einsteinium
Erbium
Europium
Fermium
Fluorine
Francium
Gadolinium
Gallium
Germanium
Gold
Hafnium
Hassium
Helium
Holmium
Hydrogen
Indium
Iodine
Iridium
Iron
Krypton
Lanthanum
Lawrencium
Lead
Lithium
Lutetium
Magnesium
Manganese

Element

*Atomic masses are based on the relative atomic mass of 12C=12. These values apply to the elements as they exist in
materials of terrestrial origin and to certain artificial elements. Values in parenthesis are the mass number of the isotope 
of the longest half-life.

67368_v1-4_ii,iv-xxvi.qxd 1/26/04 2:43 PM Page xviii



For Your Reference

xix

TABLE 3. COMMON ABBREVIATIONS, SYMBOLS, AND ACRONYMS 

’ minute (of arc); single prime
” second (of arc); double prime
� plus
� positive charge
� minus
� negative charge
� plus-or-minus
� minus-or-plus
� multiplied by
� multiplied by
� divided by
	 equals
� not equal to
� about, approximately
� congruent to; approximately equal to 
� approximately equal to
� identical to; equivalent to

 less than
� less than or equal to
� greater than
 greater than or equal to
% percent
 degree (temperature; angle of arc)
@ at
 single bond
 double bond
: : double bond
 triple bond
: : : triple bond
� infinity
� variation
∂ partial derivative or differential
a proportional to, alpha
� square root
� delta; increment of a variable
�0 dielectric constant; permittivity
u plane angle
� wavelength
m magnetic moment; micro
mA microampere
mC microcoulomb
mF microfarad
mg microgram
mg/ml microgram per milliliter
mK microkelvin
mm micrometer (also called micron)

mmol; micromole
ms, msec microsecond
n frequency
y velocity
p or pi ratio of the circumference of a circle
  to its diameter; double as in double bond
s single as in single bond; Stefan-Boltzmann   
  constant
� summation
f null set
c amplitude of a wave (as in wave, or psi, function)
* reaction to right
, reaction to left
3 connecting resonance forms
L equilibrium reaction beginning at right
K equilibrium reaction beginning at left
Z reversible reaction beginning at left
Y reversible reaction beginning at right
+ elimination
q absorption
a acceleration
A area
ao Bohr Unit
AAS atomic absorption spectroscopy
ABS alkylbenzene sulfate
ACS American Chemical Society
ADH alcohol dehydrogenase
ADP adenosine diphosphate
AEC Atomic Energy Commission 
AES atomic emission spectroscopy
AFM atomic force microscope; atomic force   
  microscopy
AFS atomic fluorescence spectroscopy
ALDH aldehyde dehydronase
amp ampere
AMS accelerator mass spectrometry
AMU atomic mass unit
atm. standard atmosphere (unit of pressure)
ATP adenosine triphosphate
� beta
b.p. boiling point
Btu British thermal unit
c centi-; speed of light
C carbon; Celsius; centigrade; coulomb
C heat capacity; electric capacitance
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Ci Curies
cm centimeter
CT computed tomography
d  d-orbital
D dipole moment
DC direct current
deg degree
dr diastereomer ratio
e elementary charge
E electric field strength; energy
Ea activation energy
Eg bandgap energy
EA electron affinity
er enantiomer ratio
eV electron volts
f f-orbital
F Fahrenheit; Faraday’s constant; fluorine
F force
g gram
g g-orbital; gas
h hour
h Planck’s constant
Hz hertz
i i-orbital
IUPAC International Union of Pure and Applied   
  Chemistry
J joule
J electric current density
k k-orbital
K degrees Kelvin; Kelvin; potassium
Ka acidity constant for the dissociation of weak acid  
  (the weaker the acid, the lower the Ka value
kB Boltzmann’s constant
Kg kilogram
kHz kilohertz
kJ kilojoule
kJ mol kilojoule mole
km kilometer
Km Michaelis constant
l length; liquid
L lambert; liter
L length; Avogadro’s constant
LD lethal dose
L/mole liters per mole
ln natural logarithm
log logarithm

m meter; milli-; molal (concentration)
m mass
M molar (concentration)
me electron mass
mA milliamperes
mg milligram
mg/L milligrams per liter
MHz megahertz
min minute
ml milliliter
MO molecular orbital
p p-orbital
� omega
ppb parts per billion
ppm parts per million
ppt parts per trillion
psi per square inch; English for �
q quantity
REM Roentgen Equivalent Man (radiation-dose unit of  
  measure)
s solid; s-orbital
S entropy
sec second; secant
SEM scanning electron microscope
SI Système Internationale (International   
  System of Measurements)
SPM scanning probe microscope
STM scanning tunneling microscope
STP standard temperature and pressue (˚C, 1 atm)
Sv sievert unit (1 Sv = 100 REM; used to measure  
  radiation dose)
t time
T moment of force, thermodynamic temperature (in 
  degrees Kelvin); torque
Tc critical temperature
TEM transmission electron microscope
u unified atomic mass unit
U electric potential
V electric potential; vanadium; volume
V volt
vap. vaporization
VB valence bond
vel. velocity
VSEPR valence shell electron pair repulsion
Z atomic number

TABLE 3. COMMON ABBREVIATIONS, SYMBOLS, AND ACRONYMS [continued]
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PERIODIC TABLE OF THE ELEMENTS*†

5

I II

31
GALLIUM

Ga
69.73

49
INDIUM

In
114.82

81
THALLIUM

Tl
204.383

5
BORON

B
10.811

13
ALUMINUM

Al
26.982

32
GERMANIUM

Ge
72.61

50
TIN

Sn
118.71

82
LEAD

Pb
207.2

6
CARBOM

C
12.011

14
SILICON

Si
28.086

33
ARSENIC

As
74.922

51
ANTIMONY

Sb
121.75

83
BISMUTH

Bi
208.980

7
NITROGEN

N
14.007

15
PHOSPHORIUS

P
30.974

34
SELENIUM

Se
78.96

52
TELLURIUM

Te
127.60

84
POLONIUM

Po
(209)

8
OXYGEN

O
15.999

16
SULFUR

S
32.066

35
BROMINE

Br
79.904

53
IODINE

I
126.905

9
FLUORINE

F
18.998

17
CHLORINE

Cl
35.453

85
ASTATINE

At
(210)

36
KRYPTON

Kr
83.80

54
XENON

Xe
131.29

10
NEON

Ne
20.180

2
HELIUM

He
4.003

18
ARGON

Ar
39.948

86
RADON

Rn
(222)

65
TERBIUM

Tb
158.925

97
BERKELIUM

Bk
(247)

66
DYSPROSIUM

Dy
162.50

98
CALIFORNIUM

Cf
(251)

67
HOLMIUM

Ho
164.93

99
EINSTEINIUM

Es
(252)

68
ERBIUM

Er
167.26

100
FERMIUM

Fm
(257)

69
THULIUM

Tm
168.934

101
MENDELEVIUM

Md
(258)

70
YTTERBIUM

Yb
173.04

102
NOBELIUM

No
(259)

59
PRAESEODYMIUM

Pr
140.908

91
PROTACTINIUM

Pa
231.036

60
NEODYMIUM

Nd
144.24

92
URANIUM

U
238.029

61
NEODYMIUM

Pm
(145)

93
NEPTUNIUM

Np
237.048

62
SAMARIUM

Sm
150.36

94
PLUTONIUM

Pu
(244)

63
EUROPIUM

Eu
151.965

95
AMERICIUM

Am
(243)

64
GADOLINIUM

Gd
157.25

96
CURIUM

Cm
(247)

57
LANTHANUM

La
138.906

89
ACTINIUM

Ac
227.03

58
CERIUM

Ce
140.15

90
THORIUM

Th
232.038

43
TECHNETIUM

Tc
(98)

75
RHENIUM

Re
186.207

107
BOHRIUM

Bh
(262)

25
MANGANESE

Mn
54.938

44
RUTHENIUM

Ru
101.07

76
OSMIUM

Os
190.2

108
HASSIUM

Hs
(265)

26
IRON

Fe
55.847

45
RHODIUM

Rh
102.906

77
IRIDIUM

Ir
192.22

109
MEITNERIUM

Mt
(266)

27
COBALT

Co
58.933

46
PALLADIUM

Pd
106.42

78
PLATINUM

Pt
195.08

110
DARMASTADTIUM

Ds
(269)

28
NICKEL

Ni
58.69

47
SILVER

Ag
107.868

79
GOLD

Au
196.967

29
COPPER

Cu
63.546

111
UNUNUNIUM

Uuu
(272)

48
CADMIUM

Cd
112.411

80
MERCURY

Hg
200.59

30
ZINC

Zn
65.38

112

(?)

39
YTTRIUM

Y
88.906

71
LUTETIUM

Lu
174.967

103
LAWRENCIUM

Lr
(260)

21
SCANDIUM

Sc
44.966

40
ZIRCONIUM

Zr
91.224

72
HAFNIUM

Hf
178.49

104
RUTHERFORDIUM

Rf
(261)

22
TITANIUM

Ti
47.88

41
NIOBIUM

Nb
92.908

73
TANTALUM

Ta
180.948

23
VANADIUM

V
50.942

105
DUBNIUM

Db
(262)

42
MOLYBDENIUM

Mo
95.94

74
TUNGSTEN

W
183.85

24
CHROMIUM

Cr
51.996

106
SEABORGIUM

Sg
(263)

38
STRONTIUM

Sr
87.62

56
BARIUM

Ba
137.33

12
MAGNESIUM

Mg
24.305

4
BERYLLIUM

Be
9.012

20
CALCIUM

Ca
40.08

88
RADIUM

Ra
226.025

37
RUBIDIUM

Rb
85.47

55
CESIUM

Cs
132.90

11
SODIUM

Na
22.990

3
LITHIUM

Li
6.941

19
POTASSIUM

K
39.1

87
FRANCIUM

Fr
(223)

d

1
HYDROGEN

H
1.008

p

III IV V VI VII

VIII

*Each element in the table is listed with (from top to bottom) its atomic number, its name, its symbol, and its atomic mass. Atomic mass numbers in parentheses are the mass numbers of the longest-lived isotope. Other atomic mass numbers are the average mass number 
of the naturally occurring isotopes.
†The names and labels for elements beyond number 103 are controversial. IUPAC initially ruled in favor of Latin names based on atomic number, but in 1994 a set of specific names and symbols was suggested. After considerable debate, a revised final list of names for 
elements 104-109 was issued on August 30, 1997. Temporary names were also assigned for elements 110 and 111. Various groups have suggested alternatives names for some of these elements. Additional elements continue to be synthesized, though with increasing
difficulty, with no definite upper atomic-number limit yet established.
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Kekulé, Friedrich August
GERMAN CHEMIST
1829–1896

Friedrich August Kekulé was born on September 7, 1829, in Darmstadt,
Hesse (later part of Germany). He showed an early aptitude for both lan-
guages and drawing and wanted to be an architect. He began his architec-
ture studies at the University of Geissen in 1847, but after attending the
lectures of the famous chemist Justus von Liebig he switched to chemistry.
Kekulé had great interest in the theoretical aspects of chemistry, and less in
the more practical applications that so interested von Liebig. On von Liebig’s
advice Kekulé went to Paris in 1851 to further his chemical studies.

Paris during the 1850s was an ideal place for a young scientist, as there
was a great deal of interest in that city in theoretical chemistry, particularly
in the structure of molecules. Preexisting ideas (such as the dualism of
Swedish chemist Jöns J. Berzelius) stressed that molecules formed because
of the inherent electrical charges that individual elements possessed (which
were sometimes opposing and therefore attractive). Organic molecules were
not in keeping with the dualism concept, but some scientists proposed that
they could be derived from a number of simple inorganic molecules.

Kekulé returned to Germany in 1852, obtained his doctoral degree at
Geissen in that year, and then spent a year working in Switzerland. This
was followed by two years in London (1853–1855), where he met the chemist
Alexander Williamson. Williamson had extended Charles Gerhardt’s “type
theories” to explain how ethers could be derived from the water type. Kekulé,
with Williamson’s encouragement, extended type theory further and intro-
duced a new type—the methane or marsh gas type. This led to the devel-
opment of the tetravalent model of carbon and the understanding that
carbon forms rings and chains.

Kekulé’s principal insight was to realize that type theory did not take
into account the specific combining power (or valences) of specific atoms.
In 1857 Kekulé suggested that carbon was tetravalent, his suggestion based
on the specific chemistries of the compounds that carbon formed with ele-
ments such as hydrogen (CH4) and chlorine (CCl4). Kekulé extended his
ideas in the following year by suggesting that two carbon atoms bonded to-
gether in the formation of hydrocarbons such as ethane (C2 H6). Similarly,
additional carbon and hydrogen units could be added, extending the carbon

kk

1

German chemist Friedrich Kekulé, known
for his work and theories in molecular
structure, such as the tetravalent
structure of carbon.
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atom chain and forming an ordered series. A similar structural theory was
developed independently at around the same time by the Scottish chemist
Archibald Scott Couper, working in the laboratory of Adolphe Wurtz in
Paris. Publication of Couper’s paper was delayed by Wurtz (until Kekulé’s
had appeared) and the structural theory of organic chemistry is really a cul-
mination of the efforts of Kekulé and Couper.

Kekulé was offered the position of professor of chemistry at the Uni-
versity of Ghent in Belgium in 1858. There his linguistic abilities stood 
him in good stead, as he had to lecture in French. In 1867 Kekulé was called
to the University of Bonn and remained there until his death, on July 13,
1896.

In 1859 Kekulé started to use graphical representations of organic mol-
ecules, in part to emphasize the tetravalent nature of carbon atoms and their
ability to form chains. He then turned his attention to the structure of ben-
zene (C6H6), a compound with unusual properties that could not be ex-
plained by any theories of the day.

Kekulé proposed in 1865 that benzene had a structure in which six car-
bon atoms formed a ring, with alternating single and double bonds. How-
ever, the chemistry of benzene was not always consistent with this structural
formula. (All of the carbon atoms in a benzene molecule were equal and
equivalent in terms of the reactions of benzene.) To overcome this prob-
lem, Kekulé suggested in 1872 that there were two forms of benzene, in dy-
namic equilibrium. Kekulé’s dynamical theory proved to be only partially
correct. In 1933 Linus Pauling used quantum mechanics to explain more
fully the nature of benzene.

On March 11, 1890, on the occasion of the twenty-fifth anniversary of
his announcement of his benzene theory, Kekulé gave a speech in Berlin in
which he revealed that both his structural theories and the structure of ben-
zene were revealed to him in dreams. Scholars have tended to dismiss his
account of his own creative processes and have placed more stock in the
early training that Kekulé received in architecture as the key to his inspira-
tion. SEE ALSO Berzelius, Jöns Jakob; Liebig, Justus von; Organic Chem-
istry; Pauling, Linus.

Martin D. Saltzman
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Kelsey, Frances Kathleen Oldham
CANADIAN-AMERICAN PHARMACOLOGIST AND PHYSICIAN
1914–

Born Frances Kathleen Oldham in Cobble Hill, Vancouver Island, Canada,
on July 24, 1914, Oldham grew up in the country and always wanted to be
a scientist. She earned B.S., M.S., and Ph.D. degrees in pharmacology. Dur-
ing the 1930s Oldham and fellow pharmacologist Fremont Ellis Kelsey stud-
ied the effects of the drug quinine on pregnant rabbits and their embryos
at the University of Chicago. They discovered that the adult rabbits could
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equilibrium: condition in which two
opposite reactions are occurring at the
same speed, so that concentrations of
products and reactants do not change

JOSEF LOSCHMIDT
(1821–1895)

Before Kekulé dreamed of his
structure for benzene, Josef
Loschmidt proposed the ring
structure of the molecule. Un-
fortunately, Loschmidt did not
publish his theory in a widely
read scientific journal. As a
result, the credit for this revo-
lutionary theory is hotly de-
bated today.

—Valerie Borek
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metabolize the drug, due to the presence of an enzyme in their bodies, but
that the embryos died, because they had not yet acquired this enzyme. They
were among the first scientists to verify that some drugs that are safe for
adult humans are dangerous to human embryos. Oldham and Kelsey mar-
ried in 1943. Frances Kelsey earned an M.D. degree in 1950; the Kelseys
then moved to South Dakota, where Frances practiced medicine part time,
taught pharmacology, and reviewed scientific articles.

In 1960 the Kelseys moved to Washington, D.C., where Frances was
offered a job at the Food and Drug Administration (FDA). Her job was to
evaluate applications from drug companies that wished to market new drugs.
She had sixty days to evaluate each application. The first drug she was asked
to evaluate was thalidomide, a sedative prescribed to pregnant women for
relief from morning sickness. The drug had been marketed to the masses
in West Germany, where it had first been developed, and in many other
countries, including Canada.

Kelsey, Frances Kathleen Oldham
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metabolize: performing metabolism—the
processes that produce complex
substances from simpler components,
with a consequent use of energy
(anabolism) and those that break down
complex food molecules, thus liberating
energy (catabolism)

Pharmacologist Frances Oldham Kelsey,
who rejected the use of the sedative
thalidomide in the United States.
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Frances Kelsey and the pharmacologist and chemist who assisted her in
the review of thalidomide were immediately concerned that the information
that had been provided by the drug firm did not prove the drug’s safety. The
company was asked to resubmit their application. At around this time, Kelsey
began to read reports that some patients who had taken thalidomide had de-
veloped peripheral neuritis, a disease whose symptoms included a painful tin-
gling in the arms and feet. Kelsey rejected a second application. Remembering
her earlier research with quinine, Kelsey wondered what thalidomide might
do to the developing fetuses of pregnant women. The drug company contin-
ued to pressure Kelsey to approve its application, even contacting her superi-
ors at the FDA. She continued to reject their applications. In 1961 European
pediatricians began reporting an epidemic of phocomelia among newborns, a
developmental anomaly characterized by short limbs, toes attached to hips, and
flipperlike arms. By November 1961 a German pediatrician had determined
that the teratogen (a substance causing one or more developmental abnor-
malities in fetuses) was thalidomide. From 1957 to 1962, more than 10,000
children in forty-six countries were estimated to have deformities owing to
their mothers’ use of thalidomide during early pregnancy. By her insistence on
getting thorough, all-sided information on drug safety before drug application
approval, Kelsey had prevented the use of thalidomide in the United States.

On August 17, 1962, President John F. Kennedy presented Kelsey with
the President’s Award for Distinguished Federal Civilian Service, in recog-
nition of her having prevented (almost single-handedly) a national tragedy.
In late 1962 the U.S. Congress passed the Kefauver–Harris Amendments to
the Food, Drug, and Cosmetics Act (named after the senator and congress-
man who sponsored the bills in Congress), which gave medical officers at
the FDA more power. The amendments outlawed drug testing on humans
without informed consent, and mandated that a new drug could not be ap-
proved until scientific evidence had established that the drug was safe and
effective. As of 2001 Kelsey still worked at the FDA as one of their leading
compliance officers. In 2000 she was inducted into the National Women’s
Hall of Fame, whose Web site states: “Kelsey is both a woman of courage
and one of reason—demanding of herself and others in her profession high
standards of science and integrity.” SEE ALSO Enzymes; Teratogen.

Kathleen L. Neeley
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Khorana, Har Gobind
AMERICAN BIOCHEMIST
1922–

Har Gobind Khorana was born in a small village in British India, in which
his family was among the few literate residents. He received his M.S. from
the University of Lahore, and in 1945 he was awarded a grant to study for
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a Ph.D. at the University of Liverpool. He then went on to complete post-
doctoral work in Switzerland and at Cambridge. It was there, while work-
ing with Alexander Todd, that Khorana became interested in both nucleic
acids and proteins, the study of which became his life’s work.

In 1952 G. M. Shrum, head of the British Research Council on the cam-
pus of the University of British Columbia, Vancouver, Canada, offered Kho-
rana the opportunity to form his own research group on whatever topic he
wished. His group became very successful in developing methods for syn-
thesizing phosphate ester derivatives of nucleic acids, and in 1959 he and
John G. Moffatt announced the synthesis of acetyl coenzyme A (acetyl CoA),
a molecule essential to the biochemical processing of proteins fats and car-
bohydrates. Prior to this work, the coenzyme had to be extracted from yeast
by a very laborious and expensive process, so this discovery led to Khorana’s
international recognition within the scientific community and he received
many job offers as a result. He accepted the position of codirector of the In-
stitute for Enzyme Research at the University of Wisconsin.

In the early 1960s it had been recognized that DNA and RNA (in the
form of messenger RNA [mRNA]) were somehow involved in the synthesis
of proteins in living cells. Whereas the basic building blocks of DNA are the
four nucleotides adenosine (A), cytosine (C), guanine (G), and thymine (T)—
in RNA, uracil (U) is substituted for thiamine—the basic building blocks of
all proteins are twenty amino acids strung together in different sequences to
produce individual proteins. In 1961, Marshall W. Nirenberg, and Heinrich
J. Matthaei announced that they had created a synthetic mRNA, which, when
inserted into E. coli bacteria, always caused the addition of one amino acid
phenylalanine to a growing strand of linked amino acid. They also determined
that if they synthesized RNA with three units of uracil joined together, it caused
an amino acid chain consisting entirely of phenylalanine to be produced.

These experiments, which proved that mRNA transmits the genetic in-
formation from DNA, thus directing the creation of specific complex pro-
teins, stimulated Khorana to use his expertise in polynucleotide synthesis
to uncover the exact mechanisms involved. The results were spectacular.
Within a few short years his research group was able to establish which se-
rial combinations of nucleotides form which specific amino acids; that nu-
cleotide instructions (genetic code) are always transmitted to the cell in
groups of three called codons; and that some of the codons direct the cell
to start or stop the manufacture of proteins. For this work Khorana, along
with Nirenberg and biochemist Robert W. Holley, was awarded the Nobel
Prize in physiology in 1968.

In 1970 Khorana announced the creation of the first artificial DNA gene
of yeast. At the same time, he and most of his research team moved to the
Massachusetts Institute of Technology (MIT) because, as he explained, “You
stay intellectually alive longer if you change your environment every so of-
ten” (McMurray, p. 1089). Since going to MIT, Khorana has reported ma-
jor advances concerning how rhodopsin, the photoreceptor in the human
eye, functions. SEE ALSO Codon; Nucleic Acids; Todd, Alexander.

John E. Bloor

Bibliography
McMurray, Emily J., ed. (1995). Notable Twentieth-Century Scientists. Detroit, MI: Gale

Research.

Khorana, Har Gobind

5

ester: organic species containing a carbon
atom attached to three moieties: an O via
a double bond, an O attached to another
carbon atom or chain, and an H atom or
C chain; the R(CŒO)OR functional group

synthesis: combination of starting
materials to form a desired product

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

RNA: ribonucleic acid—a natural polymer
used to translate genetic information in
the nucleus into a template for the
construction of proteins

cytosine: heterocyclic, pyrimidine, amine
base found in DNA

guanine: heterocyclic, purine, amine base
found in DNA

thymine: one of the four bases that make
up a DNA molecule

uracil: heterocyclic, pyrimidine, amine
base found in RNA

polynucleotide synthesis: formation of
DNA or RNA

code: mechanism to convey information
on genes and genetic sequence

receptor: area on or near a cell wall that
accepts another molecule to allow a
change in the cell

American chemist Har Gobind Khorana,
corecipient, with Robert W. Holley and
Marshall W. Nirenberg, of the 1968
Nobel Prize in physiology or medicine,
“for their interpretation of the genetic
code and its function in protein
synthesis.”
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Kinase
Kinases are enzymes that transfer a phosphate group from adenosine
triphosphate (ATP), or other trinucleotide, to a number of biological sub-
strates, such as sugars or proteins. They are part of a larger family of en-
zymes known as group transferases, but are limited to phosphate transfers.
A typical reaction catalyzed by a kinase (e.g., hexokinase) is the phospho-
rylation of glucose upon its entry into a cell

Glucose � ATP * Glucose-6-phosphate � ADP

This reaction sets the stage for the subsequent metabolism of glucose via
a number of metabolic pathways. Creatine kinase (CK), which transfers a
phosphate from ATP to creatine, acts to store some of the energy of ATP
in the muscle molecule creatine. CK levels in blood are measured in blood
tests to diagnose heart attacks, as damaged heart muscle cells release CK
into the bloodstream. Recently there has been great interest in the phos-
phorylation of specific amino acids in proteins. This modification acts as a
regulation of the protein’s activity. Hormonal signals outside a cell initiate
a cascade of biochemical events inside the cell that include activation of a
number of protein kinases. Of further interest in kinase regulation is the
fact that several cancer-causing genes (oncogenes) code for kinases. The
lack of regulation of these genes may be important in the etiology of can-
cer. SEE ALSO Amino Acid; Enzymes.

C. Larry Bering
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Kinetics
Chemical kinetics is the study of the rates of chemical reactions. Such re-
action rates range from the almost instantaneous, as in an explosion, to the
almost unnoticeably slow, as in corrosion. The aim of chemical kinetics is
to make predictions about the composition of reaction mixtures as a func-
tion of time, to understand the processes that occur during a reaction, and
to identify what controls its rate.

Rates and Rate Laws
The rate of a chemical reaction is defined as the rate of change of the con-
centration of one of its components, either a reactant or a product. The ex-
perimental investigation of reaction rates therefore depends on being able
to monitor the change of concentration with time. Classical procedures for
reactions that take place in hours or minutes make use of a variety of tech-
niques for determining concentration, such as spectroscopy and electro-
chemistry. Very fast reactions are studied spectroscopically. Spectroscopic
procedures are available for monitoring reactions that are initiated by a rapid
pulse of electromagnetic radiation and are over in a few femtoseconds (1 fs
� 10�15 s).

Kinase
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adenosine triphosphate (ATP): molecule
formed by the condensation of adenine,
ribose, and triphosphoric acid,
HOP(O)OH–O–(O)OH–OP(O)OH–OH; it is
a key compound in the mediation of
energy in both plants and animals

phosphorylation: the process of addition
of phosphates into biological molecules

glucose: common hexose
monosaccharide; monomer of starch and
cellulose; also called grape sugar, blood
sugar, or dextrose

metabolism: the complete range of
biochemical processes that take place
within living organisms; comprises
processes that produce complex
substances from simpler components,
with a consequent use of energy
(anabolism), and those that break down
complex food molecules, thus liberating
energy (catabolism)

code: mechanism to convey information
on genes and genetic sequence

spectroscopy: use of electromagnetic
radiation to analyze the chemical
composition of materials
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The analysis of kinetic data commonly proceeds by establishing a rate
law, a mathematical expression for the rate in terms of the concentrations
of the reactants (and sometimes products) at each stage of the reaction. For
instance, it may be found that the rate of consumption of a reactant is pro-
portional to the concentration of the reactant, in which case the rate law is

Rate � k[Reactant]

where [Reactant] denotes the concentration of the reactant and k is called
the rate constant. The rate constant is independent of the concentrations of
any species in the reaction mixture but depends on the temperature. A re-
action with a rate law of this form is classified as a first-order rate law. More
generally, a reaction with a rate law of the form

Rate � k[Reactant A]a[Reactant B]b...

is said to be of order a in A, of order b in B, and to have an overall order
of a � b � . . . . Some rate laws are far more complex than these two sim-
ple examples and many involve the concentrations of the products.

The advantage of identifying the reaction order is that all reactions with
the same rate law (but different characteristic rate constants) behave simi-
larly. For example, the concentration of a reactant in a first-order reaction
decays exponentially with time at a rate determined by the rate constant

[Reactant] � [Reactant]0e�kt

where [Reactant]0 is the initial concentration of the reactant. On the other
hand, all second-order reactions lead to the following time-dependence of
the concentration:

[Reactant] � �
1 �
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Figure 1 shows the time-dependence predicted by these expressions. It is
common to report the time-dependence of first-order reactions in terms of
the half-life, t1/2, of the reactant, the time needed for its concentration to fall
to half its initial value. For a first-order reaction (but not for other orders)

t1/2 � �
ln

k
2

�

Thus, reactions with large rate constants have short half-lives.

Reaction Mechanisms
The identification of a rate law provides valuable insight into the reaction
mechanism, the sequence of elementary steps by which a reaction takes
place. The aim is to identify the reaction mechanism by constructing the
rate law that it implies. This procedure may be simplified by identifying
the rate-determining step of a reaction, the slowest step in a sequence that
determines the overall rate. Thus, if the proposed mechanism is A * B fol-
lowed by B * C, and the former is much faster than the latter, then the
overall rate of the reaction will be equal to the rate of A * B, for once B
is formed, it immediately converts into C.

In general, for a mechanism of many steps (including their reverse), the
construction of the overall rate law is quite difficult, requiring an approxi-
mation or a computer for a numerical analysis. One common approximation

Kinetics
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is the steady-state assumption, in which the net rate of formation of any in-
termediate (B in the present example) is set equal to zero. A hazard of us-
ing kinetic information to identify a reaction mechanism, however, is that
more than one mechanism might result in the same rate law, especially when
approximate solutions are derived. For this reason, proposed reaction mech-
anism must be supported by additional evidence.

The Origin of Reaction Rates
Once a reaction mechanism has been identified, attention turns to the mol-
ecular properties that govern the values of the rate constants that occur in
the individual elementary steps. A clue to the factors involved is provided
by the experimental observation that the rate constants of many reactions
depend on temperature according to the Arrhenius expression

ln k � A � �
R
E
T
a
�

where Ea is called the activation energy.

The simplest model that accounts for the Arrhenius expression is the col-
lision theory of gas-phase reaction rates, in which it is supposed that reaction
occurs when two reactant molecules collide with at least a minimum kinetic
energy (which is identified with the activation energy, Figure 2). A more so-
phisticated theory is the activated complex theory (also known as the transition
state theory), in which it is supposed that the reactants encounter each other,
form a loosened cluster of atoms, then decompose into products.

Reactions in solution require more detailed consideration than reactions
in gases. It is necessary to distinguish between “diffusion-controlled” and

Kinetics
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intermediate: molecule, often short-lived,
that occurs while a chemical reaction
progresses but is not present when the
reaction is complete

phase: homogeneous state of matter

Figure 1. The time-dependence of the
concentration of the reactant in first-
order and second-order reactions. The
two reactions have the same initial rate.
Note how the reactant takes longer to
disappear in a second-order reaction.
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Kinetics is the study of the rate of
chemical reactions, such as the acid
dehydration of sugar, shown in this
photograph.
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“activation-controlled” reactions. In a diffusion-controlled reaction, the rate
is controlled by the ability of the reactants to migrate through the solvent
and encounter each other. In an activation-controlled reaction, the rate is
controlled by the ability of the reactants that have met each other to acquire
enough energy to react.

The rate of a reaction may also be increased by finding a catalyst, a
substance that takes part in a reaction by providing an alternative pathway
with a lower activation energy but is regenerated in the process and is there-
fore not consumed. Catalysis is the foundation of the chemical industry and
a great effort is made to discover or fabricate efficient, economical catalysts.
It is also the foundation of life, because the biological catalysts known as
enzymes (elaborate protein molecules) control almost every aspect of an or-
ganism’s function. SEE ALSO Catalysis and Catalysts; Enzymes; Physi-
cal Chemistry.

Peter Atkins
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Krebs, Hans Adolf
BRITISH BIOCHEMIST
1900–1981

Hans Krebs was born into a prosperous and well-educated family in Hildes-
heim, Germany. His father was a physician who specialized in otolaryngol-
ogy, and it was Hans’s intention to follow in his father’s footsteps and
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catalyst: substance that aids in a reaction
while retaining its own chemical identity

catalysis: the action or effect of a
substance in increasing the rate of a
reaction without itself being converted

Figure 2. A “reaction profile” showing
how molecular potential energy varies as
reactants change into products. Only
reactants that encounter each other with
a kinetic energy equal to the height of
the activation barrier can go on to form
products. The height of the activation
barrier is the activation energy of the
reaction.
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become a physician. Krebs was educated at the Gymnasium Andreanum,
and after World War I, he went on to study medicine at the Universities of
Göttingen, Freiburg, and Berlin. In 1925 he earned an M.D. degree at the
University of Hamburg. He was at this point passionately attracted to med-
ical research, and he did not enter medical practice. In 1926, Krebs became
an assistant to Professor Otto Warburg at the prestigious Kaiser Wilhelm
Institute for Biology in Berlin, a post he held until 1930. Warburg (who
later won the 1931 Nobel Prize in medicine) encouraged Krebs to pursue
a career in research.

In 1931 Krebs moved to Freiburg to teach medicine. It was there that
he authored (with Kurt Henseleit) his first important paper, which exam-
ined liver function in mammals and described how ammonia was converted
to urea in liver cells. Krebs also studied the syntheses of uric acid and purines
in birds. However, Krebs’s research was cut short when the Nazis came to
power in 1933. Krebs was Jewish, and he was therefore summarily fired from
his post. He left Germany for England, taking a position at the School of
Biochemistry at Cambridge University at the invitation of Sir Frederick
Gowland Hopkins (who had won the 1929 Nobel Prize in medicine). In
1935 Krebs moved to the University of Sheffield to become a lecturer in
pharmacology.

At Sheffield Krebs embarked upon the work that would elucidate some
of the complex reactions of cell metabolism (the processes that extract en-
ergy from food). This extraction of energy is achieved via a series of chem-
ical transformations that remove energy-rich electrons from molecules
obtained from food. These electrons pass along a chain of molecular carri-
ers in a way that ultimately gives rise to water and adenosine triphosphate
(ATP), which is the primary source of chemical energy that powers cellu-
lar activity.

Krebs found that the pivotal mechanism of cell metabolism was a cycle.
The cycle starts with glycolysis, which produces acetyl coenzyme A (acetyl
CoA) from food molecules—carbohydrates, fats, and certain amino acids.
The acetyl CoA reacts with oxaloacetate to form citric acid. The citric acid
then goes through seven reactions that reconvert it back to oxaloacetate, and
the cycle repeats. There is a net gain of twelve molecules of ATP per cy-
cle. Not only does this cycle (known as the Krebs cycle, and also as the tri-
carboxylic acid cycle and the citric acid cycle) generate the chemical energy
to run the cell, it is also a central component of the syntheses of other bio-
molecules.

Krebs published his groundbreaking paper on this cyclic component of
cell metabolism in the journal Enzymologia in 1937, and it quickly became
a foundational concept in biochemistry and cell biology. It was for this re-
search that Krebs won the Nobel Prize in medicine in 1953. (He remains
one of the most often cited scientists in cell biology, with his work being
noted more than 11,000 times since 1961, when the citation records of orig-
inal articles in cell biology began being counted.)

Krebs worked in both research and applied science in the area of cell
metabolism and nutrition. During World War II he developed a bread that
helped to keep the British people nourished at a time of food shortages. He
developed new analytical techniques for research in cell biology and inves-
tigated other metabolic reactions, such as the synthesis of glutamic acid.

Krebs, Hans Adolf
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metabolism: the complete range of
biochemical processes that take place
within living organisms; comprises
processes that produce complex
substances from simpler components,
with a consequent use of energy
(anabolism), and those that break down
complex food molecules, thus liberating
energy (catabolism)

adenosine triphosphate (ATP): molecule
formed by the condensation of adenine,
ribose, and triphosphoric acid,
HOP(O)OH–O–(O)OH–OP(O)OH–OH; it is
a key compound in the mediation of
energy in both plants and animals

carboxylic acid: one of the characteristic
groups of atoms in organic compounds
that undergoes characteristic reactions,
generally irrespective of where it occurs
in the molecule; the –CO2H functional
group

synthesis: combination of starting
materials to form a desired product

British biochemist Sir Hans Adolf Krebs,
corecipient of the 1953 Nobel Prize in
physiology or medicine, “for his discovery
of co-enzyme A and its importance for
intermediary metabolism.”
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He was also an energetic instructor. His students went on to become di-
rectors of laboratories and to win many prizes.

In 1954 Krebs was appointed the Whitley Chair of Biochemistry at Ox-
ford University. That same year he received the Royal Medal of the Royal
Society of London. In 1958, for his scientific work and his contributions to
the lives of British people, Krebs was knighted. Even after his retirement in
1967, he continued to do research on liver disease, the genetic bases of meta-
bolic diseases, and the link between poor nutrition and juvenile delinquency.
In addition to his Nobel Prize and Royal Medal, he received honorary de-
grees from nine universities. SEE ALSO Glycolysis; Krebs Cycle.

Andrew Ede
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Krebs Cycle
The Krebs cycle is a series of enzymatic reactions that catalyzes the aero-
bic metabolism of fuel molecules to carbon dioxide and water, thereby 
generating energy for the production of adenosine triphosphate (ATP)
molecules. The Krebs cycle is so named because much of its elucidation was
the work of the British biochemist Hans Krebs. Many types of fuel mole-
cules can be drawn into and utilized by the cycle, including acetyl coenzyme
A (acetyl CoA), derived from glycolysis or fatty acid oxidation. Some amino
acids are metabolized via the enzymatic reactions of the Krebs cycle. In eu-
karyotic cells, all but one of the enzymes catalyzing the reactions of the
Krebs cycle are found in the mitochondrial matrixes.

The sequence of events known as the Krebs cycle is indeed a cycle; ox-
aloacetate is both the first reactant and the final product of the metabolic
pathway (creating a loop). Because the Krebs cycle is responsible for the 
ultimate oxidation of metabolic intermediates produced during the me-
tabolism of fats, proteins, and carbohydrates, it is the central mechanism for
metabolism in the cell. In the first reaction of the cycle, acetyl CoA con-
denses with oxaloacetate to form citric acid. Acetyl CoA utilized in this way
by the cycle has been produced either via the oxidation of fatty acids, the
breakdown of certain amino acids, or the oxidative decarboxylation of pyru-
vate (a product of glycolysis). The citric acid produced by the condensation
of acetyl CoA and oxaloacetate is a tricarboxylic acid containing three car-
boxylate groups. (Hence, the Krebs cycle is also referred to as the citric
acid cycle or tricarboxylic acid cycle.)

After citrate has been formed, the cycle machinery continues through
seven distinct enzyme-catalyzed reactions that produce, in order, isoci-
trate, �-ketoglutarate, succinyl coenzyme A, succinate, fumarate, malate, and

Krebs Cycle
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Royal Society: The U.K. National
Academy of Science, founded in 1660

metabolism: the complete range of
biochemical processes that take place
within living organisms; comprises
processes that produce complex
substances from simpler components,
with a consequent use of energy
(anabolism), and those that break down
complex food molecules, thus liberating
energy (catabolism)

adenosine triphosphate (ATP): molecule
formed by the condensation of adenine,
ribose, and triphosphoric acid,
HOP(O)OH–O–(O)OH–OP(O)OH–OH; it is
a key compound in the mediation of
energy in both plants and animals

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

eukaryotic cell: cell characterized by
membrane-bound organelles, most
notably the nucleus, and that possesses
chromosomes whose DNA is associated
with proteins

intermediate: molecule, often short-lived,
that occurs while a chemical reaction
progresses but is not present when the
reaction is complete

pyruvate: anion of pyruvic acid produced
by the reaction of oxygen with lactic acid
after strenuous exercise

carboxylic acid: one of the characteristic
groups of atoms in organic compounds
that undergoes characteristic reactions,
generally irrespective of where it occurs
in the molecule; the –CO2H functional
group

carboxylate: structure incorporating the
–COO– group
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oxaloacetate. The freshly produced oxaloacetate, in turn, reacts with yet an-
other molecule of acetyl CoA, and the cycle begins again. Each turn of the
Krebs cycle produces two molecules of carbon dioxide, one guanosine
triphosphate molecule (GTP), and enough electrons to generate three mol-
ecules of NADH and one molecule of FADH2.

The Krebs cycle is present in virtually all eukaryotic cells that contain
mitochondria, but functions only as part of aerobic metabolism (when 
oxygen is available). This oxygen requirement is owing to the close rela-
tionship between the mitochondrial electron transport chain and the Krebs
cycle. In the Krebs cycle, four oxidation–reduction reactions occur. A high
energy phosphate bond in the form of GTP is also generated. (This high

Krebs Cycle
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oxidation–reduction reaction: reaction,
sometimes called redox, that involves the
movement of electrons between reactants
to form products

Figure 1. Krebs Cycle.
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energy phosphate bond is later transferred to adenosine diphosphate [ADP]
to form adenosine triphosphate [ATP].) As the enzymes of the Krebs cycle
oxidize fuel molecules to carbon dioxide, the coenzymes NAD�, FAD, and
coenzyme Q (also known as ubiquinone) are reduced. In order for the 
cycle to continue, these reduced coenzymes must become reoxidized by
transferring their electrons to oxygen, thus producing water. Therefore, the
final acceptor of the electrons produced by the oxidation of fuel molecules
as part of the Krebs cycle is oxygen. In the absence of oxygen, the Krebs
cycle is inhibited.

The citric acid cycle is an amphibolic pathway, meaning that it can be
used for both the synthesis and degradation of biomolecules. Besides acetyl
CoA (generated from glucose, fatty acids, or ketogenic amino acids), other
biomolecules are metabolized by the cycle. Several amino acids are degraded
to become what are intermediates of the cycle. Likewise, odd-chain fatty
acids are metabolized to form succinyl coenzyme A, another intermediate
of the cycle. Krebs cycle intermediates are also used by many organisms for
the synthesis of other important biomolecules. Some organisms use the
Krebs cycle intermediates �-ketoglutarate and oxaloacetate in the synthesis
of several amino acids. Succinyl coenzyme A is utilized in the synthesis of
porphyrin rings, used in heme manufacture and chlorophyll biosynthesis.
Oxaloacetate and malate are utilized in the synthesis of glucose, in a process
known as gluconeogenesis. SEE ALSO Glycolysis; Krebs, Hans Adolf.

Robert Noiva
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Krypton
MELTING POINT: ��157.36°C
BOILING POINT: ��153.22°C
DENSITY: 2.818 g/cm3

MOST COMMON IONS: None

Krypton (from the Greek word kryptos, meaning “hidden”), is the second
heaviest of the noble gases. It was discovered in 1898 by Sir William Ram-
say and Morris Travers during their experiments with liquid air, air that has
been liquefied by cooling. It has a concentration of 1.14 ppm by volume in
Earth’s atmosphere. It is present in the Sun and in the atmosphere of Mars.

At room temperature krypton is a colorless, odorless gas. Upon freezing
it forms a white crystal with a face-centered cubic structure. In a vacuum dis-
charge tube, it emits primarily a mixture of green and yellow light. During
the late twentieth century the wavelength of light corresponding to krypton’s
605.78-nanometer (2.4 � 10�5-inch) spectral line was the internationally
adopted definition of the meter. Krypton gas is used in the manufacture of
fluorescence lights and flashlamps used in high-speed photography.

Krypton is produced deep within stars during nucleosynthesis. It has
six naturally occurring (i.e., stable) isotopes, the most abundant of which 
is krypton-84 (57%). Some long-lived radioactive isotopes exist as well. 

Krypton
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synthesis: combination of starting
materials to form a desired product

glucose: common hexose
monosaccharide; monomer of starch and
cellulose; also called grape sugar, blood
sugar, or dextrose

porphyrin: common type of heterocyclic
ligand that has four five-member rings
with a nitrogen, all of which lie in a
plane; nitrogen atom lone pairs are
available for coordinate covalent bonds

chlorophyll: active molecules in plants
undergoing photosynthesis

biosynthesis: formation of a chemical
substance by a living organism

noble gas: element characterized by inert
nature; located in the rightmost column
in the Periodic Table

spectral line: line in a spectrum
representing radiation of a single
wavelength

nucleosynthesis: creation of heavier
elements from lighter elements via fusion
reactions in stars

isotope: form of an atom that differs by
the number of neutrons in the nucleus
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Two of them, krypton-85 (half-life � 10.7 y) and krypton-81 (half-life 
� 210,000 y) have been used to date well water. Radioactive krypton is pro-
duced in fission reactions of heavy elements. Thus, radioactive isotopes of
krypton have always formed part of the natural radiation background of
Earth’s atmosphere.

Although a noble gas, krypton is not entirely unreactive. One krypton
compound, krypton difluoride (KrF2), is commercially available in small quan-
tities. SEE ALSO Gases; Noble Gases; Ramsay, William; Travers, Morris.

Richard Mowat
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Lanthanides
The lanthanide or rare earth elements (atomic numbers 57 through 71)
typically add electrons to the 4f orbitals as the atomic number increases,
but lanthanum (4f0) is usually considered a lanthanide. Scandium and yt-
trium are also chemically similar to lanthanides. Lanthanide chemistry is
typically that of �3 cations, and as the atomic number increases, there is a
decrease in radius for each lanthanide, known as the “lanthanide contrac-
tion.” Because bonding within the lanthanide series is usually predominantly
ionic, the lanthanide contraction often determines the differences in prop-
erties of lanthanide compounds and ions. Lanthanide compounds often have
high coordination numbers between 6 and 12. SEE ALSO Cerium; Dyspro-
sium; Erbium; Europium; Gadolinium; Holmium; Lanthanum; Lutetium;
Praseodymium; Promethium; Samarium; Terbium; Thulium; Ytterbium.

Herbert B. Silber
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Lanthanum
MELTING POINT: 920°C
BOILING POINT: 3,469°C
DENSITY: 6.16 g/cm3

MOST COMMON IONS: La3�

Elemental lanthanum has a ground state (electronic configuration) of
[Xe]5d6s2. Naturally occurring lanthanum is a mixture of two stable isotopes,
138La and 139La. The element was discovered in 1839 by Carl Gustaf Mosander
in the form of the lanthanum oxide, at that time called “lanthana.” The name
is derived from the Greek lanthanein (“to lie hidden”), as the element had been
overlooked due to its similarity to the earlier discovered cerium.

Monazite and bastnasite are the principal lanthanum ores, in which lan-
thanum occurs together with other members of the rare earth elements
or the lanthanides. It can be separated from the other rare earths by ion

Lanthanides
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fission: process of splitting an atom into
smaller pieces

ll
rare earth elements: older name for the
lanthanide series of elements, from
lanthanum to lutetium

atomic number: the number assigned to
an atom of an element that indicates the
number of protons in the nucleus of that
atom

57

La
LANTHANUM

138.9055

isotope: form of an atom that differs by
the number of neutrons in the nucleus

rare earth elements: older name for the
lanthanide series of elements, from
lanthanum to lutetium

lanthanides: a family of elements (atomic
number 57 through 70) from lanthanum to
lutetium having from 1 to 14 4f electrons

67368_v3_001-270.qxd  1/26/04  1:57 PM  Page 14



exchange or solvent extraction techniques. Lanthanum is a silver-white, mal-
leable, and ductile metal. It is soft enough to be cut with a knife. The metal
is rapidly oxidized when exposed to air. Cold water attacks lanthanum only
slowly, but reaction with hot water is fast.

Lanthanum chemistry is dominated by the trivalent lanthanum(III) ion,
La3�. This ion forms ionic bonds with ligands containing an oxygen or ni-
trogen donor atom. The ground state electronic configuration of La3� is
[Xe]4f0. Due to the absence of unpaired 4f electrons, lanthanum(III) com-
pounds are colorless, both in solution and in the solid state. Lanthanum(III)
oxide is added to optical glass to increase its refractive index and alkali re-
sistance. Lanthanum-nickel alloys are being used in the storage of hydro-
gen gas. Thulium(III)-doped lanthanum oxybromide (LaOBr:Tm3�) is a
blue-emitting phosphor used in x-ray intensifying screens. SEE ALSO

Cerium; Dysprosium; Erbium; Europium; Gadolinium; Holmium; Lan-
thanides; Lutetium; Neodymium; Praseodymium; Promethium; Samar-
ium; Terbium; Ytterbium.

Koen Binnemans
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Lavoisier, Antoine
FRENCH CHEMIST
1743–1794

Antoine-Laurent Lavoisier, born in Paris, France, is considered the father of
modern chemistry. During the course of his career, Lavoisier managed to
transform just about every aspect of chemistry. But Lavoisier was not just a
scientist. He was involved in French taxation politics during a turbulent time
in the country’s history—the French Revolution (the first major social rev-
olution proclaiming the liberty of the individual [ca. 1789–1799]). Because
of his involvement with the ruling class, he was executed during the revolu-
tionary days known as the Terror, at the height of his scientific career.

Just before and during the French Revolution, another revolution was
taking place. In any study of the history of chemistry, the period between
1770 and 1790 is commonly regarded as the “Chemical Revolution.” This
revolution, which marked the beginnings of modern chemistry, occurred 
in large part as a result of Lavoisier’s scientific excellence and brilliant ex-
perimental capabilities. He played a role in many aspects of the Chemical
Revolution, including the abandonment of the phlogiston theory of com-
bustion, the evolution of the concept of an element, and the development
of a new chemical nomenclature.

Perhaps Lavoisier’s most important accomplishment was his role in the
dismantling of the phlogiston theory of combustion. Phlogiston was a sub-
stance believed to be emitted during combustion and the calcination of
metals. Earlier chemists, such as the Germans Johann Becher (1635–1682)
and George Stahl (1660–1734), supposed that a metal was composed of
calx and phlogiston, and that burning resulted from the loss of phlogiston.
The fact that metals actually gained weight during combustion was usually

Lavoisier, Antoine
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ductile: property of a substance that
permits it to be drawn into wires

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

ligand: molecule or ion capable of
donating one or more electron pairs to a
Lewis acid

alloy: mixture of two or more elements, at
least one of which is a metal

dope: to add a controlled amount of an
impurity to a very pure sample of a
substance, which can radically change
the properties of a substance

combustion: burning, the reaction with
oxygen

calcine: to heat or roast to produce an
oxide (e.g., CaO from calcite)

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities
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explained away by the theory that phlogiston had negative weight.
Lavoisier, like some others, saw that it was illogical for anything to have
negative weight.

To prove his supposition that phlogiston did not exist, Lavoisier intro-
duced quantitative measurement to the laboratory. Using precise weighing,
he showed that in all cases of combustion where an increase in weight was
observed, air was absorbed, and that when a calx was burned with charcoal,
air was liberated. In addition to showing by precise measurement that phlo-
giston did not exist, Lavoisier’s findings also implied that the total weight
of the substances taking part in a chemical reaction remains the same be-
fore and after the reaction—an early statement of the law of conservation
of mass. By ridding the chemical world of the phlogiston theory of com-
bustion using quantitative analysis, Lavoisier was able to push chemistry to-
ward its modern state. No longer would counterintuitive notions such as a
substance having negative weight occupy the minds of chemists.

Likewise, Lavoisier’s work was also able to refute the theory that the
world was composed of either one, two, three, or four elements. Lavoisier
defined an element as the “last point which analysis is capable of reaching,”
or in modern terms, a substance that cannot be broken down any further
into its components. This break from the theories of the ancient world al-
lowed chemists to pursue the study of chemistry with a different outlook of
the world. By defining elements as the last points of analysis, Lavoisier
opened up new investigative possibilities. In his classic textbook Elements of
Chemistry (generally acknowledged to be the first modern chemistry text-
book), he compiled a list of all the substances he could not break down into
simpler substances, that is, he created the first table of elements (although
not the Periodic Table of later years). By acknowledging that there could
be more elements than his preliminary list provided, Lavoisier left the search
for more elements to his successors.

Lavoisier’s dismantling of the phlogiston theory and his systematic de-
finition of an element caused many chemists to view basic concepts differ-
ently and to embrace the principles of Lavoisier’s new chemistry. One of
the methods Lavoisier used to spread his ideas was to construct a new and
logical system for naming chemicals. Working with Claude Berthollet and
Antoine Fourcroy, Lavoisier developed a new nomenclature based on three
general principles: (1) Substances should have one fixed name, (2) names
ought to reflect composition when known, and (3) names should generally
be chosen from Greek or Latin roots. This new nomenclature was published
in 1787, and it swayed even more chemists to adopt the new chemistry.

Nevertheless, Lavoisier did not always hit on the right theories for the
right reasons. For example, he believed that acidity was caused by the pres-
ence of oxygen in a compound. Lavoisier concluded in 1776 that oxygen
was the part of a compound that was responsible for the property of acid-
ity because he had isolated it from so many acids. In fact, oxygen means
“acid former.” According to Lavoisier, the other portion of the compound
combined with the oxygen was called an “acidifiable base” and it was re-
sponsible for the specific properties of the compound. Although these con-
cepts turned out to be wrong, the thinking behind them is important since
it represented the first systematic attempt to chemically characterize acids
and bases.

Lavoisier, Antoine
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French chemist Antoine-Laurent
Lavoisier, considered to be the founder of
modern chemistry.
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Lavoisier was not only interested in the theoretical aspects of chemistry.
He also devoted much of his time to studying more practical topics, such
as the best ways of lighting streets in a large town. In addition, Lavoisier
took part in the development of what was to become the metric system and
he was involved in improving the manufacture of gunpowder.

Although Lavoisier was independently wealthy, thanks to a considerable
fortune inherited from his mother, he sought to increase his wealth in or-
der to pursue his scientific career on a larger scale. For this reason, he en-
tered the Ferme, a private company whose members purchased the privilege
of collecting national taxes. During the French Revolution, the tax collec-
tors of the Ferme were the subject of popular hatred. Although he carried
out his duties honestly, Lavoisier was associated with the perceived corrup-
tion of the tax collection system. At the height of the Revolution, Lavoisier
was arrested and executed by beheading in 1794.

Lavoisier’s untimely death ended an era in the history of chemistry.
With his contributions to chemistry ranging from developing the modern
concept of combustion to establishing the language of chemistry, Lavoisier
provided the foundation for the study of chemistry as a modern science. SEE

ALSO Berthollet, Claude-Louis.
Lydia S. Scratch
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A rendering of instruments in Lavoisier’s
laboratory.
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Lawrence, Ernest
AMERICAN PHYSICIST
1901–1958

Ernest Orlando Lawrence was a pioneer of “big science,” the use of com-
plicated and expensive instrumentation by large teams of researchers. He is
best known for inventing the cyclotron, one of the first and most success-
ful “atom smashers.” With this particle accelerator, Lawrence and his col-
leagues were able to make new radioactive isotopes, synthesize transuranium

Lawrence, Ernest
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isotope: form of an atom that differs by
the number of neutrons in the nucleus

American physicist Ernest Orlando
Lawrence, recipient of the 1939 Nobel
Prize in physics, “for the invention and
development of the cyclotron and for
results obtained with it, especially with
regard to artificial radioactive elements.”
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elements that do not occur in nature, and advance knowledge of the atomic
nucleus.

Youth and Education
According to his mother, Lawrence was “born grown up” on August 8, 1901,
in Canton, South Dakota, a rural town of less than one thousand inhabi-
tants. Ernest’s father, Carl, was superintendent of the Canton public schools
when his eldest son was born. A second son, John, was born in 1904. Both
boys demonstrated early interest in science and technology and they even-
tually worked together on medical applications of the cyclotron.

Lawrence graduated from the University of South Dakota in 1922 with
a bachelor of arts in chemistry. His original intention had been to become
a physician, but as a sophomore he met Lewis Akeley, the university’s lone
physics professor. Akeley soon recognized the young man’s talent and trans-
formed him into a physicist. Although it was at the time impossible to ma-
jor in that discipline at the university, Akeley provided special tutorials for
his prize student and thus prepared him for graduate study.

In 1922 Lawrence entered the University of Minnesota, where he be-
came a research student of W. F. G. Swann and was awarded a master of
science in physics. His thesis became the basis for his first publication. When
Swann moved to the University of Chicago and then to Yale, Lawrence fol-
lowed him, earning his Ph.D. from the latter institution in 1925. After his
degree he remained at Yale, first as a research fellow and soon thereafter as
a faculty member.

The Atomic Nucleus and the Cyclotron
Ernest Lawrence’s experimental skill, hard work, and professional ambition
were soon common knowledge among many physicists, and offers of em-
ployment came from a number of universities. The most attractive was from
the University of California in Berkeley, an institution that was eager to
build a reputation as a world-class center for scientific research and educa-
tion. In 1928 Lawrence moved across the country to assume an associate
professorship at Berkeley. Two years later he was a full professor, the
youngest in the history of the university.

The first quarter of the twentieth century was a time of great intellec-
tual ferment in the physical sciences. Experimental discoveries such as x rays,
cathode rays (electrons), and radioactivity demanded drastic revisions in the
prevailing concept of atomic structure. There was convincing evidence,
largely obtained in European laboratories, that atoms consisted of minus-
cule, incredibly dense, positively charged nuclei surrounded by negative elec-
trons. The new quantum or wave mechanics, developed by German physicist
Max Planck, Danish physicist Niels Bohr, German physicist Werner Heisen-
berg, Austrian physicist Erwin Schrödinger, and others, appeared to pro-
vide the theoretical and mathematical tools to explain this structure. But
what was the nature of the nucleus and the forces that held together the
positively charged protons that, according to classical electrostatic argu-
ments, should be repelling each other?

It was to such problems that Lawrence soon applied his experimental
genius. He was confident that nuclei could be probed by bombarding atoms

Lawrence, Ernest
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with protons and other subatomic particles. What was needed was a ma-
chine to accelerate these tiny projectiles to high velocities and energies. The
design for such a device came to him in the spring of 1929, while reading
a paper by Norwegian engineer Rolf Wideröe. The prototype for the “mag-
netic-resonance accelerator” was built by Niels Edlefsen, Lawrence’s first
Ph.D. student, in early 1930.

The first “cyclotron,” as it came to be known, consisted of a flat glass
cylinder containing two semicircular D-shaped electrodes. These electrodes
(called “dees”) were attached to a radio-frequency oscillator that would cause
them to alternate polarity rapidly between positive and negative charges. A
strong electromagnet, with 4-inch pole faces above and below the apparatus,
created a magnetic field perpendicular to the plane of the electrodes. In op-
eration, the glass chamber was pumped down to a near vacuum and protons
(hydrogen ions) were injected into the center of the device. As the dees changed
polarity, the positive protons would be alternatively pulled and pushed in a
circular orbit of increasing diameter. As the orbit increased, so did the veloc-
ity and energy of the particles. When the stream of protons reached the de-
sired energy, they were deflected and directed at the intended target.

The first model cyclotron, a leaky gadget coated with sealing wax that
cost about $25, was soon replaced with a brass box. Before long, the size of
the device began to grow. The 4-inch version was succeeded by a 9-inch
model, followed by cyclotrons 11, 27, 34, 60, and finally 184 inches in di-
ameter. Each increase in size required larger electromagnets, more electric
power, and more money. The energy of the accelerated particles also in-
creased, and that was the point of the enterprise—to obtain more powerful
probes. At the 11-inch stage, Lawrence and his team “split” their first atom,
and the 184-inch cyclotron attained his goal of particles with energies of
100 million electron volts. In all this research, significant contributions were
made by Lawrence’s students and collaborators at the Radiation Laboratory,
especially M. Stanley Livingston and Edwin M. McMillan.

Applications, Issues, and Analysis
In 1939 Ernest Lawrence was awarded the Nobel Prize in physics for his
invention of the cyclotron. That same year Austrian physicists Lise Meit-
ner and Otto Frisch correctly concluded that the experimental results of
German chemists Otto Hahn and Fritz Strassmann indicated that neutrons
cause uranium atoms to split (undergo fission) into smaller fragments, with
the release of great quantities of energy. It was also in 1939 that the Ger-
man army invaded Poland, launching World War II (1939–1945). With the
latter two events, the study of the atomic nucleus and atomic energy liter-
ally became a matter of life and death.

Lawrence’s 184-inch cyclotron was soon modified to separate uranium
isotopes and became the prototype for the calutrons used for similar pur-
poses in the Manhattan Project. Both during and after the war, Lawrence
was one of the most politically influential American scientists; he served on
many key committees, including the Scientific Panel that advised on the first
use of the atomic bomb.

Ernest Lawrence died on August 27, 1958, in Palo Alto, California.
Never a gifted mathematician or theoretician, he was a brilliant experi-
mentalist with the entrepreneurial skills to enthusiastically promote his vi-

Lawrence, Ernest
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perpendicular: condition in which two
lines (or linear entities like chemical
bonds) intersect at a 90-degree angle

fission: process of splitting an atom into
smaller pieces

calutron: electromagnetic device that
separates isotopes based on their masses

Manhattan Project: government project
dedicated to creation of an atomic
weapon; directed by General Leslie
Groves
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sion of “big science.” Thanks to the cyclotron and other accelerators there
are hundreds of radioactive isotopes that have applications in medicine and
elsewhere, dozens of subatomic particles, and at least seventeen artificial el-
ements that stretch beyond uranium in the Periodic Table. Lawrence’s
legacy is commemorated in the Lawrence Berkeley Laboratory, the
Lawrence Hall of Science, the Lawrence Livermore Laboratory, and, most
appropriately, in element number 103 (which concludes the actinide series).
Lawrencium (Lr) was the first element named for an American. SEE ALSO

Bohr, Niels; Heisenberg, Werner; Meitner, Lise; Planck, Max; Ra-
dioactivity; Schrödinger, Erwin; Transactinides.

A. Truman Schwartz
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Lawrencium
MELTING POINT: Unknown
BOILING POINT: Unknown
DENSITY: Unknown
MOST COMMON IONS: Lw3�

Lawrencium is a synthetic radioactive element and the last member of the
actinide series. It was discovered in 1961 by Albert Ghiorso and his cowork-
ers, who bombarded a target of isotopes of californium (249Cf–252Cf ) with
boron projectiles (either 10B or 11B) using the Heavy Ion Linear Accelera-
tor (HILAC) at the University of California, Berkeley, producing isotopes
of unknown element 103 of masses 257 and 258. The atoms recoiling after
the nuclear reaction were caught on metalized Mylar tape, which was then
moved past a series of �-detectors, and the decays of a few new atoms of 
element 103 (257103 and 258103), having half-lives of seconds or less, were
recorded. The element is named after Ernest O. Lawrence, the inventor of
the cyclotron and the founder of the Berkeley Radiation Laboratory.
“Lawrencium” was suggested and accepted by the International Union of
Pure and Applied Chemistry, but the originally suggested symbol of Lw was
changed to Lr. In 1965 Evgeni D. Donets at the Joint Institutes of Nuclear
Research in Dubna, Russia, using a double-recoil technique, confirmed the
atomic number of element 103 by linking its decay, via either electron cap-
ture followed by �-decay, or �-decay followed by electron capture, to its
known granddaughter, an isotope of fermium (252Fm).

All Lr isotopes are radioactive, decaying by �-particle emission, elec-
tron capture, and/or spontaneous fission, and have half-lives ranging from
a few tenths of a second for the isotope of mass 252, the lightest isotope, to
3.6 hours for the isotope of mass 262, the heaviest. The ground state elec-
tronic configuration of the gaseous Lr atom is believed to be [Rn]5f146d7s2,
by analogy to its lanthanide homologue, lutetium (element 71). Its most
stable ion in aqueous solution is Lr3�, and attempts to reduce it to Lr2�

Lawrencium
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isotope: form of an atom that differs by
the number of neutrons in the nucleus

nuclear: having to do with the nucleus of
an atom

atomic number: the number assigned to
an atom of an element that indicates the
number of protons in the nucleus of that
atom

��-particle: subatomic particle with 2�
charge and mass of 4; a He nucleus

fission: process of splitting an atom into
smaller pieces

lanthanides: a family of elements (atomic
number 57 through 70) from lanthanum
to lutetium having from 1 to 14 4f
electrons

aqueous solution: homogenous mixture in
which water is the solvent (primary
component)
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or Lr1� in aqueous solution have been unsuccessful. SEE ALSO Actinium;
Berkelium; Einsteinium; Fermium; Lawrence, Ernest; Mendelevium;
Neptunium; Nobelium; Plutonium; Protactinium; Radioactivity;
Rutherfordium; Thorium; Transmutation; Uranium.

Darleane C. Hoffman
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Lead
MELTING POINT: 327.5°C
BOILING POINT: 1,740.0°C
DENSITY: 11.34 g/cm3

MOST COMMON IONS: Pb2�, Pb4�

Lead makes up only about 0.0013 percent of Earth’s crust but was well known
in the ancient world and was even mentioned in the Book of Exodus. The
word “lead” is derived from the Anglo-Saxon word laedan. Lead’s symbol,
Pb, comes from the Latin word for lead, plumbum. Because of lead’s long use
in piping, the word “plumber” comes from that same root. Lead is an ex-
tremely dense but malleable metal that is very resistant to corrosion.

Lead is sometimes found free in nature but is usually obtained from ores
such as galena (PbS) or cerussite (PbCO3), from which it is easily mined and
refined. Most lead is obtained by simply roasting galena in hot air. About
one-third of the lead used in the United States is obtained through recy-
cling efforts.

Lead has seen many uses over the ages. As a constituent of pewter (an
alloy of tin and lead), lead was a component of Roman eating and drinking
utensils. It has been suggested that the decline of the Roman Empire may
have been tied to this use, since acidic foodstuffs extract small amounts of
lead, a cumulative human poison. Lead’s use as a pottery glaze has been
banned for the same reason—the danger of lead ingestion via the extraction
of the lead by food and drink. During the twentieth century, a volatile form
of lead—tetraethyl lead [Pb(CH2CH3) 4]—was developed and widely used
to improve the octane level of gasoline. That use has also been banned for
health and environmental reasons.

Lead remains in wide use in electrical cable sheathing, automobile bat-
teries, lead crystal, radiation protection, and some solders. SEE ALSO Inor-
ganic Chemistry; Radioactivity.

George H. Wahl Jr.
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metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

alloy: mixture of two or more elements, at
least one of which is a metal

volatile: low boiling, readily vaporized
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Le Bel, Joseph-Achille
FRENCH CHEMIST
1847–1930

Joseph-Achille Le Bel, born in Pechelbronn, France, was, with Dutch phys-
ical chemist Jacobus Hendricus van’t Hoff, the cofounder of modern stere-
ochemistry. They independently established the relation between optical
activity and asymmetric carbon compounds.

Le Bel was born into a wealthy family that controlled the petroleum in-
dustry in Pechelbronn, Alsace. In 1865 he was sent to the École Polytech-
nique in Paris to obtain a chemical education and spent most of his time
there doing chemical research. After graduation, he worked with the French
chemists Antoine Balard and Adolphe Wurtz in Paris, in between interme-
diate periods of refinery construction at home. Finally in 1889, he sold his
shares in the family business and established a private laboratory in Paris
where he devoted himself to organic chemistry and, in his later years, pale-
ontology, botany, and philosophy. An independent thinker who never held
an academic appointment, Le Bel did manage to achieve general recogni-
tion as a chemist and even became president of the French Chemical Soci-
ety in 1892.

In 1874, at the age of twenty seven, Le Bel presented a brief paper to
the Paris Chemical Society that led to his scientific fame, although it may
be regarded as his only outstanding contribution to the field of chemistry.
By the late 1840s the great chemist and microbiologist Louis Pasteur had
separated two sorts of tartrate crystals of the same composition, each crys-
tal shape being the mirror image of the other. These crystals in solution not
only rotated the plane of polarized light to a certain angle (optical activity),
the rotation also occurred in opposite directions. Pasteur called such pairs
of substances optical isomers, and because they showed no difference in
chemical properties, they were represented by the same constitutional struc-
tural formula in the new chemical structure theory. Le Bel then extended
the structure theory, from constitutional structural to configurational rep-
resentations in three-dimensional space, to account for the difference in op-
tical isomers. He argued that if a tetravalent carbon atom combined with
four different groups, as in tartrate, the carbon must be asymmetric in three-
dimensional space (i.e., without a symmetry plane or center). Furthermore,
for each such asymmetric carbon there were exactly two different struc-
tures (stereoisomers), each being the mirror image of the other, just like the
crystal shapes of Pasteur. Le Bel’s structure theory could not explain opti-
cal activity, but it explained and predicted which compounds had stereo-
isomers and which did not, an approach that he also extended to nitrogen
compounds.

Oddly enough, van’t Hoff, with whom Le Bel had worked in Wurtz’s
laboratory shortly beforehand, independently arrived at the same theory
from a different starting point at virtually the same time. SEE ALSO Chi-
rality; Pasteur, Louis; van’t Hoff, Jacobus.

Joachim Schummer
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isomer: molecules with identical
compositions but different structural
formulas

French chemist Joseph-Achille Le Bel,
who, with Jacobus van’t Hoff, was the
founder of modern stereochemistry.
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Leblanc, Nicolas
FRENCH CHEMIST AND SURGEON
1742–1806

Nicolas Leblanc invented a method of making alkali soda from salt that 
became one of the most important chemical processes of the nineteenth 
century. Leblanc was born in Issoudun, France; his father managed an iron-
works. After completing his medical education in about 1780, Leblanc be-
came a private physician in the house of Philippe Égalité, duc d’Orléans
(1747–1793). France had been suffering from an acute shortage of alkali
from traditional vegetable sources. Alkali was critical in the manufacture of
glass, textiles, paper, soap, and other products. In 1775 the French Royal
Academy offered a prize to anyone who could develop a process for trans-
forming common salt (sodium chloride) into soda ash. With Égalité’s sup-
port, Leblanc achieved the goal by 1789 and opened a small factory at Saint
Denis that began production in 1791.

What became known as the Leblanc process was actually several inter-
related processes. Salt was first reacted with sulphuric acid in a cast-iron
pan, then in a reverberator furnace (in which heat was applied from a flame
blown from a separate chamber, not in direct contact with the salt), to pro-
duce saltcake (sodium sulphate), with hydrochloric acid released as a waste
gas. Saltcake was used to make sodium carbonate, or roasted with limestone
(calcium carbonate) and coal or coke to produce “black ash.” This mixture
of sodium carbonate, calcium sulphide, sodium sulphide, lime, salt, carbon,
and ash could be treated further with hot water to produce impure sodium
carbonate in solution, evaporated into soda crystals (washing soda), or heated
to yield anhydrous sodium carbonate. The latter, in turn, could be reacted
with lime to made caustic soda (sodium hydroxide), the strongest commer-
cial alkali then available.

Leblanc personally benefited little from his innovation. The National
Assembly granted him a fifteen-year patent in September 1791, but three
years later the revolutionary government sequestered his factory and made
his patents public, giving Leblanc only meager compensation for his assets.
Napoléon Bonaparte returned the plant to him in 1802, but by then Leblanc
was too poor to resume production and, in 1806 he took his own life. (In
1855 Napoléon III gave Leblanc’s heirs a payment in lieu of the 1775 prize.)

Leblanc’s process—by greatly reducing the cost and boosting the effi-
ciency of alkali for the key industries that depended on it—boosted Euro-
pean industrialization for two generations. The year of Leblanc’s suicide,
the Saint Gobain Company opened a soda ash factory; by 1818 French 
producers were turning about roughly 10,000 to 15,000 tons of Leblanc soda
ash per year. British producers, discouraged until a prohibitive tax on salt
was repealed in 1823, embraced the new process and surpassed the French
by the middle of the century. U.S. alkali makers remained wedded to potash
but imported Leblanc soda ash after 1850. Germany took the lead in Leblanc
soda production in the 1870s.

By that time the Leblanc process was facing competition from the newer
Solvay (ammonia soda) alkali. The dominance of Leblanc soda was extended
by improvements, most notably the Deacon process (1868), which converted
the wasteful and harmful hydrochloric acid gases into chlorine, and the

Leblanc, Nicolas
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reverberator furnace: furnace or kiln used
in smelting that heats material indirectly
by deflecting a nearby flame downward
from the roof

potash: the compound potassium oxide,
K2O

French chemist Nicolas Leblanc, inventor
of the process for transforming sodium
chloride (NaCL, or common salt) into
soda ash.
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Chance process (1882), which recovered waste sulphur. By the turn of the
twentieth century, however, the Leblanc and Solvay processes were eclipsed
by new electrolytic methods for making chlorine and caustic soda. SEE ALSO

Alkali Metals; Industrial Chemistry, Inorganic; Sodium.
David B. Sicilia
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Le Châtelier, Henri
FRENCH CHEMIST
1850–1936

Henri-Louis Le Châtelier was born into a family of architects, engineers,
and scientists in Paris. His family home was like a drop-in center for France’s
leading chemists. Le Châtelier became a well-known industrial chemist him-
self, interested in metallurgy, cements, glasses, fuels, explosives, and, most
famously, chemical equilibrium. By mixing theoretical work with practical
applications, Le Châtelier became one of France’s most valuable and pro-
ductive chemists.

Le Châtelier served as an army lieutenant during the Franco–Prussian
War in 1870, after which he returned to school to finish his degree. His in-
tention was to become a mining engineer, but he changed his mind when
he was offered a professorship in chemistry at the École des Mines in Paris.

Le Châtelier’s first area of investigation was the chemistry of cements.
By repeating the experiments of Antoine Lavoisier on the preparation of
plaster of paris, Le Châtelier learned that when a cement comes into con-
tact with water, a solution is formed that yields an interlaced, coherent mass
of minute crystals.

Through his studies on cements, Le Châtelier became interested in the
applications of thermodynamics to chemistry. It was while working with
thermodynamics that Le Châtelier devised what became known as Le Châte-
lier’s principle in 1884. This principle states that if a system is in a state of
equilibrium and one of the conditions is changed, such as the pressure or
temperature, the equilibrium will shift in such a way as to try to restore the
original equilibrium condition. Using Le Châtelier’s principle as a guide the
efficiency of chemical processes can be improved by shifting a system to
yield more of the desired product. For example, the German chemist Fritz
Haber employed the principle in his development of a process for synthe-
sizing ammonia. Le Châtelier considered missing this practical application
of his principle to be the greatest blunder in his scientific career.

In addition to his work on equilibrium, Le Châtelier was involved in
many other areas of chemistry and science in general. For instance, he in-
vestigated the cause and prevention of mining disasters. He helped produce
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metallurgy: the science and technology of
metals

equilibrium: condition in which two
opposite reactions are occurring at the
same speed, so that concentrations of
products and reactants do not change

coherent mass: mass of particles that
stick together
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safer explosives and conducted research that was used to develop the torch
now used in cutting and welding steel. He also designed instruments when
none existed to suit his purposes, such as the thermocouple to measure very
high temperatures.

Le Châtelier was additionally involved in other areas of research. He
wrote numerous biographies and spent much time working on articles on
social welfare, the relationship of science to economics, and the relationship
between pure and applied science. Le Châtelier was also devoted to teach-
ing, working at the École des Mines until he retired at the age of sixty-nine.
He advised his students to be content with adding to the structure of sci-
ence, but to pay attention to anything unusual they observed.

Le Châtelier contributed much to chemistry. He bridged the gaps be-
tween theory and practice by choosing research problems that looked as if
they would have industrial applications. For this reason, he became one of
the most successful researchers in combining theoretical science with prac-
tical applications. SEE ALSO Equilibrium; Haber, Fritz; Lavoisier, An-
toine; Thermodynamics.

Lydia S. Scratch
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Leclanché, Georges
FRENCH ENGINEER AND INVENTOR
1839–1882

In 1866 Georges-Lionel Leclanché was granted French patent no. 71,865,
which described a remarkable advancement in the technology of the 
primary electrochemical cell. Typically called a battery, an electrochem-
ical cell generates electrical current by chemical reactions at the two elec-
trodes of the cell, the cathode and the anode. In early batteries the current
was originally carried through an electrically conductive liquid; later im-
provements substituted a conductive paste for the liquid. Although
Leclanché did not invent this type of battery, commonly called a dry cell,
his version, only slightly modified since then, is used today to power mil-
lions of devices from toys to portable computers.

Leclanché was born on October 9, 1839, in Paris, France. His father
was a cultured and politically active lawyer in the French government dur-
ing a tempestuous time in that country’s history. Because of shifting polit-
ical winds, young Georges and his father spent the better part of eighteen
years away from Paris. Upon his return in 1856, Leclanché enrolled in the
École Centrale Imperiale des Arts et Manufactures, where he majored in
metallurgy. He was far more interested in analytical and industrial chem-
istry, however, and after graduating in 1860, he became a laboratory man-
ager in a company that manufactured lead salts.
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primary electrochemical cell: voltaic cell
based on an irreversible chemical
reaction

metallurgy: the science and technology of
metals
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Politically active like his father, Leclanché was forced to flee to Belgium
in 1863 because of his opposition to France’s involvement in Mexico. While
there, he became interested in electrochemical research. He returned to
Paris the following year and became a chemist in the materials laboratory
of a railroad company, where he further developed his cell. After his cell
was patented, he started a company for its manufacture and continued to
perfect its design until his untimely death from throat cancer in 1882, at the
age of forty-three.

Although electrochemical cells had been developed and used since the
beginning of the nineteenth century, they suffered several practical disad-
vantages: They generally contained costly or dangerous ingredients (such as
platinum or mercury), and they were composed of delicate components in
liquid solutions, which limited their portability. Leclanché’s original cell used
a manganese dioxide/carbon cathode, a zinc anode, and ammonium chloride
as the electrolyte solution. Although this was technically a “wet” cell, later
advances in design replaced the electrolyte solution with a conductive paste.
The main advantages of the Leclanché cell were the low cost of its compo-
nents and the cell’s robust construction, which allowed it to be manufactured
cheaply and utilized widely at a time when batteries were the only source of
electricity. SEE ALSO Electrochemistry; New Battery Technology.

Bartow Culp
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Leloir, Luis
ARGENTINE CHEMIST
1906–1987

Luis Leloir was born in Paris in 1906. His parents were Argentine, and he
resided in Buenos Aires from the age of two and for most of his career un-
til his death in 1987. Leloir received his M.D. from the University of Buenos
Aires in 1932, after which he worked at the Institute of Physiology with
Professor Bernardo Houssay on the action of adrenalin in carbohydrate
metabolism. In 1936 he collaborated with Sir F. G. Hopkins at the Bio-
chemical Laboratory in Cambridge, England. He returned to Buenos Aires
to study the oxidation of fatty acids in the liver and on the formation of
angiotensin. He was forced to leave Argentina in 1943 when Houssay’s lab-
oratory was closed by the government of Juan Perón in response to Hous-
say’s public criticism of the dictatorship. During the next few years Leloir
worked in the United States in the laboratory of Carl and Gerty Cori at
Washington University in St. Louis, Missouri, and D. E. Green at Colum-
bia University in New York City.

Leloir returned to Argentina in 1945 to take part in the founding of the
Instituto de Investigaciones Bioquimicas supported by the Jaime Campomar
Foundation. He became the institute’s first director. Most of the research
at the institute was conducted on a shoestring budget, and some of the com-
plex equipment there was ingeniously built by Leloir or his colleagues 
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electrolyte solution: a liquid mixture
containing dissolved ions

adrenalin: chemical secreted in the body
in response to stress

metabolism: the complete range of
biochemical processes that take place
within living organisms; comprises
processes that produce complex
substances from simpler components,
with a consequent use of energy
(anabolism), and those that break down
complex food molecules, thus liberating
energy (catabolism)

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

angiotensin: chemical that causes a
narrowing of blood vessels
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R. Caputto, C. E. Cardini, R. Trucco, and A. C. Paladini from everyday 
objects. For instance, a fraction-collecting device for column chromatog-
raphy was built with a Meccano set (a toy from Leloir’s childhood that was
similar to an erector set); its collection bottles moved about with a toy rail-
road train.

In spite of inadequate funding and the resulting limitations, work be-
gan at the new institute on the metabolism of the sugar galactose; it led to
the discovery of glucose 1,6-diphosphate and uridine diphosphate glucose
(UDPG). The latter substance was the first sugar nucleotide discovered.
Leloir continued his work in this sector of research and discovered several
other sugar nucleotides. He and his coworkers determined that UDPG is
the nucleotide that provides the glucose units in the biosynthesis of glyco-
gen. Glycogen is the form of polymeric carbohydrate in which energy is
stored inside an animal cell, while starch is the form in which energy is
stored in plants. Further work demonstrated that the donor of the glucose
units for the biosynthesis of starch is adenosine diphosphate glucose
(ADPG.) This work was quite important in improving scientists’ under-
standing of the processes by which carbohydrates are converted to energy
and the glycogen storage diseases. Leloir received the Nobel Prize in chem-
istry in 1970; his was the first Nobel Prize in chemistry ever awarded to an
Argentine.

Leloir is best remembered for producing Nobel Prize–quality research
under very difficult conditions and for contributing significantly to the de-
velopment of scientific analysis and discovery in Argentina. SEE ALSO Car-
bohydrates; Cori, Carl and Gerty; Nucleotide.
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Lewis, Gilbert N.
AMERICAN PHYSICAL CHEMIST
1875–1946

Gilbert Newton Lewis was born on October 25, 1875, in West Newton,
Massachusetts. A precocious child, he received his early education at home
and learned to read by the age of three. When Lewis was nine, his family
moved to Lincoln, Nebraska. He attended the University of Nebraska for
two years and in 1893 transferred to Harvard University, from which he re-
ceived his B.S. in 1896.

After a brief stint as a teacher at Phillips Academy in Andover, Massa-
chusetts, Lewis returned to Harvard, where he obtained his M.A. in 1898
and Ph.D. in 1899. He subsequently studied at the universities at Göttin-
gen and Leipzig in Germany (1900–1901) and then returned to Harvard as
an instructor (1901–1906). In 1907 Lewis became an assistant professor at
the Massachusetts Institute of Technology, where he soon rose to the rank
of full professor.
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chromatography: the separation of the
components of a mixture in one phase
(the mobile phase) by passing it through
another phase (the stationary phase)
making use of the extent to which the
components are absorbed by the
stationary phase

galactose: six-carbon sugar

glucose: common hexose
monosaccharide; monomer of starch and
cellulose; also called grape sugar, blood
sugar, or dextrose

biosynthesis: formation of a chemical
substance by a living organism

Argentine chemist Luis Leloir, recipient
of the 1970 Nobel Prize in chemistry,
“for his discovery of sugar nucleotides
and their role in the biosynthesis of
carbohydrates.”

67368_v3_001-270.qxd  1/26/04  1:58 PM  Page 28



In 1912 Lewis accepted a position as dean and chairman of the College
of Chemistry at the University of California, Berkeley. He remained at
Berkeley for the rest of his life and transformed the chemistry department
there into a world-class center for research and teaching. His reforms in the
way chemistry was taught, a catalyst for the modernization of chemical ed-
ucation, were widely adopted throughout the United States. Lewis intro-
duced thermodynamics to the curriculum, and his book on the same subject
became a classic. He also brought to the study of physical chemistry such
concepts as fugacity, activity and the activity coefficient, and ionic strength.

At the beginning of the twentieth century physicists tried to relate the
electronic structure of atoms to two basic chemical phenomena: the chem-
ical bond (the attraction between atoms in a molecule) and valence (the
quality that determines the number of atoms and groups with which any
single atom or group will unite chemically and also expresses this ability to
combine relative to the hydrogen atom). German chemist Richard Abegg
was the first to recognize in print the stability of the group of eight elec-
trons, the arrangement of outer electrons that occurs in noble gases and is
often attained when atoms lose or gain electrons to form ions. Lewis called
this the “group of eight,” and American chemist and physicist Irving Lang-
muir labeled it an “octet.”

In 1902, while explaining the laws of valence to his students at Harvard,
Lewis conceived a concrete model for this process, something Abegg had
not done. He proposed that atoms were composed of a concentric series of
cubes with electrons at each of the resulting eight corners. This “cubic atom”
explained the cycle of eight elements in the Periodic Table and corresponded
to the idea that chemical bonds were formed by the transfer of electrons so
each atom had a complete set of eight electrons. Lewis did not publish his
theory, but fourteen years later it became an important part of his theory
on the shared electron-pair bond.

In 1913 Lewis and Berkeley colleague William C. Bray proposed a the-
ory of valence that differentiated two different types of bond: a polar bond
formed by the transfer of electrons and a nonpolar bond not involving elec-
tron transfer. In 1916 Lewis published his seminal article suggesting that
the chemical bond is a pair of electrons shared or held jointly by two atoms.
He depicted a single bond by two cubes sharing an edge, or more simply
by double dots in what has become known as Lewis dot structure.

According to Lewis’s octet rule, each atom should be surrounded by
four pairs of electrons, either shared or free pairs. Lewis derived structures
for halogen molecules, the ammonium ion, and oxy acids, inexplicable ac-
cording to previous valence theories. He viewed polar bonds as unequally
shared electron pairs. Because the complete transfer of electrons was only
an extreme case of polarity, he abandoned his earlier dualistic view; the po-
lar theory was just a special case of his more general theory.

Lewis’s shared electron-pair theory languished until Langmuir revived
and elaborated it beginning in 1919. It was soon accepted as the Lewis–
Langmuir theory, one of the most fundamental concepts in the history of
chemistry.

Lewis’s acid-base concept is also well known to introductory-level chem-
istry students. A Lewis acid, for example, BF3, AlCl3, or SO3, is a substance
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catalyst: substance that aids in a reaction
while retaining its own chemical identity

attraction: force that brings two bodies
together, such as two oppositely charged
bodies

valence: combining capacity

noble gas: element characterized by inert
nature; located in the rightmost column
in the Periodic Table

nonpolar: molecule, or portion of a
molecule, that does not have a
permanent, electric dipole

halogen: element in the periodic family
numbered VIIA (or 17 in the modern
nomenclature) that includes fluorine,
chlorine, bromine, iodine, and astatine

American chemist Gilbert N. Lewis, a
theorist of chemical bonds, or valence.
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that can accept a pair of electrons from a Lewis base, for example, NH3 or
OH�, which is a substance that can donate a pair of electrons. It can be ap-
plied to various areas, for example, coordination chemistry: The metal ion
is a Lewis acid, the ligand is a Lewis base, and the resulting formation of a
coordinate covalent bond corresponds to a Lewis acid–base reaction.

Lewis made additional valuable contributions to the theory of colored
substances, radiation, relativity, the separation of isotopes, heavy water,
photochemistry, phosphorescence, and fluorescence. As a major in the U.S.
Army Chemical Warfare Service during World War I, he worked on de-
fense systems against poison gases. From 1922 to 1935 he was nominated
numerous times for the Nobel Prize in chemistry. Lewis’s death, while mea-
suring the dielectric constant of hydrogen cyanide on March 23, 1946, pre-
cluded his receiving the prize, which is not awarded posthumously. SEE ALSO

Acid-Base Chemistry; Lewis Structures.
George B. Kauffman
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Lewis Acids See Acid-Base Chemistry.

Lewis Structures
In 1902, while trying to find a way to explain the Periodic Table to his stu-
dents, the chemist Gilbert Newton Lewis discovered that the chemistry of
the main-group elements could be explained using a model in which elec-
trons arranged around atoms are conceived as occupying the faces of con-
centric cubes. This model was based on four assumptions.

1. The number of electrons in the outermost cube of an atom is equal
to the number of electrons lost when the atom forms positive ions;

2. each neutral atom has one more electron in its outermost cube than
the atom that precedes it in the Periodic Table;

3. it takes eight electrons—an octet—to complete a cube;
4. once an atom has an octet of electrons in its outermost cube, the

cube becomes part of the cote of electrons about which the next
cube is built.
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coordination chemistry: chemistry
involving complexes of metal ions
surrounded by covalently bonded ligands

ligand: molecule or ion capable of
donating one or more electron pairs to a
Lewis acid

coordinate covalent bond: covalent bond
in which both of the shared electrons
originate on only one of the bonding
atoms

isotope: form of an atom that differs by
the number of neutrons in the nucleus
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Lewis determined the formulas of simple ionic compounds (such as
NaCI) by theorizing that atoms gain electrons if the outermost cube is more
than half full, and lose electrons if the cube is less that half-full (until the
cube is either full or empty). Sodium, for example, loses the one electron in
its outermost cube at the same time that chlorine gains the electron it needs
to fill its outermost cube.

As understanding of the structure of the atom developed, it became ap-
parent why the magic number of electrons for each of the main-group ele-
ments was eight. The outermost atomic orbitals for these elements are the
s and p orbitals in a given shell, and it takes eight electrons in its outermost
shell: [He] 2s2 2p3. It therefore has to gain three electrons to fill this shell.

The electrons in an outermost shell are known as valence electrons. The
number of bonds an element can form is called valence (from the Latin valens,
“to be strong”). An atom’s valence electrons are those electrons that can be
gained or lost in a chemical reaction. Because the electrons that occupy filled
d or f subshells are seldom disturbed in a chemical reaction, we can also de-
fine an atom’s valence electrons as the electrons that are not present in an
atom of the preceding rare gas (ignoring filled d or f subshells). Gallium, for
example, has the following electron configuration: [Ar] 4s2 3d10 4p1. The 4s
and 4p electrons can be lost in a chemical reaction, but the electrons in the
filled 3d subshell cannot. Gallium therefore has three valence electrons.

By 1916 Lewis realized that there was another way that atoms can com-
bine to achieve an octet of valence electrons: They can share electrons and
form a covalent bond. Two fluorine atoms, for example, by sharing a pair
of electrons can form a stable F2 molecule in which each atom has an octet
of valence electrons. A pair of oxygen atoms, by sharing two pairs of elec-
trons, can form an O2 molecule in which each atom has a total of eight va-
lence electrons.

Whenever Lewis applied his model to covalent compounds, he noted
that the atoms seemed to share pairs of electrons. He also noted that most
compounds contained even numbers of electrons, which suggested that elec-
trons exist in pairs. He therefore replaced his cubic model of the atom, in
which eight electrons were oriented toward the surfaces of a cube, with a
model based on pairs of electrons. In this notation, each atom is surrounded
by up to four pairs of dots, corresponding to the eight possible valence elec-
trons. This symbolism is still in use today. The only significant modification
is the use of lines to indicate covalent bonds formed by the sharing of a pair
of electrons. The Lewis structures for F2 and O2 are written as follows:

The prefix “co-” is used to indicate that two or more entities are joined
or have equal standing (as in, for example, coexist, cooperate, and coordinate). It
is therefore appropriate that the term “covalent bond” is used to describe mol-
ecular bonds that result from the sharing of one or more pairs of electrons.

The Lewis structure of a compound can be arrived at by trial and er-
ror. We start by notating symbols that contain the correct number of va-
lence electrons for the atoms in the molecule. We then pair electrons to
indicate covalent bonds until we come up with a Lewis structure in which

F

O

F

O
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atomic orbital: mathematical description
of the probability of finding an electron
around an atom

valence: combining capacity

subshell: electron energy sublevel, of
which there are four: s, p, d, and f

covalent bond: bond formed between two
atoms that mutually share a pair of
electrons
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each atom (with the exception of hydrogen atoms) has an octet of valence
electrons. The trial-and-error method for writing Lewis structures can be
time-consuming, however. For all but the simplest molecules, the step-by-
step process is faster.

Step 1: Determine the total number of valence electrons.

Step 2: Write the skeleton structure of the molecule.

Step 3: Assign two valence electrons to each covalent bond in the skele-
ton structure.

Step 4: Try to complete the octets of the atoms by distributing the re-
maining valence electrons as nonbonding electrons.

The first step involves calculating the number of valence electrons in
the molecule or ion. For a neutral molecule it is the sum of the valence elec-
trons of each atom. If the molecule carries an electric charge, we add one
electron for each negative charge or subtract one electron for each positive
charge.

Consider the chlorate (ClO3
�) ion. A chlorine atom (Group VIIa) has

seven valence electrons, and each oxygen atom (Group VIa) has six valence
electrons. Because the chlorate ion has a charge of �1, it contains one more
electron than a neutral ClO3 molecule. Thus, the ClO3

� ion has a total of
twenty-six valence electrons.

ClO3
�:  7 � 3(6) � 1 � 26

The second step in this process involves deciding which atoms in the
molecule are connected by covalent bonds. This can be the most difficult
step in the process. As a rule, the least electronegative element is at the
center of the molecule. It is also useful to note that the formula of the com-
pound often provides a hint to the skeleton structure. The formula for the
chlorate ion, for example, suggests the following skeleton structure.

The third step assumes that the skeleton structure of the molecule is
based on covalent bonds. The valence electrons are therefore divided into
two categories: bonding electrons and nonbonding electrons. Because it takes
two electrons to form a covalent bond, we can calculate the number of non-
bonding electrons in the molecule by subtracting two electrons for each bond
in the skeleton structure from the total number of valence electrons.

There are three covalent bonds in the skeleton structure of the chlorate
ion. As a result, six of the twenty-six valence electrons must be used as bond-
ing electrons. This leaves twenty nonbonding electrons in the valence shell.

26 valence electrons
�6 bonding electrons

20 nonbonding electrons

The fourth step in the process by which Lewis structures are generated
involves using the nonbonding valence electrons to complete the octets of
the atoms in the molecule. Each oxygen atom in the ClO3

� ion already has
two electrons, the electrons in each Cl–O bond. Each oxygen atom there-
fore needs six nonbonding electrons to complete the octet. Thus, it takes

ClO O

O
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electronegative: capable of attracting
electrons
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eighteen nonbonding electrons to satisfy the octets of the three oxygen
atoms. This leaves one pair of nonbonding electrons, which can be used to
fill the octet of the central atom.

Occasionally, we encounter a molecule that does not seem to have
enough valence electrons. When this happens, we have to remember why
atoms share electrons in the first place. If we cannot achieve a satisfactory
Lewis structure by having two atoms share a single pair of electrons, it may
be possible to achieve this goal by having them share two or even three pairs
of electrons. Consider formaldehyde (H2CO), for example, which contains
twelve valence electrons.

H2CO:  2(1) � 4 � 6 � 12

The formula of this molecule suggests the following skeleton structure.

There are three covalent bonds in this skeleton structure, which means that
six valence electrons must be used as bonding electrons. This leaves six non-
bonding electrons. It is impossible, however, to complete the octets of the
atoms in this molecule with only six nonbonding electrons. When the non-
bonding electrons are used to complete the octet of the oxygen atom, the
carbon atom has a total of only six valence electrons.

We therefore assume that the carbon and oxygen atoms share two pairs
of electrons. There are now four bonds in the skeleton structure, which
leaves only four nonbonding electrons. This is enough, however, to satisfy
the octets of the carbon and oxygen atoms.

Every once in a while, we encounter a molecule for which it is impos-
sible to write a satisfactory Lewis structure. Consider boron trifluoride (BF3),
for example, which contains twenty-four valence electrons.

BF3:  3 � 3(7) � 24

There are three covalent bonds in what is the most reasonable skeleton
structure for the molecule. Because it takes six electrons to form the skele-
ton structure, there are eighteen nonbonding valence electrons. Each fluo-
rine atom needs six nonbonding electrons to complete its octet. Thus, all
nonbonding electrons are consumed by the three fluorine atoms. As a re-
sult, we run out of electrons, and the boron atom still has only six valence
electrons.

B
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formaldehyde: name given to the simplest
aldehyde HC(O)H, incorporating the
–C(O)H functional group
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For reasons that are not discussed here, the elements that form strong
double or triple bonds are C, N, O, P, and S. Because neither boron nor
fluorine falls in this group, we have to stop short with what appears to be
an unsatisfactory Lewis structure.

It is also possible to encounter a molecule that seems to have too many
valence electrons. When that happens, we expand the valence shell of the
central atom. Consider the Lewis structure for sulfur tetrafluoride SF4, for
example, which contains thirty-four valence electrons.

SF4:  6 � 4(7) � 34

There are four covalent bonds in the skeleton structure for SF4. Because
this structure uses eight valence electrons to form the covalent bonds that hold
the molecule together, there are twenty-six nonbonding valence electrons.

Each fluorine atom needs six nonbonding electrons to complete its octet.
Because there are four of these atoms, we need twenty-four nonbonding
electrons for this purpose. But there are twenty-six nonbonding electrons
in this molecule. We have already completed the octets for all five atoms,
and we still have one pair of valence electrons. We therefore expand the va-
lence shell of the sulfur atom to hold more than eight electrons.

SEE ALSO Bonding; Lewis, Gilbert N.; Molecules.
George Bodner

Liebig, Justus von
GERMAN CHEMIST
1803–1873

Justus von Liebig, one of the founders of modern chemistry, was born on
May 12, 1803, in Darmstadt, Hesse, Germany. His father was a manufac-
turer of drugs and paints. As an adolescent Liebig performed many exper-
iments using materials from his father’s business while neglecting other
studies. He was apprenticed to an apothecary at age fifteen; however, his
real interest was chemistry. He enrolled at the University of Bonn in 1820
to attend the lectures of Wilhelm Kastner. When Kastner left for the Uni-
versity of Erlangen, Liebig followed him there and received his doctoral de-
gree in 1822 after only two years of study.

Liebig soon realized that his knowledge of chemistry was deficient and
using the patronage of the grand duke of Hesse was able to study in Paris
from 1822 to 1824. Paris was the leading center for the study of chemistry
at this time, and here Liebig was able to attend the lectures of such famous
chemists as Joseph Gay-Lussac, Louis Thénard, and Pierre Dulong. Parisian
chemistry stressed a rigorous and quantitative approach that was lacking in
European chemistry. In Paris Liebig had the opportunity to work in the lab-
oratory of Gay-Lussac, where he acquired skills in the elemental analysis
of inorganic and organic compounds, as well as in the systematic method-
ology of chemical research.

S
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elemental analysis: determination of the
percent of each atom in a specific
molecule

German chemist Justus von Liebig.
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In 1825 Liebig returned to Germany and was offered the professorship
of chemistry at the University of Geissen. He stayed in Geissen until 1851,
at which time he was called to the chair of chemistry at the University of
Munich where he remained until his death on April 18, 1873.

In Geissen Liebig drawing from his studies in Paris established the
model for chemical education that was soon copied by other German edu-
cators. His students learned by working in the laboratory with their men-
tor, starting with simple procedures, working their way through more
complex exercises, and finally graduating to their own independent research.

One of Liebig’s many achievements at Geissen was the development of
more efficient combustion techniques for the elemental analysis of organic
compounds. The impetus for this was his inability to get a good result in
his analysis of a compound he had isolated from urine (which he had named
hippuric acid) using the conventional methods that were available to him.
These methods, which were tedious and time-consuming, included the use
of very small amounts of a given sample, which amplified the experimental
error. In 1830 Liebig devised a technique that allowed the use of larger sam-
ples and he was able to quantify the amounts of carbon and hydrogen in or-
ganic compounds. The trapping of the gaseous combustion products water
vapor and carbon dioxide on pre-weighed absorbents was part of his tech-
nique. This procedure greatly reduced error and was simple enough so that
Liebig’s students were able to analyze all types of organic compounds al-
most routinely, which greatly enhanced the existing knowledge of the vari-
ety of organic compounds in nature.

Liebig pioneered methods for the analysis of nitrogen, sulfur, and halo-
gens in organic compounds, in addition to his contributions to the analy-
sis of carbon and hydrogen in these compounds. Liebig was the founding
editor of one of the first chemical journals, Annalen der chemie in 1832. SEE

ALSO Gay-Lussac Joseph-Louis; Organic Chemistry; Proteins.
Martin D. Saltzman
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Lipid Bilayers
Lipid bilayers form the fundamental structures of cell membranes and thus
provide a semipermeable interface between the interior and exterior of a
cell and between compartments within the cell. Bilayer-forming lipids are
amphipathic molecules (containing both hydrophilic and hydrophobic
components). The hydrophilic fragment, typically termed the lipid head-
group, is charged, or polar, whereas the hydrophobic section consists of a
pair of alkyl chains (typically between 14 and 20 carbon atoms in length).
A typical class of bilayer-forming lipid is the diacyl phosphatidylcholines,
in which phosphate and tetramethyl ammonium moieties comprise the 
polar head groups and two fatty acids chains constitute the hydrophobic 
portions.
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combustion: burning, the reaction with
oxygen

halogen: element in the periodic family
numbered VIIA (or 17 in the modern
nomenclature) that includes fluorine,
chlorine, bromine, iodine, and astatine

lipid: a nonpolar organic molecule;
fatlike; one of a large variety of nonpolar
hydrophobic (water-hating) molecules that
are insoluble in water

hydrophilic: a part of a molecule having
an affinity for water

hydrophobic: a part of a molecule that
repels water
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In an aqueous environment the lipids self-assemble into structures 
that minimize contact between water molecules and the hydrophobic 
components of the lipids by forming two leaflets (monolayers); this arrange-
ment brings the hydrophobic tails of each leaflet in direct contact with 
each other, and leaves the head groups in contact with water (see Figure 1).
Lipid bilayers are classified as lyotropic and thermotropic liquid crystals,
meaning that their structures are a function of both water content and 
temperature, respectively. Under conditions of low hydration and/or 
low temperature, the lipid bilayer is ordered with straight alkyl chains 
and a regular arrangement of head groups, and is in a gel state. At high 
water content and/or elevated temperatures the bilayer exists in the (bio-
logically relevant) fluid state, characterized by a high degree of disorder in
both chain and head group conformations (Figure 1 represents the fluid bi-
layer state).

The alkyl chain melting point, the gel to fluid transition temperature,
is a function of chain length (shorter chains will dissociate at lower tem-
peratures) and the extent of unsaturation within the chains (greater double
bond content lowers the melting temperature). The fluid phase bilayer has
a hydrophobic thickness on the order of 30 angstroms, and (because of 
the hydrophobic chains) is a significant barrier to the passage of charged or
polar solutes. The bilayer is fluid in the sense that lipid molecules and other
membrane constituents readily undergo lateral diffusion within the plane of
the membrane. SEE ALSO Lipids; Membrane.

Scott E. Feller
Ann T. S. Taylor
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melting point: temperature at which a
substance in the solid state undergoes a
phase change to the liquid state

phase: homogeneous state of matter

Figure 1. An image of a
dipalmitolyphosphatidylcholine lipid
bilayer from a molecular dynamics
computer simulation.
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Lipids
Lipids are a class of biomolecules that is defined by their solubility in organic
solvents, such as chloroform, and their relative insolubility in water. Interac-
tions among lipids and of lipids with other biomolecules arise largely from
their hydrophobic (“water-hating”) nature. Lipids can be divided into two
main categories according to their structures: those that are based on fatty
acids, and those that are based on isoprene, a branched, five-carbon chain.

Fatty Acid–Based Lipids
Fatty acids are unbranched carboxylic acids, usually containing an even num-
ber of carbon atoms (between 12 and 24, inclusive). If there are no double
bonds between carbon atoms, the fatty acid is saturated; if there are double
bonds between carbon atoms, the fatty acid is unsaturated. Naturally oc-
curring unsaturated fatty acids have one to six double bonds, with the dou-
ble bonds separated by at least two single bonds; the double bonds have the
cis configuration. These double bonds inhibit “packing” of the molecules (in
solids), which lowers the fatty acid melting point. Many physical proper-
ties of lipid substances are determined by the extent of unsaturation. Polyun-
saturated omega-3 (	-3) fatty acids, so named because the double bond
between the third to last (	-3) and fourth to last (	-4) carbons, are com-
monly found in cold-water fish and are thought to play an important role
in many neurological functions.

In response to stress conditions, various tissues convert polyunsaturated
fatty acids having twenty carbons to a family of compounds called eicosa-
noids. Eicosanoids include prostaglandins, thromboxanes, prostacyclins, and
leukotrienes, and are generally involved in inflammation and pain sensation.
Aspirin, acetaminophen, and other analgesics work by inhibiting the initial
reactions required for the conversion of fatty acids to eicosanoids.

The carboxylic acid group of a fatty acid molecule provides a conve-
nient place for linking the fatty acid to an alcohol, via an ester linkage. If
the fatty acid becomes attached to an alcohol with a long carbon chain, the
resultant substance is called a wax. Waxes are very hydrophobic, and thus re-
pel water. Glycerol, a three-carbon compound with an alcohol group at each
carbon, very commonly forms esters with fatty acids. When glycerol and a
fatty acid molecule are combined, the fatty acid portion of the resultant com-
pound is called an “acyl” group, and the glycerol portion is referred to as a
“glyceride.” Using this nomenclature system, a triacylglyceride has three fatty
acids attached to a single glycerol molecule; sometimes this name is short-
ened to “triglyceride.” Triglyceride substances are commonly referred to as
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lipid: a nonpolar organic molecule;
fatlike; one of a large variety of nonpolar
hydrophobic (water-hating) molecules that
are insoluble in water

hydrophobic: a part of a molecule that
repels water

isoprene: common name for 2-methyl-1,3
butadiene, the monomer of the natural
rubber polymer

melting point: temperature at which a
substance in the solid state undergoes a
phase change to the liquid state

neurologic: of or pertaining to the nervous
system

analgesic: compound that relieves pain,
e.g., aspirin

carboxylic acid: one of the characteristic
groups of atoms in organic compounds
that undergoes characteristic reactions,
generally irrespective of where it occurs
in the molecule; the –CO2H functional
group

ester: organic species containing a
carbon atom attached to three moieties:
an O via a double bond, an O attached to
another carbon atom or chain, and a H
atom or C chain; the R(CxO)OR
functional group

Figure 1. Generic fatty acid.
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fats or oils, depending on whether they are solid or liquid at room temper-
ature. Triglycerides are an energy reserve in biological systems. Diacylglyc-
erides are commonly found in nature with acyl chains occurring at two
adjacent carbons, and are the basis of phospholipid chemistry.

Isoprene-Based Lipids
The other class of lipid molecules, based on a branched five-carbon struc-
ture called isoprene, was first identified via steam distillation of plant ma-
terials. The extracts are called “essential oils.” They are often fragrant, and
are used as medicines, spices, and perfumes. A wide variety of structures is
obtained by fusing isoprene monomer units, leading to a very diverse set of
compounds, including terpenes, such as 
-carotene, pinene (turpentine), and
carvone (oil of spearmint); and steroids, such as testosterone, cholesterol,
and estrogen.

Lipid Organization
“Like oil and water” is a saying based on the minimal interaction of lipids
with water. Although this saying is apt for isoprene-based lipids and bulky
fatty acid–based lipids such as waxes and triglycerides, it is not apt for all
lipids (e.g., it does not apply to substances composed of fatty acids or dia-
cylglycerides).

Fatty acids and diacylglycerides are often amphipathic; that is, the car-
boxylic acid “head” is hydrophilic and the hydrocarbon “tail” is hydropho-
bic. When a fatty acid or triglyceride substance is placed in water, structures
that maximize the interactions of the hydrophilic heads with water and min-
imize the interactions of the hydrophobic tails with water are formed. At
low lipid concentrations a monolayer is formed, with hydrophilic heads as-
sociating with water molecules and hydrophobic tails “pointing” straight
into the air (see Figure 2).

As the concentration of lipid is increased, the surface area available for
monolayer formation is reduced, leading to the formation of alternative
structures (depending on the particular lipid and condition). Compounds
that have a relatively large head group and small tail group, such as fatty
acids and detergents, form spherical structures known as micelles. The con-
centration of lipid required for micelle formation is referred to as the crit-
ical micelle concentration (CMC). Other hydrophobic molecules, such as
molecules within dirt, triacylglycerides, and other large organic molecules,
associate with the hydrophobic tail portion of a micelle.

Compounds that have approximately equal-sized heads and tails tend to
form bilayers instead of micelles. In these structures, two monolayers of lipid
molecules associate tail to tail, thus minimizing the contact of the hydro-
phobic portions with water and maximizing hydrophilic interactions. Lipid
molecules can move laterally (within a single layer of the bilayer, called a
leaflet), but movement from one leaflet to the opposing leaflet is much more
difficult.

H2CO: 2(l) � 4 � 6 = 12

Often these bilayer sheets can wrap around in such a way as to form
spherical structures, called vesicles or liposomes (depending on their size).
Several new anticancer treatments are based upon the packaging of chemo-

Lipids
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estrogen: female sex hormone

hydrophilic: a portion of a molecule
having an affinity for water

vesicle: small compartment in a cell that
contains a minimum of one lipid bilayer

liposome: sac formed from one or more
lipid layers that can be used for drug
transport to cells in the body
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therapeutic agents inside liposomes and then directing the liposomes to a
specific target tissue.

Lipids can also form structures in conjunction with various proteins. A
cell membrane consists of a lipid bilayer that holds within it a variety of pro-
teins that either transverse the bilayer or are associated more loosely with
the bilayer. Cholesterol can insert into the bilayer, and this helps to regu-
late the fluidity of the membrane.

A variety of lipid-protein complexes are used in the body to transport
relatively water-insoluble lipids, such as triglycerides and cholesterol, in cir-
culating blood. These complexes are commonly called lipoproteins; they
contain both proteins and lipids in varying concentrations. The density of
these lipoproteins depends on the relative amounts of protein, because lipids
are less dense than protein. Low density lipoproteins, or LDLs, have a rel-
atively higher ratio of lipid to protein. LDLs are used to transport choles-
terol and triglycerides from the liver to the tissues. In contrast, high density

Lipids
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Figure 2. Assembly of lipids into more
complex structures. At low
concentrations, lipids form monolayers,
with the polar head group (represented as
a circle) associating with the water, while
the hydrophobic tails (represented as
lines) associate with the air. As the
concentration of lipid increases, either
miscelles or bilayers form, depending
upon the lipid and conditions.
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lipoproteins, or HDLs, have a relatively lower ratio of lipid to protein and
are used in the removal of cholesterol and fats from tissues.

Functions of Lipids
Lipids perform a variety of tasks in biological systems. Terpenes, steroids,
and eicosanoids act as communication molecules, either with other organ-
isms or with other cells within the same organism. The highly reduced 
carbon atoms in triglycerides help to make fats an ideal energy storage com-
pound.

Some of the functions of lipids are related to the structures they form.
The micelle formation characteristic of fatty acids, detergents, and soaps in
aqueous solution helps to dissolve dirt and other hydrophobic materials.
Lipid bilayers play many vital roles. Liposomes are used to deliver drugs 
to desired tissues. A cell membrane, because of its hydrophobic core, is a
substantial barrier to the passage of ions, allowing the cell interior to have
concentrations of ions different from those of the extracellular environment.
Bilayers are good electrical insulators, and aid in the transmission of nerve
impulses along the conducting portions of nerve fibers. The importance of
lipids in neural function is seen in diseases in which these insulators are 
lost, such as multiple sclerosis, or not properly maintained, such as Tay-
Sachs disease.

Although they are a chemically diverse assortment of compounds, lipids
share a number of properties. The amphipathic nature of lipid molecules
encourages the formation of more complex structures such as micelles, bi-
layers, and liposomes. These structures, as well as the actual lipid substances
themselves, affect all aspects of cell biology. SEE ALSO Fats and Fatty
Acids; Lipid Bilayers; Membrane; Phospholipids.

Ann T. S. Taylor
Scott E. Feller
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aqueous solution: homogenous mixture in
which water is the solvent (primary
component)

An electron micrograph of lipid droplets
in the fat cell of a rat.
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Liquid Crystals
In 1888 the Austrian botanist and chemist Friedrich Reinitzer, interested in
the chemical function of cholesterol in plants, noticed that the cholesterol
derivative cholesteryl benzoate had two distinct melting points. At 145.5°C
(293.9°F) the solid compound melted to form a turbid fluid, and this fluid
stayed turbid until 178.5°C (353.3°F), at which temperature the turbidity
disappeared and the liquid became clear. On cooling the liquid, he found
that this sequence was reversed. He concluded that he had discovered a new
state of matter occupying a niche between the crystalline solid and liquid
states: the liquid crystalline state. More than a century after Reinitzer’s dis-
covery, liquid crystals are an important class of advanced materials, being
used for applications ranging from clock and calculator displays to temper-
ature sensors.

Mesophases
In a crystalline solid, the molecules are well ordered in a crystal lattice.
When a crystal is heated, the thermal motions of the molecules within the
lattice become more vigorous, and eventually the vibrations become so
strong that the crystal lattice breaks down and the molecules assume a 
disordered liquid state. The temperature at which this process occurs is 
the melting point. Although the transition from a fully ordered structure
to a fully disordered one takes place in one step for most compounds, this
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crystal lattice: three-dimensional
structure of a crystaline solid

lattice: systematic geometrical
arrangement of atomic-sized units that
constitute the structure of a solid

melting point: temperature at which a
substance in the solid state undergoes a
phase change to the liquid state

A digital fish finder, the display of which
is made with the use of liquid crystal
diodes.
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transition is not a universal behavior. For some compounds, this process of
diminishing order as temperature is increased occurs via one or more in-
termediate steps. The intermediate phases are called mesophases (from the
Greek word mesos, meaning “between”), or liquid crystalline phases. Liquid
crystalline phases have properties intermediate between those of fully or-
dered crystalline solids and liquids. Liquid crystals are fluid and can flow
like liquids, but the magnitudes of some electrical and mechanical proper-
ties of individual liquid crystals depend on the direction of the measurement
(either along the main crystal axis or in another direction not along the main
axis). Typical liquid crystals have rodlike or disklike shapes. Classes of liq-
uid crystalline states or mesophases can be distinguished according to de-
grees of internal order.

The least ordered liquid crystalline phase for rodlike molecules is the
nematic phase (N), in which the long axes of individual molecules have an
approximate direction (which is called the director, n). A nematic phase ma-
terial has a low viscosity and is therefore very fluid. The term “nematic” is
derived from the Greek word for thread (after the threadlike microscopic
textures exhibited by nematic phase substances). In the smectic phases, the
molecules have more order than molecules existing in the nematic phase.
Just as in the nematic phase, the molecules have their long axes more or less
parallel to the director. Additionally, the molecules are more or less con-
fined to layers. The term “smectic” is derived from the Greek word for soap
(owing to the fact that smectic liquid crystals have mechanical properties
similar to those of concentrated aqueous soap solutions). The smectic phases
are divided into classes based on degree of molecular order; the smectic A
phase (SmA) and the smectic C phase (SmC) are the most studied ones. In
the SmA phase, the molecules are perpendicular to the smectic layer planes,
whereas in the SmC phase they are tilted. Substances assuming these phases
have some fluidity, but their viscosities are much higher than that of a ne-
matic phase substance. In Figure 1, the arrangements of molecules in the
nematic, smectic A, and smectic C phases are shown schematically. Chiral
molecules (molecules lacking a center of symmetry) can assume a cholesteric
phase, also called a chiral nematic phase. In this mesophase, the molecules
have helical arrangements. The pitch is the distance along a longitudinal
axis corresponding to a full turn of the helix.

Typical mesophases formed by disklike molecules are columnar, wherein
the molecules are “stacked” into columns. The columns are in turn packed
together to form two-dimensional arrays. In addition to the columnar
arrangements, the molecules can become ordered in a way that is compa-
rable to a heap of coins spread on a flat surface—the discotic nematic phase.

Liquid Crystals
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phase: homogeneous state of matter

perpendicular: condition in which two
lines (or linear entities like chemical
bonds) intersect at a 90-degree angle

helix: form of a spiral or coil such as a
corkscrew

Figure 1. Rodlike molecules in the
nematic phase (N), the smectic A phase
(SmA) and in the smectic C phase
(SmC). The director is denoted as n.
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Displays

By far the most important application of liquid crystals is display devices.
Liquid crystal displays (LCDs) are used in watches, calculators, and laptop
computer screens, and for instrumentation in cars, ships, and airplanes. 
Several types of LCDs exist. In general their value is due to the fact 
that the orientation of the molecules in a nematic phase substance can be
altered by the application of an external electric field, and that liquid 
crystals are anisotropic fluids, that is, fluids whose physical properties de-
pend on the direction of measurement. It is not pure liquid crystalline com-
pounds that are used in LCDs, but liquid crystal mixtures having optimized
properties.

The simplest LCDs that display letters and numbers have no internal
light source. They make use of surrounding light, which is selectively re-
flected or absorbed. An LCD is analogous to a mirror that is made non-
reflective at distinct places on its surface for a certain period. The main ad-
vantage of an LCD is low energy consumption. More ad-vanced LCDs need
back light, color filters, and advanced electronics to display complex figures.
The best-known LCD is the so-called twisted nematic display.

Liquid Crystal Thermometers

The use of liquid crystals as temperature sensors is possible because of 
the selective reflection of light by chiral nematic (cholesteric) liquid crys-
tals. A chiral nematic liquid crystal reflects light having a characteristic wave-
length determined by its pitch and by the viewing angle (the angle between
the eye of the observer and the surface of the liquid crystal). Because the
pitch of a chiral nematic compound is temperature-dependent, observed
color is a function of temperature. Liquid crystals can therefore serve 
as thermometers. By mixing chiral nematic compounds, thermometers can
be customized to be effective in a desired temperature range. The color 
variation of some liquid crystal thermometers extends across the entire 
visible light spectrum within changes of a few tenths of a degree centigrade.
For use in devices, microcapsules containing chiral nematic mixtures are
mixed with binder materials. Liquid crystal thermometers find application
in medicine (medical thermography). A liquid crystal thermometer attached
to the skin can measure temperature variations of the skin. This can be 
useful in the detection of skin cancer, as tumors have different temperatures
than surrounding tissues. In electronics, liquid crystal temperature sensors
can pinpoint bad connections within a circuit board by detecting the 
characteristic local heating. The color changes of gadgets such as “mood
rings” are a manifestation of chiral nematic mixtures. SEE ALSO Inorganic
Chemistry.

Koen Binnemans
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Liquids
A liquid is one state in which matter can exist. A liquid can take the shape
of any container it is placed in (unlike a solid), but the volume of the liquid
will always remain constant (unlike a gas).

Liquid-Particle Movement
On a molecular level the molecules of a liquid are arranged, or ordered some-
where between the order of a solid and the randomness of a gas. The parti-
cles comprising a solid occur in an ordered fashion, producing a characteristic
three-dimensional configuration that is present throughout the entire struc-
ture. The forces between particles in a solid are strong, holding the particles
in a rigid form. A solid is therefore noncompressible and cannot flow to take
the shape of its container. Conversely, in a gas the particles have no regu-
larity in their arrangement, have essentially unrestricted movement, and are
widely separated. Because the forces between particles are small, the parti-
cles may move apart and fill the available space. The shape and volume of a
gas may therefore be changed.

A molecule of a liquid experiences an environment similar to that of a
solid—it is in close proximity to its neighbors and has similar packing den-
sity. In a liquid, however, particles have no long-range order (i.e., only on
a localized basis). The intermolecular forces between particles of a liquid
are stronger than the kinetic energies of the molecules, which are thus held
close together. These forces, however, do not hold the molecules in a rigid
structure. Subsequently the molecules can move with respect to each other,
allowing a liquid to flow. A liquid is minimally compressible and much denser
than a gas, and maintains a constant volume.

The particles comprising liquids can be molecules or atoms depending
on the chemical nature of the substance. The general characteristics of a
liquid are the same irrespective of its composition (molecules versus atoms)
but hydrogen bonding can increase the attractive forces between molecules
making a liquid flow less easily.

Decreasing the kinetic energy of particles of a liquid by cooling will even-
tually result in the change of state from liquid to solid. Similarly, increasing
the kinetic energy by heating will result in the state change from liquid to
gas. For example, at a pressure of one atmosphere, pure water changes from
liquid to solid at 0°C (32°F) and from liquid to gas at 100°C (212°F).

Surface Tension
Surface tension is the appearance of a film over the top of a liquid, making
the liquid behave as if it had a skin. It is because of surface tension that a
small object like a pin or an insect can be supported on the surface of a liq-
uid. This phenomenon is caused by the attraction between molecules of a
liquid. In the bulk of a liquid any individual molecule is attracted equally in
all directions by all adjacent molecules. At the surface of the liquid, how-
ever, there are no molecules attracting the surface molecules other than
those in the liquid itself. This leads to a net attraction for the surface mol-
ecules into the liquid, in a direction parallel to the surface.

The most noticeable effect of surface tension is to reduce the surface of
the liquid to the smallest possible size. Surface tension on water, for exam-
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intermolecular forces: force that arises
between molecules; generally it is at least
one order of magnitude weaker than the
chemical bonding force

hydrogen bonding: intermolecular force
between the H of an N–H, O–H, F–H
bond and a lone pair on O, N, or F of an
adjacent molecule
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ple, causes water droplets to form the familiar bead shape (particularly no-
ticeable on a wax surface). This surface tension can be destroyed by the ad-
dition of a detergent, causing the water droplet to spread out to a thin film
covering the surface of the container.

To expand the surface of a liquid, the forces pulling the particles in-
ward must be overcome. Surface tension is a measure of the amount of en-
ergy required to increase the surface area of a liquid by a given amount. A
liquid displaying hydrogen bonding will have a higher surface tension than
one that does not. For example, at 20°C (68°F) water has a surface tension
of 7.29 � 10�2 joules per meter squared (the amount of energy that must
be applied to water to increase the surface area by 1 meter squared). For
mercury the surface tension is even higher (4.6 � 10�1 joules per meter
squared at 20°C); this is due to the stronger metallic bonds between the
atoms of mercury.

Viscosity
Viscosity is a measure of how thick (viscous) and sticky a liquid is. Viscosity
reduces the ability of a liquid to flow. Any liquid that can flow readily (such
as water) will have a low viscosity. Liquids with a high viscosity (such as mo-
lasses and motor oil) will flow more slowly and with greater difficulty.

Viscosity can be measured by timing how long it takes for the liquid to
flow through a capillary tube or how long it takes for a steel ball to fall
through the liquid. At a molecular level viscosity is a function of the at-
tractive forces of the molecules of the liquid and, to a lesser extent, the pres-
ence of structural components (such as long-chain molecules) that can
become entangled (a form of steric hindrance). Temperature also greatly af-
fects viscosity: as temperature increases, viscosity decreases. This is because
higher levels of kinetic energy are more able to overcome the intermolec-
ular attractive forces.

Liquid Crystals
The term “liquid crystal” describes an intermediate state between a solid
and a liquid. On heating to a specific temperature, some solids become
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A waterstrider bug standing on the
surface of water, a demonstration of the
surface tension of water.
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cloudy liquids, then become clear when the temperature is raised even fur-
ther. For such substances, the temperature range at which this intermedi-
ate state—called the liquid crystal state—exists is always the same. In 1888
Austrian botanist and chemist Frederich Reinitzer was the first to discover
a substance (cholesterol benzoate) that exhibited this behavior. Cholesterol
benzoate melts at 145°C (293°F) to form a cloudy, milklike liquid, but at
179°C (354°F) the liquid becomes clear.

Liquid crystals are composed of long, rodlike molecules that can be or-
dered in a number of ways. There are three groups of liquid crystals: cho-
lesteric, nematic, and smectic. In the cholesteric form all of the molecules
in one layer are aligned in the same manner, but adjacent layers have the
molecules twisted with respect to each layer (commonly encountered in crys-
tals of cholesterol from which the name originates). In the case of a nematic
liquid crystal, the axes of the molecules are aligned but the ends of the mol-
ecules are not aligned or adjacent to each other. The smectic liquid crystal
is characterized by the axes and the ends of the molecules being aligned.
The ordering of the molecules is altered by changes in pressure, tempera-
ture, and electric and magnetic fields.

Glasses
Glasses are supercooled liquids that form a noncrystalline solid. The most
frequently encountered glass is the supercooled form of liquid silicon 
dioxide—the glass used in windows, for example. When silicon dioxide is
heated to 1,600°C (2,912°F), it forms a viscous liquid. Upon rapid cool-
ing, silicon-oxygen bonds are formed before the atoms are able to arrange
themselves in a regular pattern characteristic of a solid.

Glasses share a number of common characteristics regardless of their
origins. All glasses are transparent or translucent, hard, brittle, and resistant
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to chemical attack. Glasses can be made from a range of acidic oxides in-
cluding lead, boron, and phosphorus. When a glass is heated to its soften-
ing point, the material begins to crystallize and becomes more brittle and
opaque. Toughening of glass can be brought about by rapid cooling during
its production or by chemical treatment of the surface. To produce colored
glass, metallic oxides or other compounds are added. For window glass other
compounds can be added to make the characteristics more desirable; these
include sodium carbonate, calcium oxide (lime), or calcium carbonate. SEE

ALSO Glass; Molecular Structure; Physical Chemistry.
Gordon Rutter
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Lister, Joseph
BRITISH SURGEON
1827–1912

Joseph Lister is known as the founder of antiseptic surgery, a significant ad-
vance in medicine developed in the nineteenth century. Infection of wounds
and surgical incisions was a major cause of hospital deaths before Lister de-
veloped a way of preventing these infections with chemical antiseptics. His
discovery made surgery much safer and permitted surgeons to perform op-
erations not previously attempted because of the high risk of fatal infections.

Lister attended University College in London, England, for both his
undergraduate and medical education, graduating with honors in 1852. His
first position following graduation was as a staff surgeon at University Col-
lege Hospital. In 1854 he accepted an appointment in Edinburgh, Scotland,
as an assistant to Dr. James Syme, a prominent surgeon and noted profes-
sor of surgery. In 1856 Lister married Dr. Syme’s daughter, Agnes, and ac-
cepted a position as an assistant surgeon at the Royal Infirmary in Edinburgh.
Lister developed a reputation as both a skillful surgeon and excellent teacher.
In 1861 he was appointed professor of surgery at the University of Glasgow
where he began the experiments that led to the practice of antiseptic surgery.

When Lister became a practicing surgeon in 1852, conditions in surgi-
cal wards were truly appalling. Most surgeons operated with unwashed hands
and dirty instruments while wearing bloodstained operating coats that were
never washed. The patients then rested in beds with dirty linens that were
often not even changed between patients. Consequently many patients sur-
vived the operation only to die from gangrene or blood poisoning. Nearly
all surgical patients experienced infections and the smell of putrefaction
permeated surgical wards. The cause of infection was generally attributed
to “bad air” and was considered an unavoidable aspect of all hospitals.

In 1864 Lister discussed the possible causes of putrefaction with a chem-
istry colleague who suggested that Lister read the publications of a French
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chemist named Louis Pasteur. Pasteur had demonstrated that both fermen-
tation of liquids and spoilage of butter were caused by “germs” carried in
the air, and if these germs were prevented from entering a flask, fermenta-
tion and spoilage could be prevented. Lister saw a connection with hospi-
tal infections and concluded that it was not air itself that caused infection,
but germs carried in the air. Lister reasoned that if hospital germs could be
killed, infections could be prevented.

Pasteur had killed germs by boiling, a technique which could not be
used on patients, but chemicals that killed germs could be applied to wounds,
instruments, the surgeon’s hands, and to bandages. Carbolic acid, now called
phenol, was already known as a deodorizing agent and preservative, and
Lister thought it might kill the germs that were causing infections. In 1865
Lister began using carbolic acid as an antiseptic during surgery and in ban-
daging afterward, publishing his results in 1867.

Initially his procedures were met with scorn and the idea that invisible
germs were the cause of hospital infections was widely ridiculed. As his stu-
dents and visitors witnessed antiseptic surgery’s great success in reducing
deaths from hospital infections, however, Lister’s procedures became ac-
cepted. Within a few years Lister was honored in Germany and France, but
not yet recognized in London. Following an appointment as professor of
clinical surgery at King’s College, Lister was able to directly demonstrate
the success of his procedures to skeptical London surgeons. In recognition
of his contribution to medicine, Lister was made a baronet in 1883 and
named Baron Lister in 1897.

Lister, Joseph
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Although use of carbolic acid as a germ-killing antiseptic in surgery was
later replaced by more effective techniques, Lister became world-renowned
for demonstrating the importance of preventing microbial contamination of
wounds and surgical incisions. SEE ALSO Iodine; Pasteur, Louis.

Robert K. Griffith
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Lithium
MELTING POINT: 180.5°C
BOILING POINT: 1,342°C
DENSITY: 0.534 g/cm3

MOST COMMON IONS: �1

Lithium is a soft, silvery alkali metal and has the lowest density of any metal.
The word “lithium” is derived from “lithos” (Greek for “stone”). Johan A.
Arfvedson discovered lithium in Stockholm, Sweden, in 1817. Humphry
Davy isolated it via electrolysis in 1818. Currently, lithium metal is gener-
ated by the electrolysis of a molten mixture of lithium chloride, LiCl, and
potassium chloride, KCl. In nature it is never found in its elemental form.
Its main sources are the minerals spodumene, petalite, lepidolite, and am-
blygonite. Lithium’s average crustal abundance is about 18 ppm. It has the
highest specific heat of any solid element and is the least reactive alkali metal
toward water. Lithium burns crimson in the flame test.

Metallic lithium has a variety of uses. It is used as an anode material in
batteries and as a heat transfer agent. Magnesium-lithium alloys are used
to produce armor plate and aerospace materials, while aluminum-lithium 
alloys find applications in the aircraft industry. Lithium is also used to 
produce chemical reagents such as LiAlH4 (a reducing agent) and n-
butylithium (a strong base).

Compounds of lithium are also economically important. Air condition-
ing systems use LiCl and LiBr because they are very hygroscopic and read-
ily absorb water from the air. Thermonuclear weapons incorporate lithium
deuteride, LiD. Lithium stearate is obtained by treating tallow with lithium
hydroxide, LiOH, and is used as a thickener that imparts high temperature
resistance to lubricants. Carbon dioxide removal systems in submarines and
spacecraft use LiOH. Lithium carbonate, Li2CO3, is used to increase the
electrical current flow in the electrolytic production of aluminum from baux-
ite and to strengthen glasses by substituting for sodium ions. Although
lithium carbonate has been used to treat bipolar (manic-depressive) disor-
der since 1949, its mechanism of operation is still not completely under-
stood. SEE ALSO Alkali Metals; Davy, Humphry.
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solid phase of which is characterized by
high thermal and electrical conductivities

alloy: mixture of two or more elements, at
least one of which is a metal

reagent: chemical used to cause a
specific chemical reaction

reducing agent: substance that causes
reduction, a process during which
electrons are lost (or hydrogen atoms
gained)
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Lonsdale, Kathleen
IRISH CRYSTALLOGRAPHER
1903–1971

Kathleen Lonsdale was born Kathleen Yardley in Newbridge, Ireland, on
January 28, 1903. She was the youngest of ten children (four of whom died
in infancy). In 1908 Lonsdale’s mother, Jessie, separated from her husband
and emigrated with her children to England. Lonsdale was a bright child,
and although the older children had to leave school and go to work, she
stayed in school and was allowed to enroll in Bedford College, University
of London, at age sixteen, to study mathematics and, later, physics. She grad-
uated in 1922 at the top of her class and her teacher and mentor, the emi-
nent English physicist Sir William Henry Bragg, recruited her to join his
research group in London. She began to work in x-ray crystallography (the
analysis of crystal structure by means of x rays), then a new field, and be-
came a leading scientist in this field.

In 1927 Lonsdale married Thomas Lonsdale and she and her husband
lived in Leeds, England, for three years. There she was given crystals of
hexamethylbenzene and hexachlorobenzene for analysis by the English
chemist Sir C. K. Ingold. She subsequently confirmed that the benzene ring
was flat, with all carbon-carbon angles and bond lengths identical. Hers was
the first experimental proof. Ingold said of her published account of ben-
zene structure, “[O]ne paper like this brings more certainty into organic
chemistry than generations of activity by us professionals.” She was the first
scientist to apply Fourier analysis (a type of mathematical analysis) to the
analysis of crystal structure.

In 1930 Lonsdale moved back to London. In London she brought up
three children while conducting research at home. In 1931 she rejoined
Bragg at the Royal Institution of Great Britain and there (using the rooms
of the great Michael Faraday) continued her work in the analysis of crys-
tals. She stayed at the Royal Institution until 1946. Her major contribution
to chemistry and physics was to establish the theoretical foundation of crys-
tallography. Lonsdale helped to create the structure factor tables that are
used by present-day crystallographers, and edited the International Tables of
X-Ray Crystallography (1935), the “crystallographer’s bible.”

In 1946 Lonsdale moved to University College, London (UCL), where
she became professor of chemistry in 1949 and remained until her retire-
ment in 1968. With great modesty she said she knew very little chemistry,
and no organic chemistry. She gathered about herself a large research group
and trained many crystallographers. She worked on many crystal structure
problems, including the clarification of the structure of diamond and the
nature of urinary stones.

Lonsdale accrued many “firsts”: one of the first two women to be elected
Fellow of the Royal Society (1945); the first woman professor at UCL
(1949); the first woman to become president of the International Union of
Crystallography (1966) and of the British Association for Science (1968). It
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structure of benzene.
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is partly because of her example and influence that women have been so
prominent in crystallography.

Lonsdale became a Quaker in 1936 and went to jail in England for her
participation in conscientious objection during World War II. After the jail
experience she became active in prison reform and later in the international
peace movement. Her political activism was as significant to her as her sci-
entific achievements. Among her books were Is Peace Possible? (1957) and
The Christian Life Lived Experimentally (1976) and she saw no conflict be-
tween her faith and her science, nor between being a wife and mother and
being a scientist.

Lonsdale continued to work in various ways (including scientific, ed-
ucational, and charitable work) during her official retirement. She died on
April 1, 1971. In 1981 the chemistry building at UCL was named the
Kathleen Lonsdale Building in her honor. SEE ALSO Bragg, William
Henry; Organic Chemistry; Solid State.

Peter E. Childs
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Low Density Lipoprotein (LDL)
Lipids are nonpolar molecules and are relatively insoluble in aqueous so-
lutions. At low concentrations, cholesterol and cholesterol esters, as well
as other lipids, may form microscopic droplets called chylomicrons (lipid-
protein complexes) that are somewhat stable in solution. At high concen-
trations, the lipids would form larger droplets and clog blood vessels, so they
must be transported as complexes of lipid and protein called lipoproteins.
Lipoproteins are complexes of lipid and precursor protein molecules called
apolipoproteins.

Some portions of the apolipoprotein molecules are nonpolar (hydro-
phobic), and these are usually oriented toward the inside (near the lipid por-
tion) of the complex. Polar amino acid side chains in the protein portions
are oriented toward the outside of the complex, where they associate with
the aqueous environment, rendering the complex soluble in blood plasma.
This type of structure resembles that of micelles.

Lipoprotein complexes usually have a lipid core surrounded by one or
more apolipoprotein molecules. These complexes can be separated into
classes according to density. They range from very low density lipoproteins
(VLDL), having densities of less than 1.006 g/mL, to low density lipopro-
teins (LDL), having densities of between 1.019 and 1.063 g/mL, to high
density lipoproteins (HDL), having densities of between 1.063 and 1.210
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lipid: a nonpolar organic molecule;
fatlike; one of a large variety of nonpolar
hydrophobic (water-hating) molecules that
are insoluble in water

nonpolar: molecule, or portion of a
molecule, that does not have a
permanent, electric dipole

aqueous solution: homogenous mixture in
which water is the solvent (primary
component)

ester: organic species containing a carbon
atom attached to three moieties: an O via
a double bond, an O attached to another
carbon atom or chain, and a H atom or C
chain; the R(CŒO)OR functional group

hydrophobic: a part of a molecule that
repels water
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g/mL. In general, the density of the lipoprotein increases as the proportion
of apolipoprotein increases.

Small amounts of cholesterol may be transported as part of chylomi-
crons, but cholesterol is usually carried within lipoproteins, including low
density lipoprotein (LDL), which carries cholesterol from the liver to mus-
cle and other tissues, and high density lipoprotein (HDL), which carries
cholesterol to the liver for conversion to bile acids. Physicians are especially
concerned when patients have high levels of LDL (the so-called bad cho-
lesterol) in blood; moderate exercise and low-cholesterol diets help to in-
crease HDL (the so-called good cholesterol). Either high fat intake or
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An angiogram of the carotid artery. The
darker section indicates blockage. LDL,
or “bad cholesterol,” which at high
concentrations can clog blood vessels,
can be detected by the use of an
angiogram.
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problems with transport of cholesterol can lead to atherosclerosis, which in
turn can contribute to heart attack (myocardial infarction) or stroke. SEE

ALSO Cholesterol; Lipids; Proteins.
Dan M. Sullivan
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Lucretius
ROMAN NATURAL PHILOSOPHER
ca. 95 B.C.E.–ca. 55 B.C.E.

Little is known about Titus Lucretius Carus beyond what can be gathered
from his poem De rerum natura. He was born in about 95 B.C.E., but the
exact date is uncertain. The exact date and circumstances of his death are
also uncertain, but he probably died in or before the year 55 B.C.E. We do
know from his poem that he believed the teachings of the Greek atomists,
ranging from those of Democritus of Abdera (ca. 460 B.C.E.–ca. 362 B.C.E.)
to those of Epicurus (ca. 341 B.C.E.–270 B.C.E.). Unlike the writings of Dem-
ocritus or Epicurus, Lucretius’s poem was one of the few literary works not
lost to European peoples after the collapse of the classical world.

De rerum natura is a poem in the Latin language that gives a summary
of the teachings of the Greek atomists. His starting point is a reliance on
direct human experience of the natural world. From this starting point he
reasons: “Nothing can ever be created by divine power out of nothing” (Lu-
cretius, p. 31). Accordingly, if something could be created out of nothing,
things would pop in and out of existence without any pattern at all. From
that deduction Lucretius develops a philosophy that does not allow for oc-
cult forces, superstition, or magic. Beliefs such as these were pervasive in
the Roman world during his lifetime. That philosophy also clearly sets
“atomism” against any sort of theistic religion. This religious antagonism
would continue to plague atomic theories until the modern era.

According to Lucretius: “All nature as it is in itself consists of two things—
bodies and the vacant space in which the bodies are situated and through
which they move in different directions” (p. 39). He addresses the question
of the immense variety of material things found in nature by recognizing that
there must be some way for atoms to combine and at the same time maintain
their individual characters: “Material objects are of two kinds, atoms and com-
pounds of atoms. The atoms themselves cannot be swamped by any force, for
they are preserved indefinitely by their absolute solidity” (p. 41). Lucretius
does not suggest that we directly experience atoms. He makes no claims as to
the shapes of atoms or any other of their characteristics. SEE ALSO Atoms.

David A. Bassett

Bibliography
Lucretius (1951, reprint 1977). On the Nature of the Universe, tr. by Ronald Latham.

New York: Penguin Books.

Lucretius

53

67368_v3_001-270.qxd  1/26/04  1:58 PM  Page 53



Luciferins Bioluminescence; Chemiluminescence.

Lutetium
MELTING POINT: 1,675°C
BOILING POINT: 3,315°C
DENSITY: 9.84 g/cm3

MOST COMMON IONS: Lu3�

The mixture of oxides known as ytterbia was obtained from yttria by Jean-
Charles-Galissard de Marignac in 1878. From ytterbia the oxides of three el-
ements were isolated: ytterbium (named after the town of Ytterby) by
Marignac; scandium (named after Scandinavia) by L. F. Nilson in 1879; and
lutetium (named after Lutetia, an ancient name of Paris) by G. Urbain, C. A.
von Welsbach, and C. James in 1907. Lutetium is a rare element (compris-
ing 7.5 (10�5% of the igneous rocks of Earth’s crust) and is found together
with the heavy lanthanides. Essentially, there are two methods used to sep-
arate lutetium from monazite concentrates: (1) the extraction of aqueous so-
lutions of lutetium nitrates with tri-n-butyl-phosphate (using kerosene as an
inert solvent); and (2) using cationic exchange resins and solutions of EDTA,
the triammonium salt of ethylenediamino-triacetate, as the eluant. The met-
als are obtained by electrolysis of the fused salts, or by metallothermic re-
duction of the anhydrous halides (especially the fluoride) with calcium at
elevated temperatures. Lutetium is a diamagnetic trivalent element.

The lutetium halides (except the fluoride), together with the nitrates,
perchlorates, and acetates, are soluble in water. The hydroxide oxide, car-
bonate, oxalate, and phosphate compounds are insoluble. Lutetium com-
pounds are all colorless in the solid state and in solution. Due to its closed
electronic configuration (4f14), lutetium has no absorption bands and does
not emit radiation. For these reasons it does not have any magnetic or 
optical importance. SEE ALSO Cerium; Dysprosium; Erbium; Europium;
Gadolinium; Holmium; Lanthanum; Neodymium; Praseodymium; Prome-
thium; Samarium; Terbium; Ytterbium.

Lea B. Zinner
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Magnesium
MELTING POINT: 651°C
BOILING POINT: 1,107°C
DENSITY: 1.738 g/cm3 at 20°C
MOST COMMON IONS: Mg2�

Magnesium was first recognized as an element by Joseph Black in 1755. In
1808 Sir Humphry Davy isolated the element, and in 1831 H. Bussy 
devised a method for producing it. Magnesium, in its combined states, is
readily abundant and is the eighth most common element in Earth’s crust.
Magnesium metal is silvery white in color.
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lanthanides: a family of elements (atomic
number 57 through 70) from lanthanum
to lutetium having from 1 to 14 4f
electrons

aqueous solution: homogenous mixture in
which water is the solvent (primary
component)

inert: incapable of reacting with another
substance

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

diamagnetic: property of a substance that
causes it to be repelled by a magnetic
field
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The most common method for producing elemental magnesium is in
fused salt electrolytic cells, wherein magnesium chloride (MgCl2) is decom-
posed by applying a voltage to elemental magnesium and chlorine gas. The
magnesium chloride feed is obtained directly from seawater or from magne-
sium oxide deposits containing magnesite or dolomite. In these cases, the ox-
ide is first chlorinated prior to electrolysis. Another method is to produce
magnesium directly from the oxide by reducing the oxide with silicon under
vacuum. The resultant Mg vapor is condensed to recover Mg metal. This
process is carried out in vacuum retorts and is known as the Pidgeon process.

The principal uses of Mg are for alloying with aluminum, for desul-
phurizing steel and pig iron, and for nodularizing the graphite in cast irons.
Recently, researchers have focused on using Mg alloys to produce light-
weight components in automobiles. As a result, Mg usage in vehicles is
steadily increasing.

Compounds of magnesium, including the hydroxide, the chloride, the cit-
rate, and the sulfate, are used in the medical field. Magnesium is an important
element in both animal and plant life. On average, adults require a daily in-
take of about 300 milligrams (0.011 ounces) of magnesium. SEE ALSO Alka-
line Earth Metals; Black, Joseph; Davy, Humphry; Inorganic Chemistry.
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Magnetic Resonance Imaging See Nuclear Magnetic Resonance.

Magnetism
The magnetic properties of materials were recognized by the ancient Greeks,
Romans, and Chinese, who were familiar with lodestone, an iron oxide min-
eral that attracts iron objects. Although the attractive or repulsive forces
that act between magnetic materials are manifestations of magnetism fa-
miliar to everybody, the origin of magnetism lies in the atomic structure of
matter. Despite the fact that magnetism can be explained only by the quan-
tum theory developed at the beginning of the twentieth century, qualitative
predictions of magnetic properties can be made within the context of clas-
sical physics. Magnetic forces originate in the motion of charged particles,
such as electrons. The electrons “spin” around their axis and move in or-
bits around the nucleus of the atom to which they belong. Both motions
generate tiny electric currents in closed loops that in turn create magnetic
dipole fields, just as the current in a coil does. When placed in a magnetic
field, the tiny magnetic dipole fields tend to align with the external field.

According to their behavior in inhomogeneous magnetic fields, materials
can be classified into three main categories: diamagnetic, paramagnetic, and
ferromagnetic. Paramagnetic materials are attracted into a magnetic field. The
main cause of this effect is the presence in the material of atoms that have a
net magnetic moment composed of electron spin and orbital contributions.
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voltage: potential difference expressed in
volts

alloy: mixture of two or more elements, at
least one of which is a metal

repulsive force: force that causes a
repulsion between two bodies; charges of
the same sign repel each other

diamagnetic: property of a substance that
causes it to be repelled by a magnetic
field
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When placed in a magnetic field, the magnetic moments of the atoms, which
are otherwise randomly oriented, tend to align with the field and thus en-
hance the field. Paramagnetism is temperature dependent because increased
thermal motion at higher temperatures impedes the alignment of the mag-
netic moments with the field. Diamagnetic materials are slightly repelled by a
magnetic field. This effect occurs for materials that contain atoms in which
the spin and orbital contributions to the magnetic moment cancel out. In this
case, the interaction between the material and a magnetic field is caused by
the occurrence of currents induced by the magnetic field in the atoms. The
dipole fields corresponding to these currents are directed opposite to the ap-
plied magnetic field and cause expulsion of the material from the field. Fer-
romagnetic materials contain atoms that have magnetic moments that are
aligned even in the absence of an applied magnetic field because of mutual
interactions, creating a sizable net magnetic moment for domains of the ma-
terial. The magnetic moments of domains can be randomly oriented unless a
magnetic field is applied to the material.

Iron, cobalt, nickel, and their alloys are examples of ferromagnetic ma-
terials. These three elements are transition metals, and their atoms or ions
have unpaired electrons in d orbitals. Rare-earth ions also have unpaired
electrons situated in f orbitals. A detailed investigation of the properties of
molecules that contain such metal ions in a magnetic field can provide sig-
nificant information about how their electrons are distributed in orbitals.
Typically, d orbitals of isolated atoms are degenerate (Figure 1a). This sit-
uation changes when the metal ions are part of molecules in which they
experience a nonspherically symmetric environment. Figures 1b and 1c
show the splitting of d orbitals for a transition metal ion that has six un-
paired electrons and is situated in an environment of six atoms in an octa-
hedral arrangement. Depending on the size of the splitting (the lighter
shading in Figure 1) and the interelectron repulsion, the metal ion may
have four unpaired electrons (Figure 1b) or no unpaired electrons (Figure
1c). This difference in electron distribution leads to significant differences
in the magnetic properties of the molecules that contain such ions, with
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alloy: mixture of two or more elements, at
least one of which is a metal

transition metals: elements with valence
electrons in d-sublevels; frequently
characterized as metals having the ability
to form more than one cation

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

octahedral: relating to a geometric
arrangement of six ligands equally
distributed around a Lewis acid; literally,
eight faces

Iron filings in a circular pattern around a
magnet, indicative of the field of force of
the magnet.
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the former being paramagnetic and the latter being diamagnetic. When
there are multiple metal sites in a molecule, the spins at different metal
ions can be either ferro- (parallel) or antiferro-magnetically (antiparallel)
aligned to each other. Clever use of the magnetic properties for metal ions
and of the interactions between spins manifested in molecular systems en-
ables scientists to design and synthesize molecular systems with interesting
properties, such as molecular magnets.

Magnetic materials are widely used for building technological devices
and scientific tools. Classical examples are electromagnets that are used in
motors, clutches, and breaking systems. The electromagnet makes use of an
iron core situated in a solenoid through which electric current is passed.
This current creates a magnetic field at the center of the solenoid that ori-
ents the magnetic moments in the domains of the iron core, which in turn
results in a significant enhancement of the magnetic field at the core of the
solenoid. Electromagnets can also be used to record information on mag-
netic tape, which has a ferromagnetic surface.

Finally, although atomic nuclei have significantly smaller magnetic mo-
ments than electrons, the study of their interaction with magnetic fields has
many important applications. They enable the scientists in the biological
and medical fields to elucidate the structure of biologically relevant mole-
cules such as proteins and to diagnose diseases using magnetic resonance
imaging. SEE ALSO Maxwell, James Clerk; Physical Chemistry.

Catalina Achim
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Manganese
MELTING POINT: 1,246 �3°C
BOILING POINT: 2,061°C
DENSITY: 7.21–7.44 g/cm3, depending upon allotrope
MOST COMMON IONS: Mn2�, Mn3��, MnO4

3�, MnO4
2�, MnO4

�

Manganese is a hard, brittle, gray-white metal in group 7B of the Periodic
Table. It was recognized as an element in 1774 by Swedish chemist Carl

Manganese
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metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities
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54.93805

(a) (b) (c)

d orbitals for
free ion

d orbitals for ion
in octahedral
environment

Figure 1. Splitting of d orbitals for a
transition metal ion.
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Wilhelm Scheele and isolated by his assistant Johan Gottlieb Gahn later
that year. The element’s name is derived from the Latin word magnes, mean-
ing “magnet.” This refers to the magnetic property of the common ore py-
rolusite.

Manganese is the twelfth most abundant transition element (1,060 parts
per million of Earth’s crust) with twenty-three known isotopes. Large nod-
ules of manganese ore have been discovered on the ocean floor. The pure
metal can be obtained by reduction of the oxide with sodium or by elec-
trolysis.

Manganese is more reactive that any of its neighbors on the Periodic
Table. It reacts with water to produce hydrogen gas and dissolves in dilute
acids to form Mn2�. The most stable oxidation state of manganese is �2.
The most important oxide formed is MnO2, which decomposes to Mn2O3

if heated above 530°C (932°F). The deep-purple manganate (VII) salts (per-
manganates) are prepared in aqueous solution by oxidation of Mn2�.

Manganese metal is used in many alloys. In conjunction with aluminum
and copper it forms strong ferromagnetic alloys. Ninety-five percent of all
manganese ores are used in the production of steel. The element improves
the strength and toughness of steel by acting as a scavenger of sulfur, pre-
venting the formation of FeS, which induces brittleness. Biologically, man-
ganese is an important trace element; it is essential to the utilization of
vitamin B1. Pyrolusite has been used in glassmaking since ancient Egypt, while
MnO2 is used in the manufacture of dry cells. The permanganate ion is a
strong oxidizing agent and is used in quantitative analysis and medicine. SEE

ALSO Coordination Compounds; Inorganic Chemistry; Scheele, Carl.
Catherine H. Banks

Bibliography
Greenwood, Norman N., and Earnshaw, A. (1997). Chemistry of the Elements, 2nd edi-

tion. Boston: Butterworth-Heinemann.
Lide, David R., ed. (2003). “Manganese.” In The CRC Handbook of Chemistry and

Physics, 84th edition. Boca Raton, FL: CRC Press.

Internet Resources

“Manganese.” U.S. Geological Survey, Mineral Commodity Summaries. Updated
January 2003. Available from �http://minerals.usgs.gov/minerals/pubs/commodity/
manganese/420303.pdf�.

Manhattan Project
Nuclear scientists knew in the 1930s that there was a tremendous amount
of energy locked in the atomic nucleus. The problem was how to access this
energy. With the discovery of nuclear fission in Germany by Otto Hahn,
Lise Meitner, and Fritz Strassmann in late 1938 and the subsequent expla-
nation of the process by Meitner and Otto Frisch, many scientists who had
been forced to flee from Europe became concerned that Germany might
somehow take advantage of this discovery and develop weapons based on
nuclear energy. Germany had many competent nuclear scientists, access to
heavy water in Norway, quantities of uranium oxide, and a strong engi-
neering history. In the fall of 1939, Leo Szilard, a Hungarian-born physi-
cist who had fled Germany for America, drafted a letter with Albert Einstein
to send to President Franklin Roosevelt under Einstein’s signature to warn

Manhattan Project
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isotope: form of an atom that differs by
the number of neutrons in the nucleus

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

aqueous solution: homogenous mixture in
which water is the solvent (primary
component)

alloy: mixture of two or more elements, at
least one of which is a metal

trace element: element occurring only in
a minute amount

vitamins: organic molecules needed in
small amounts for the normal function of
the body; often used as part of an
enzyme catalyzed reaction

fission: process of splitting an atom into
smaller pieces
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Roosevelt that weapons could be created using a nuclear chain reaction in
uranium and that it was very likely that Germany had started working on a
uranium bomb. This letter led to the formation of the Advisory Commit-
tee on Uranium. The committee did little, however, until Rudolf Peierls
and Frisch, working in England, made detailed calculations about the fea-
sibility of nuclear weapons and proposed some possible approaches to mak-
ing an atomic bomb.

Although government support was relatively weak, important nuclear-
science discoveries, unannounced for security reasons, were made in the
United States in 1940 and 1941. Potential pathways for enriching 235U, the
self-fissioning isotope of uranium, were developed, and Glenn Seaborg and
Arthur Wahl produced plutonium, an element that had great potential for
use in a nuclear weapon. In December 1941, President Roosevelt authorized
the formation of the Manhattan Engineer District of the Army Corps of
Engineers (“Manhattan Project”) as the organization that would oversee
the development of the atomic bomb. Groups of scientists, some of whom
were already working on nuclear energy research, were organized to work
on various aspects of the bomb project. One such project was called the
Metallurgical Laboratory at the University of Chicago, where Italian-born
physicist Enrico Fermi and other scientists worked on the construction of
the first nuclear reactor, powered by uranium enriched in 235U.

The Manhattan Project officially began on September 23, 1942, when
Colonel Leslie Groves was named director of the project. Groves acquired
production sites at Oak Ridge, Tennessee, and Hanford, Washington, and
he brought in Robert Oppenheimer, a physicist from the University of Cal-
ifornia at Berkeley, as the scientific director at Los Alamos, New Mexico.
Los Alamos was to be the center of physics research, engineering, and
weapons design. Oak Ridge was to be the site to enrich 235U, and Hanford
was to produce plutonium in nuclear reactors. Many of the country’s lead-
ing chemical and engineering firms were called in to design and construct
these production facilities

Oak Ridge was to produce uranium enriched in the self-fissioning iso-
tope 235U by gaseous diffusion of the volatile compound UF6 at the K-25
plant, a facility more than a mile long, and by electromagnetic separation
at the Y-12 plant. Nuclear reactors were built at Hanford to produce plu-
tonium from natural uranium, 238U. Processes were developed to chemically
separate and purify the plutonium isotopes 239 Pu and 240Pu. Scientists from
Great Britain also played key roles in the efforts at Los Alamos, and they
were instrumental in developing the functional design of the atomic bomb.
Work went on at a feverish pace during 1943 and 1944, and it was estimated
that an atomic weapon would be completed by early 1945.

In the spring of 1945, preparations began in the Pacific for the use of
the atomic bomb. On May 8, 1945, Germany surrendered, and the pro-
ject was then focused solely on Japan. On July 16, 1945, a test device code-
named “Gadget” was detonated at the Alamogordo Bombing Range in
New Mexico as part of Project Trinity, the first explosion of a nuclear
weapon. The success of the first test of a nuclear weapon was a testament
to the ability of the leadership of the Manhattan Project to carry out an
unprecedented industrial project, with the world’s most talented scientists

Manhattan Project

59

isotope: form of an atom that differs by
the number of neutrons in the nucleus

Manhattan Project: government project
dedicated to creation of an atomic
weapon; directed by General Leslie
Groves

volatile: low boiling, readily vaporized
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cooperating and focusing on a single goal. That the people involved in the
Manhattan Project were able to achieve such a spectacular success work-
ing in a realm of utmost secrecy in isolated locations was a most singular
achievement.

On August 6, 1945, after Japan refused to surrender unconditionally,
the first atomic bomb, named “Little Boy,” a 235U-based bomb, was dropped
over Hiroshima, Japan. Three days later, “Fat Man,” a plutonium-based
weapon, was dropped on Nagasaki.

Whether Germany really attempted to build an atomic weapon is de-
bated even today. German scientists, led by physicist Werner Heisenberg,
certainly had the talent to build a device. Germany had access to large ura-
nium mines in Czechoslovakia and produced heavy water, a form of H2O
in which the hydrogen atoms have an extra neutron, in Norway. Most likely
there never was a serious effort in Germany to build an atomic weapon, pos-
sibly as result of sabotage of the project by Heisenberg or because of a lack
of interest by Adolf Hitler. SEE ALSO Einstein, Albert; Fermi, Enrico;
Heisenberg, Werner; Meitner, Lise; Nuclear Fission; Oppenheimer,
Robert; Radiation; Seaborg, Glenn Theodore.

W. Frank Kinard
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From left: J. Robert Oppenheimer,
Professor. H. D. Smythe, General Nichols,
and Glen Seaborg in 1946 looking at a
photograph of the atomic blast at
Hiroshima. The atomic bomb was
developed in the Manhattan Project.
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Marsden, Ernest
ENGLISH PHYSICIST
Ca. 1888–1970

Ernest Marsden studied at the University of Manchester under Ernest
Rutherford and Hans Geiger. Although a physicist, he would help elucidate
something of value to all chemists: the internal structure of the atom. This
was accomplished by observing the path of ��-particles in Rutherford’s fa-
mous “gold foil experiment,” in which it was really the human eye, pressed
to a short-focus telescope for hours on end in a thoroughly darkened room,
that was the detector.

According to Rutherford, Marsden, a twenty-year-old undergraduate,
became involved after Rutherford and Geiger decided that Marsden should
begin research work. Rutherford thought that Marsden might be able to
discover if �-particles could be scattered through a large angle. Geiger and
Marsden spent 1909 in the “gloomy cellar” of the physics laboratories at
Manchester, watching for the little sparks that announced the unlikely re-
coil of �-particles. About 1 in 8,000 did, and this result, published in 1909
as “On a Diffuse Reflection of the �-Particle,” formed the basis for Ruther-
ford’s nuclear model of the atom and the discovery of the proton.

Geiger and Marsden continued to study the deflection of �-particles,
and in 1913 (after observing over 100,000 scintillations at a rate of 5 to 90
per minute) correlated nuclear charge with atomic number. In 1914 and
1915 Marsden continued to study the impact of �-particles on matter; these
experiments led to Rutherford’s 1919 fortuitous attainment of the al-
chemist’s dream: the artificial transmutation of the elements.

Marsden returned to his native New Zealand in 1915 where, on Ruther-
ford’s recommendation, he was appointed professor of physics at Victoria
University in Wellington. He held various academic and governmental posts
until his retirement in 1954. The national fund for the support of science
in New Zealand was renamed the Sir Ernest Marsden Fund in his honor.
SEE ALSO Geiger, Hans; Rutherford, Ernest.
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Martin, Archer John Porter
ENGLISH BIOCHEMIST
1910–2002

Very few chemical reactions produce clean, pure products with no trace of
starting materials or impurities. Most generate a mixture whose individual
components must be purified before the results can be identified. In the nine-
teenth and early twentieth centuries, purification of a chemical reaction prod-
uct often required repetitive crystallizations, distillation, or solvent extraction.

Martin, Archer John Porter
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��-particle: subatomic particle with 2�
charge and mass of 4; a He nucleus

nuclear: having to do with the nucleus of
an atom

atomic number: the number assigned to
an atom of an element that indicates the
number of protons in the nucleus of that
atom
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Archer John Porter Martin grew up in London, England, and from an
early age demonstrated an aptitude for chemistry. As a child, he designed
and built an apparatus for distillation from old coffee tins packed with char-
coal, some as tall as five feet. He entered Cambridge University with the
intention of pursuing a degree in chemical engineering. However, he was
influenced by J. B. S. Haldane to specialize in biochemistry. At Cambridge
his childhood experience with fractional distillation became valuable.

Martin continued with his explorations of multiphase separation tech-
nology and went to work as a research chemist for the Wool Industries Re-
search Association in Leeds. It was there that he met Richard Lawrence
Millington Synge and began to collaborate with Synge on the problem of
separating acetylamino acids. Eventually, Martin and Synge came up with
the idea that, instead of using a counterflow extraction process with solvents
moving against one another, they could partition one phase (hold one phase
stationary using an appropriate support). The result was the invention of
liquid-liquid partition chromatography, first reported in the Biochemistry
Journal in 1941.

In their landmark paper, Martin and Synge also indicated that partition
chromatography that used a carrier gas as the mobile phase was possible. In
his Nobel lecture of 1952, Martin casually revealed that he, in collaboration
with A. T. James, had devised a mechanism for gas-liquid chromatography.
The use of a gas as the mobile phase did place limits on the types of mate-
rial that could be analyzed, as the compounds had to be volatile and better
detectors were needed, but these difficulties proved to be surmountable. 
Today, gas-liquid chromatography is probably the single most widely used
analytical tool in chemistry. SEE ALSO Analytical Chemistry; Synge,
Richard Laurence Millington.
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Materials Science
After World War II, the application of materials became less empirical and
more founded in scientific principles. The term “materials science” emerged
in the 1960s to reflect this trend and the realization that solutions to many
of the world’s most challenging technological problems were increasingly
materials-limited. Within the field of engineering, the term “materials sci-
ence and engineering” has come to describe the subfield concerned with
materials applications. This longer term represents a blend of scientific fun-
damentals and practical engineering. The foundations of materials science
are physical chemistry, polymer chemistry, and condensed matter physics.
The foundations of materials engineering include the fields of metallurgy
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fractional distillation: separation of liquid
mixtures by collecting separately the
distillates at certain temperatures

phase: homogeneous state of matter

chromatography: the separation of the
components of a mixture in one phase
(the mobile phase) by passing through
another phase (the stationary phase)
making use of the extent to which the
components are absorbed by the
stationary phase

volatile: low boiling, readily vaporized

metallurgy: the science and technology of
metals

British chemist Archer John Porter
Martin, co-recipient, with Richard L. M.
Synge, of the 1952 Nobel Prize in
chemistry, “for their invention of partition
chromatography.”
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and ceramic engineering. Many common themes in the fields of chemical
engineering and materials science have led to the creation of academic de-
partments that encompass both areas.

Material possessions have traditionally represented human wealth and
defined social relationships. The eras of early human civilization (the Stone
Age, the Bronze Age, and the Iron Age) have been named in terms of the
materials from which tools and weapons were made. The Bronze Age (ap-
proximately 2000 B.C.E. to 1000 B.C.E.), in fact, represents the foundation
of metallurgy. Although we do not use the term “pottery age,” domestic
vessels made from baked clay have been valuable in providing clues to daily
life in ancient cultures, and glass articles from ancient Mesopotamia have
been traced back to 4000 B.C.E.

Contemporary culture is sometimes described as “plastic,” a somewhat
critical reference to the pervasive use of polymeric materials in modern
life. Others suggest that the current era is rightfully called the “Silicon
Age,” in honor of the far-ranging impacts of modern electronics based on
silicon technology. In any case, modern products, such as automobiles,
contain a full spectrum of materials, from the traditional to the advanced. 

An underlying principle of materials science is that the properties (or
characteristics) of materials are generally understood in terms of the mi-
croscopic or atomic structures of the materials. Another underlying princi-
ple is that the selection of optimal materials for specific modern
technological applications requires consideration of the ways in which those
materials are processed.

Types of Materials
Engineers generally build things from a limited “menu” of materials—
namely, metals, polymers, and ceramics. This menu follows directly from
the three types of primary chemical bonding: metallic, covalent, and ionic.
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Most of the elements in the Periodic Table (in the pure state) are metal-
lic in nature. Aluminum, copper, and iron are examples. The metallic bond
involves a mobile “gas” of electrons. This gas of negatively charged elec-
trons binds together the positively charged atomic cores. The electron gas
is also responsible for the electrical conductivities and optical absorption
that are characteristic of metals.

Polymers are high molecular weight solids that are an important part of
everyday life. An example is polyethylene (C2H4)n, where n is the “degree of
polymerization,” a number of around 1,000 (representing the fact that poly-
ethylene is composed of a large number of ethylene molecules bound to-
gether by covalent bonding). All polymers are composed of a relatively small
number of elements in the Periodic Table (primarily carbon and hydrogen
and a few other “nonmetallic” elements such as nitrogen and fluorine). Each
covalent bond involves electron sharing between adjacent atoms, with the
result that polymers do not have “free” electrons for electrical conduction
and are electrical insulators. The use of polymeric insulation for electrical
wiring is a practical example of this. The lack of free electrons endows some
polymers with optical transparency (“clear plastic” wrap is an excellent ex-
ample). The alternative name for a polymer substance—“plastic”—comes
from the extensive formability of many polymers.

We can define ceramics by what they are not: They are nonmetallic and
inorganic. Ceramics are chemical combinations of at least one metallic ele-
ment and at least one nonmetallic one. A simple example is aluminum ox-
ide (Al2O3). Such chemical combinations represent, in fact, a fundamental
tendency in nature. For example, metals tend to combine chemically with
nonmetallic elements in their environments. The rusting of iron is a famil-
iar and costly example. It is also interesting to note that the melting point
of aluminum is 660°C (1,220°F), whereas the melting point of aluminum
oxide is 2,020°C (3,668°F). The chemical stability associated with the ionic
bonds between aluminum and oxygen (involving electron transfer from alu-
minum to oxygen to produce Al3� and O2� ions) makes ceramics tempera-
ture-resistant and chemically inert.

The category of ceramics is often broadened to “ceramics and glasses”
because of the wide use of silicate glasses, distinctive materials that are chem-
ically similar to ceramics. Silicon dioxide, SiO2, is a ceramic compound and
the basis of a large family of silicate ceramics. Clay minerals and the many
clayware ceramics are the most traditional examples. SiO2 is readily obtained
in relatively pure form in common sand deposits. (These deposits, and the
presence of SiO2 in many geological minerals, are the reason that silicon
and oxygen together account for roughly 75 percent of the elements in
Earth’s crust.) Upon heating, many of these silicate materials can be melted
and, after cooling, retain the liquidlike structure of the melt. Common win-
dow and container glass is made in this way, with a typical composition, by
weight, of (roughly): 75 percent SiO2, 15 percent Na2O, and 10 percent
CaO. Thus, ceramics and glasses are of one category (combinations of ion-
ically bonded positive and negative ions). Their differences are at the atomic
scale. Ceramics are crystalline substances, in which the ions are arranged in
a regular and repeating order. Glasses are noncrystalline substances, in which
the ions are situated in irregular, liquidlike fashion.
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In defining the previous three materials (metals, polymers, and 
ceramics/glasses), we found that each category conveniently related to one
of the primary types of chemical bonding: metallic, covalent, and ionic, re-
spectively. To be precise, atomic bonding is seldom “pure.” There is gen-
erally some covalent nature (electron sharing) to the ionic bonding in
ceramics and glasses. The bonding between the adjacent atoms in large poly-
meric molecules is highly covalent, but the bonding between molecules is
often “secondary.” For example, there are weak attractions between adja-
cent polyethylene molecules that involve polarization, not electron transfer
or sharing. This weak secondary bonding is the primary reason that com-
mercial “plastics” are characteristically weak and deformable in comparison
to metals and ceramics/glasses.

Among the materials available for modern structural applications, a fourth
category is generally included—namely, “composites.” Composite materials
are defined as microscopic-scale combinations of individual materials be-
longing to the previous three categories (metals, polymers, ceramics/glasses).
A good example is fiberglass, a composite of glass fibers (a few micrometers
in diameter) embedded in a polymer matrix. Over the past several decades,
fiberglass products have become commonplace. The advantage of composites
is that they display the best properties of each component, producing prod-
ucts superior to products made of a single component. In the case of fiber-
glass, the high strength of the small diameter glass fibers is combined with
the flexibility of the polymer matrix.

Although most engineered materials can be put into one of the four cat-
egories described above, a sorting of the same materials based on electrical
conductivity rather than atomic bonding demands an additional, fifth cate-
gory. We noted above that metals are typically good electrical conductors
and that polymers and ceramics/glasses are typically electrical insulators.
Composites tend to have properties that are averages of those of their in-
dividual components. As an example, fiberglass is an electrical insulator be-
cause both glass fibers and the polymer matrix tend to be insulators. Since
the middle of the twentieth century, “semiconductors,” with intermediate
levels of electrical conductivity, have played an increasingly critical role in
modern technology. The primary example is elemental silicon, which, as
noted above, is a central component of modern, solid-state electronics. Sil-
icon is in column IVA of the Periodic Table. Its neighbor in column IVA,
germanium, is also a semiconductor and also widely used in electronic de-
vices. Chemical compounds of the elements near column IVA often display
semiconduction—for example, gallium arsenide (GaAs), which is used as a
high temperature rectifier and a laser material. The chemical bonding in
the various elemental and compound semiconductors is generally strongly
covalent. In summary, a full list of the types of engineered materials con-
tains five categories. (See Table 1.)

From Structure to Properties
An underlying principle of materials science is that structure (on the atomic
or microscopic scale) leads to properties (on the macroscopic scale of real
world, engineering applications). We have already seen that the natures of
ceramics and glasses are very different because ceramics have a crystalline
atomic arrangement and glasses are noncrystalline. Similarly, transparent glass
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becomes opaque when it has many microscopic air bubbles that scatter light
and prevent a clear image from being transmitted through the material. 
Examples of the structure–property relationship arise throughout the field of
materials science.

Processing and Selecting Materials
The use of materials in modern technology depends on our ability to make
those materials. Processing is dependent on the nature of the material, and
the specific processing technique can, in turn, have an effect on the prop-
erties of the material. Given the wide range of materials described in Table
1, and the fact that an individual material’s properties are dependent on the
way in which it is manufactured, the selection of materials for a given ap-
plication needs to be done in a systematic way. The selection process and
the final decision are dependent on a range of factors, including desired
properties, ability to be manufactured, and cost.

Conclusion
Chemical bonding and electrical conductivity provide five major categories
of engineered materials: metals, polymers, ceramics/glasses, composites,
and semiconductors. The properties of these materials are dependent on
atomic- and microscopic-scale structure, as well as on the way in which a
given material is processed. Materials science enables the selection of the
optimal material for a given application. SEE ALSO Ceramics; Glass; Phys-
ical Chemistry; Polymers, Synthetic; Semiconductors.

James F. Shackelford
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Maxwell, James Clerk
SCOTTISH PHYSICIST
1831–1879

James Clerk Maxwell is generally regarded as one of the outstanding physi-
cists of the nineteenth century. He made important advances in the theory
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Table 1.

TYPES OF MATERIALS

Material Type Bonding Character Examples

Metal Metallic Iron (Fe); Brass (Cu and Zn)

Polymer Covalent and secondary Polyethylene [(C2 H4)n]

Ceramic/glass Ionic/covalent Silica (SiO2): crystalline and noncrystalline

Composites (determined by components) Fiberglass (glass fibers in polymer matrix)

Semiconductors Covalent or covalent/ionic Silicon (Si); Gallium Arsenide (GaAs)
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of electricity and magnetism, as well as in thermodynamics and the kinetic
theory of gases. Many modern ideas about these topics are still based on
his work from the mid-1800s.

Maxwell was born in Edinburgh, Scotland, and his father greatly en-
couraged him in his intellectual pursuits. At the age of fourteen, while a stu-
dent at the Edinburgh Academy, he wrote a paper on ovals and geometric
figures with more than two foci. His paper was read to the Royal Society of
Edinburgh by an adult member because it was considered inappropriate for
a young boy to present it to the society himself. Although some of the ideas
in this paper had been discussed earlier by the renowned French mathemati-
cian René Descartes, it was still an amazing achievement for a teenage boy.

At sixteen, Maxwell entered Edinburgh University, where he studied
physics, mathematics, and logic. Three years later he went to Cambridge
University, from which he graduated in 1854 with a degree in mathematics.

In 1856 Maxwell became professor of natural philosophy at Marischal
College in Aberdeen. There he became interested in the theory of gases and
in the study of electricity and magnetism. His position as professor, how-
ever, was eliminated in 1860 when Marischal and another college merged.

Maxwell spent the next five years at King’s College in London. He suc-
cessfully applied statistical methods to describe the movements of the tiny
invisible particles of a gas, an approach adopted a century earlier by the
Swiss mathematician Daniel Bernoulli, but with less sophisticated mathe-
matics. The Austrian physicist Ludwig Boltzmann also studied the problem
of gas behavior at the same time as Maxwell, and the names of both men
are usually associated with the kinetic theory of gases.

Because of his overwhelming interest in the science of electricity,
Maxwell was drawn to the writings of the English physicist Michael Fara-
day, who had begun publishing his three-volume Experimental Researches in
Electricity in 1839. Faraday’s approach was almost entirely experimental, and
Maxwell saw this as an opportunity to treat the subject in mathematical terms.
Beginning in the 1850s, Maxwell published several papers on electricity, in-
cluding the analogy between electricity and heat from a mathematical point
of view. These research efforts culminated in his important writings in the
1860s and 1870s on electromagnetic theory and his identification of light as
an electromagnetic wave. Maxwell’s theoretical conclusions about electro-
magnetism are summarized in a set of four equations known as Maxwell’s
equations, which first appeared in his Treatise on Electricity and Magnetism in
1873 and were later cast in their modern form by other physicists.

In 1865 Maxwell resigned his position in London and returned to his
family estate Glenair in Scotland, where he continued his scientific work for
five years. In 1870, however, a new chair and laboratory of physics were es-
tablished at Cambridge University, and Maxwell eventually accepted an of-
fer after two other physicists had refused. Maxwell continued his work in
electricity and magnetism, organized the new laboratory, and edited the pa-
pers of Henry Cavendish for whom the laboratory was named. Early in 1879
Maxwell’s health began to decline, and he died several months later during
his forty-ninth year. SEE ALSO Boltzmann, Ludwig; Cavendish, Henry;
Faraday, Michael; Magnetism; Physical Chemistry.

Richard E. Rice
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Measurement
British mathematician and physicist William Thomson (1824–1907), other-
wise known as Lord Kelvin, indicated the importance of measurement to
science:

When you can measure what you are speaking about and express it in
numbers, you know something about it; but when you cannot measure
it, when you cannot express it in numbers, your knowledge is of a mea-
ger and unsatisfactory kind; it may be the beginning of knowledge, but
you have scarcely in your thoughts advanced to the state of science,
whatever the matter may be.

Possibly the most striking application of Kelvin’s words is to the expla-
nation of combustion by the French chemist Antoine Lavoisier (1743–1794).
Combustion was confusing to scientists of the time because some materials,
such as wood, seemed to decrease in mass on burning: Ashes weigh less than
wood. In contrast, others, including iron, increased in mass: Rust weighs more
than iron. Lavoisier was able to explain that combustion results when oxygen
in the air unites with the material being burned, after careful measurement
of the masses of the reactants—air and the material to be burned—and those
of the products. Because Lavoisier was careful to capture all products of com-
bustion, it was clear that the reason wood seemed to lose mass on burning
was because one of its combustion products is a gas, carbon dioxide, which
had been allowed to escape.

Lavoisier’s experiments and his explanations of them and of the exper-
iments of others are often regarded as the beginning of modern chemistry.
It is not an exaggeration to say that modern chemistry is the result of care-
ful measurement.

Most people think of measurement as a simple process. One simply finds
a measuring device, uses it on the object to be measured, and records the
result. Careful scientific measurement is more involved than this and must
be thought of as consisting of four steps, each one of which is discussed
here: choosing a measuring device, selecting a sample to be measured, mak-
ing a measurement, and interpreting the results.

Choosing a Measuring Device
The measuring device one chooses may be determined by the devices avail-
able and by the object to be measured. For example, if it were necessary to
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determine the mass of a coin, obviously inappropriate measuring devices
would include a truck scale (reading in units of 20 pounds, with a 10-ton
capacity), bathroom scale (in units of 1 pound, with a 300-pound capacity),
and baby scale (in units of 0.1 ounce, with a 30-pound capacity). None of
these is capable of determining the mass of so small an object. Possibly use-
ful devices include a centigram balance (reading in units of 0.01 gram, with
a 500-gram capacity), milligram balance (in units of 0.001 gram, with a
300-gram capacity), and analytical balance (in units of 0.00001 gram, with
a 100-gram capacity). Even within this limited group of six instruments,
those that are suitable differ if the object to be measured is an approxi-
mately one-kilogram book instead of a coin. Then only the bathroom scale
and baby scale will suffice.

In addition, it is essential that that the measuring device provide re-
producible results. A milligram balance that yields successive measurements
of 3.012, 1.246, 8.937, and 6.008 grams for the mass of the same coin is
clearly faulty. One can check the reliability of a measuring device by mea-
suring a standard object, in part to make sure that measurements are re-
producible. A common measuring practice is to intersperse samples of known
value within a group of many samples to be measured. When the final re-
sults are tallied, incorrect values for the known samples indicate some fault,
which may be that of the measuring device, or that of the experimenter. In
the example of measuring the masses of different coins, one would include
several “standard” coins, the mass of each being very well known.

Selecting a Sample
There may be no choice of sample because the task at hand may be simply
that of measuring one object, such as determining the mass of a specific
coin. If the goal is to determine the mass of a specific kind of coin, such as
a U.S. penny, there are several questions to be addressed, including the fol-
lowing. Are uncirculated or worn coins to be measured? Worn coins may
have less mass because copper has worn off, or more mass because copper

Measurement

69

A sundial indicates time based on the
position of the Sun.

67368_v3_001-270.qxd  1/26/04  1:58 PM  Page 69



oxide weighs more than copper and dirt also adds mass. Are the coins of
just one year to be measured? Coin mass may differ from year to year. How
many coins should be measured to obtain a representative sample? It is likely
that there is a slight variation in mass among coins and a large enough num-
ber of coins should be measured to encompass that variation. How many
sources (banks or stores) should be visited to obtain samples? Different
batches of new coins may be sent to different banks; circulated coins may
be used mostly in vending machines and show more wear as a result.

The questions asked depend on the type of sample to be measured. If
the calorie content of breakfast cereal is to be determined, the sampling
questions include how many factories to visit for samples, whether to sam-
ple unopened or opened boxes of cereal, and the date when the breakfast
sample was manufactured, asked for much the same reason that similar ques-
tions were advanced about coins. In addition, other questions come to mind.
How many samples should be taken from each box? From where in the box
should samples be taken? May samples of small flakes have a different calo-
rie content than samples of large flakes?

These sampling questions are often the most difficult to formulate but
they are also the most important to consider in making a measurement. The
purpose of asking them is to obtain a sample that is as representative as pos-
sible of the object being measured, without repeating the measurement un-
necessarily. Obviously, a very exact average mass of the U.S. penny can be
obtained by measuring every penny in circulation. This procedure would be
so time-consuming that it is impractical, in addition to being expensive.

Making a Measurement

As mentioned above, making a measurement includes verifying that the mea-
suring device yields reproducible results, typically by measuring standard
samples. Another reason for measuring standard samples is to calibrate the
measuring instrument. For example, a common method to determine the
viscosity of a liquid—its resistance to flow—requires knowing the density of
that liquid and the time that it takes for a definite volume of liquid to flow
through a thin tube, within a device called a viscometer. It is very difficult
to construct duplicate viscometers that have exactly the same length and di-
ameter of that tube. To overcome this natural variation, a viscometer is cal-
ibrated by timing the flow of a pure liquid whose viscosity is known—such
as water—through it. Careful calibration involves timing the flow of a stan-
dard volume of more than one pure liquid.

Calibration not only accounts for variations in the dimensions of the
viscometer. It also compensates for small variations in the composition of
the glass of which the viscometer is made, small differences in temperatures,
and even differences in the gravitational acceleration due to different posi-
tions on Earth. Finally, calibration can compensate for small variations in
technique from one experimenter to another.

These variations between experimenters are of special concern. Differ-
ent experimenters can obtain very different values when measuring the same
sample. The careful experimenter takes care to prevent bias or difference in
technique from being reflected in the final result. Methods of prevention
include attempting to measure different samples without knowing the iden-
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tity of each sample. For instance, if the viscosities of two colorless liquids
are to be measured, several different aliquots of each liquid will be prepared,
the aliquots will be shuffled, and each aliquot will be measured in order. As
much of the measurement as possible will be made mechanically. Rather
than timing flow with a stopwatch, it is timed with an electronic device that
starts and stops as liquid passes definite points.

Finally, the experimenter makes certain to observe the measurement the
same way for each trial. When a length is measured with a meter stick or a
volume is measured with a graduated cylinder, the eye of the experimenter
is in line with or at the same level as the object being measured to avoid
parallax. When using a graduated device, such as a thermometer, meter stick,
or graduated cylinder, the measurement is estimated one digit more finely
than the finest graduation. For instance, if a thermometer is graduated in
degrees, 25.4°C (77.7°F) would be a reasonable measurement made with it,
with the “.4” estimated by the experimenter.

Each measurement is recorded as it is made. It is important to not trust
one’s memory. In addition, it is important to write down the measurements
made, not the results from them. For instance, if the mass of a sample of
sodium chloride is determined on a balance, one will first obtain the mass
of a container, such as 24.789 grams, and then the mass of the container
with the sodium chloride present, such as 32.012 grams. It is important to
record both of these masses and not just their difference, the mass of sodium
chloride, 7.223 grams.

Interpreting Results

Typically, the results of a measurement involve many values, the observa-
tions of many trials. It is tempting to discard values that seem quite differ-
ent from the others. This is an acceptable course of action if there is good
reason to believe that the errant value was improperly measured. If the ex-
perimenter kept good records while measuring, notations made during one
or more trials may indicate that an individual value was poorly obtained—
for instance, by not zeroing or leveling a balance, neglecting to read the
starting volume in a buret before titration, or failing to cool a dried sample
before obtaining its mass.

Simply discarding a value based on its deviation from other values, with-
out sound experimental reasons for doing so, may lead to misleading re-
sults besides being unjustified. Consider the masses of several pennies
determined with a milligram balance to be: 3.107, 3.078, 3.112, 2.911,
3.012, 3.091, 3.055, and 2.508 grams. Discarding the last mass because of
its deviation would obscure the facts that post-1982 pennies have a zinc
core with copper cladding (representing a total of about 2.4% copper),
whereas pre-1982 pennies are composed of an alloy that is 95 percent cop-
per. There are statistical tests that help in deciding whether to reject a spe-
cific value or not.

It is cumbersome, however, to report all the values that have been mea-
sured. Reporting solely the average or mean value gives no indication of
how carefully the measurement has been made or how reproducible the re-
peated measurements are. Care in measurement is implied by the number
of significant figures reported; this corresponds to the number of digits to
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which one can read the measuring devices, with one digit beyond the finest
graduation, as indicated earlier.

The reproducibility of measurements is a manifestation of their preci-
sion. Precision is easily expressed by citing the range of the results; a nar-
row range indicates high precision. Other methods of expressing precision
include relative average deviation and standard deviation. Again, a small
value of either deviation indicates high precision; repeated measurements
are apt to replicate the values of previous ones.
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When several different quantities are combined to obtain a final value—
such as combining flow time and liquid density to determine viscosity—
standard propagation-of-error techniques are employed to calculate the
deviation in the final value from the deviations in the different quantities.

Both errors and deviations combine in the same way when several quan-
tities are combined, even though error and deviation are quite different con-
cepts. As mentioned above, deviation indicates how reproducible successive
measurements are. Error is a measure of how close an individual value—or
an average—is to an accepted value of a quantity. A measurement with small
error is said to be accurate. Often, an experimenter will believe that high
precision indicates low error. This frequently is true, but very precise mea-
surements may have a uniform error, known as a systematic error. An ex-
ample would be a balance that is not zeroed, resulting in masses that are
uniformly high or low.

The goal of careful measurement ultimately is to determine an accepted
value. Careful measurement technique—including choosing the correct
measuring device, selecting a sample to be measured, making a measure-
ment, and interpreting the results—helps to realize that goal. SEE ALSO In-
ternational System of Units; Lavoisier, Antoine.

Robert K. Wismer
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Meitner, Lise
AUSTRIAN PHYSICIST
1878–1968

On any list of scientists who should have won a Nobel Prize but did not,
Lise Meitner’s name would be near the top. She was the physicist who first
realized that the atomic nucleus could be split to form pairs of other atomic
nuclei—the process of nuclear fission. Although she received many hon-
ors for her work, the greatest of all was to elude her because of the unpro-
fessional conduct of her colleague Otto Hahn.

Born in Vienna, Meitner decided early on that she had a passion for
physics. At that time, education for female children in the Austro-Hungarian
Empire terminated at fourteen, as it was argued that girls did not need any
more education than that to become a proper wife and mother. Willing to
support his daughter’s aspirations, her father paid for private tutoring so she
could cover in two years the eight years of education normally needed for
university entrance. In 1901 Meitner was one of only four women admitted
to the University of Vienna, and in 1905 she graduated with a Ph.D. in
physics.

As a student, Meitner had become fascinated with the new science of
radioactivity, but she realized that she would have to travel to a foreign coun-
try to pursue her dream of working in this field. She applied for work with
Marie Curie, but was rejected. However, she did eventually receive an of-
fer from the University of Berlin, which had just hired a young scientist by
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the name of Otto Hahn. Having a chemical background, Hahn was look-
ing for a collaborator with a theoretical physics background. Unfortu-
nately, the chemistry institute at the university was run by Emil Fischer who
had banned women from the institute’s premises. Reluctantly, Fischer agreed
to let Meitner work in a small basement room. During this time, she re-
ceived no salary and relied on her family for enough money to cover her
living expenses. Meitner and Hahn’s research during this time period re-
sulted in the discovery of the element protactinium.

The post–World War I government in Germany was much more fa-
vorable to women, and Meitner became the first woman to serve as a physics
professor in that country. By the 1930s scientists were bombarding heavy
elements with neutrons and it was claimed that new superheavy elements
formed as a result of this process. Using such a procedure, Meitner and
Hahn thought they had discovered nine new elements. Meitner was puz-
zled by all the new elements for which claims were made.

Unfortunately, the Nazi Party’s rise to power changed everything for
Meitner. Because she was a Jew by birth, although a later convert to Chris-
tianity, Meitner’s situation became increasingly precarious. With help from
a Dutch scientist, Dirk Coster, she escaped across the German border into
Holland and then made her way to Stockholm, where the director of the
Nobel Institute for Experimental Physics reluctantly offered her a position.
Stockholm had one advantage for Meitner, an overnight mail service to Ger-
many so she could keep in regular contact with Hahn.

On December 19, 1938, Hahn sent Meitner a letter describing how one
of the new elements had chemical properties strongly resembling those of
barium and asking if she could provide an explanation. The physicist Otto
Frisch visited Meitner, his aunt, for Christmas to help dispel her loneliness.
While there, the two went for the now famous “walk in the snow.” During
an extended conversation in the woods, they came to realize that if the nu-
cleus was considered a liquid drop, the impact of a subatomic particle could
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cause the atom to fission. If so, it was possible that the barium-like element
was actually barium itself.

Meitner immediately contacted Hahn and his colleague Fritz Strass-
mann. Through experiment they confirmed that the so-called new element
was indeed barium. They reported their discovery of nuclear fission to the
world’s scientific press, barely mentioning the names of Meitner and Frisch.
In fact, Hahn never admitted that it was Meitner who had made the criti-
cal conceptual breakthrough. In 1944 Hahn was awarded the Nobel Prize
in chemistry for his contribution to the discovery of nuclear fission.

Although nominated several times, Meitner never did receive the No-
bel Prize for physics that many scientists considered her due. Only now,
with element 109 having been named Meitnerium (symbol Mt) has she fi-
nally received some recognition for her crucial work. Meitner retired to
England where she died at the age of eighty-nine. SEE ALSO Barium; Curie,
Marie Sklodowska; Fischer, Emil Hermann; Nuclear Fission; Protac-
tinium; Radiation.

Marelene Rayner-Canham
Geoffrey W. Rayner-Canham
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Membrane
All living creatures are made of cells. One cellular component, the membrane,
plays a crucial role in almost all cellular activities. The primary function of all
cell membranes is to act as barriers between the intracellular and extracellu-
lar environments, and as sites for diverse biochemical activities. The cell it-
self is encapsulated by its own membrane, the plasma membrane. Although
the composition of membranes varies, in general, lipid molecules make up
approximately 40 percent of their dry weight; proteins, approximately 60 per-
cent. The lipids and proteins are held together by noncovalent interactions.

Among several possible stable arrangements of protein and lipid mole-
cules in membranes, the bilayer model, first described over seventy years
ago, characterizes most biological membranes. An important feature of this
model is that the hydrophilic groups of the lipid molecules are oriented to-
ward the surfaces of the bilayer, and the hydrophobic groups toward the
interior. In 1972 Jonathan Singer and Garth Nicolson postulated a unified
theory of membrane structure called the fluid-mosaic model. They proposed
that the matrix, or continuous part, of membrane structure is a fluid bilayer,
and that globular amphiphilic proteins are embedded in a single monolayer,
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lipid: a nonpolar organic molecule;
fatlike; one of a large variety of nonpolar
hydrophobic (water-hating) molecules that
are insoluble in water

noncovalent: having a structure in which
atoms are not held together by sharing
pairs of electrons

hydrophilic: having an affinity for water

hydrophobic: repelling water
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with some proteins spanning the thickness of both monolayers. Both pro-
teins and lipids are mobile and, thus, the membrane can be viewed as a two-
dimensional solution of proteins in lipids.

The major class of lipids in plasma membranes is phospholipids. Phos-
pholipids consist of a glycerol backbone and two fatty acids joined by ester
linkage to the first two carbons of glycerol, and a phosphate group joined
to the third. Different groups can be esterified to the phosphate, and these
groups define the different classes of phospholipids. In addition, the fatty
acids have varying chain lengths and degrees of unsaturation. The presence
of the nonpolar acyl chain regions and the polar head groups gives the phos-
pholipid molecules their amphipathic character, which allows them to as-
sume the bilayer arrangements of membranes. In addition to phospholipids,
two other kinds of lipids are found in the membranes of animal cells: gly-
colipids and cholesterol. Glycolipids usually make up only a small fraction
of the lipids in the membrane but have been shown to possess many bio-
logical functions, one of which is their capacity to function as recognition
sites. Cholesterol is an important component of plasma membranes and has
been shown to play a key role in the control of membrane fluidity.

Several membrane functions are believed to be largely mediated by pro-
teins. Membrane proteins have been put into two general categories: pe-
ripheral and integral. Peripheral proteins (or extrinsic proteins) are those
that do not penetrate the bilayer to any significant degree and are associ-
ated with it by virtue of noncovalent interactions (ionic interactions and hy-
drogen bonds) between membrane surfaces and protein surfaces. Integral
proteins (or intrinsic proteins), in contrast, possess hydrophobic surfaces that
readily penetrate the lipid bilayer, as well as other surfaces that prefer con-
tact with aqueous medium. These proteins can either insert into the mem-
brane or extend all the way across it and expose themselves to the aqueous
solutions on both sides.

One of the main functions of the plasma membrane is to separate cy-
toplasm from extracellular surroundings. In fact, membranes are highly se-
lective permeability barriers, as they contain specific channels and pumps
that enable the transport of substances across membranes. These transport
systems to a large degree regulate the molecular and ionic composition of
intracellular media. Membranes also control the flow of information be-
tween cells, and between cells and their extracellular environments, and they
contain specific receptors that make membranes sensible to external stim-
uli. In addition, some membranes conduct and pass on signals that can be
chemical or electrical, as in the transmission of nerve impulses. Thus, mem-
branes play a central role in signal transduction processes and in biological
communication. SEE ALSO Cholesterol; Lipids; Phospholipids; Trans-
membrane Protein.

Michèle Auger
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ester: organic species containing a carbon
atom attached to three moieties: an O via
a double bond, an O attached to another
carbon atom or chain, and a H atom or C
chain; the R(C-O)OR functional group

nonpolar: molecule, or portion of a
molecule, that does not have a
permanent, electric dipole

hydrogen bond: interaction between H
atoms on one molecule and lone pair
electrons on another molecule that
constitutes hydrogen bonding

aqueous solution: homogenous mixture in
which water is the solvent (primary
component)

receptor: area on or near a cell wall that
accepts another molecule to allow a
change in the cell

RECOGNITION SITES

Glycolipids and glycoproteins
can act as recognition sites in
a variety of processes involving
recognition between cell types
or recognition of cellular struc-
tures by other molecules.
Recognition events are impor-
tant in normal cell growth, fer-
tilization, transformation of
cells, and other processes.
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Mendeleev, Dimitri
RUSSIAN CHEMIST
1834–1907

Dimitri Ivanovich Mendeleev (or Mendeleyev or Mendelejeff) was born in
Tobolsk, Siberia, on January 27, 1834. He was the fourteenth and youngest
child of the family. His father was the director of the Tobolsk Gymnasium
(high school). Tragedy plagued the family in Mendeleev’s early years. His
father became blind and was forced to retire from his job, and then unex-
pectedly died. His mother supported the family by managing a glass factory,
but in 1848 it burned to the ground. His mother moved the family first to
Moscow and then to St. Petersburg. In 1850 Mendeleev began his training
as a teacher, following in his father’s footsteps at the Pedagogical Institute
in St. Petersburg. A few months after this, his mother and older sister died
of tuberculosis.

When Mendeleev graduated, he moved to Simferopol on the Crimean
Peninsula to assume a post as a science teacher, but the school was soon
closed because of the Crimean War. He returned to St. Petersburg and re-
ceived a master’s degree in 1856 after presenting his thesis “Research and
Theories on Expansion of Substances Due to Heat.”

The years 1859 to 1861, when the Ministry of Public Instruction sent
him abroad to study, shaped Mendeleev’s career as a scientist. He studied
gas density with the chemist Henri Victor Regnault in Paris and spec-
troscopy with the physicist Gustav Kirchhoff in Heidelberg. It was while
working in Heidelberg that Mendeleev discovered the principle of critical
temperature for gases. Once a gas is heated to a temperature above its crit-
ical point, no amount of pressure will turn it into a liquid. His work went
unnoticed, and the discovery of critical temperatures is usually attributed to
the Irish physicist and chemist Thomas Andrews.

Mendeleev also attended the 1860 Karlsruhe Congress, the first inter-
national chemistry conference. Many of the leading chemists of the day were
in attendance, and one of the central questions addressed was the appro-
priate method for calculating atomic weight. Different chemists used dif-
ferent systems, leading to widespread confusion over everything from
nomenclature to chemical formulas. Mendeleev heard the Italian chemist
Stanislao Cannizzaro present Amedeo Avogadro’s hypothesis that equal vol-
umes of gas under equal temperature and pressure contained equal num-
bers of molecules.

Mendeleev returned to St. Petersburg determined to make a name for
himself and build on the innovations to which he had been exposed. He
became a professor of chemistry at the Technological Institute in 1863.
His attention to science also extended to practical application, and he of-
ten worked as a consultant to the government on farming, mining, and oil
production.

In 1866 Mendeleev became professor of general chemistry at the Uni-
versity of St. Petersburg. Finding that no modern organic chemistry text-
book existed in Russian, Mendeleev decided to write one (it became a classic
work, going through many editions). It was in the course of this project
that he made his most important contribution to chemistry. Principles of
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gas density: weight in grams of a liter of
gas

spectroscopy: use of electromagnetic
radiation to analyze the chemical
composition of materials

atomic weight: weight of a single atom of
an element in atomic mass units (AMU)

Russian chemist Dimitri Mendeleev, who
devised the atomic mass-based Periodic
Table.
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Chemistry was not a mere compilation of facts; it presented chemistry as a
unified study. At its heart was the relationship of the elements.

On February 14, 1869, Mendeleev began work on the chapter that would
discuss the elements. He already believed that there was some underlying
principle connecting the elements. He transcribed his notes onto a set of
cards, one for each element containing everything he knew about that ele-
ment. He arranged and rearranged the cards until he was struck by a simi-
larity between his arrangements and those of the card game patience
(solitaire), in which cards are sorted by suit and then in descending numer-
ical order. Exhausted, Mendeleev fell asleep. When he awoke, he devised a
grouping of the elements by common property in ascending order of atomic
weight. He called his innovation the Periodic Table of the Elements.

Within weeks, Mendeleev’s Periodic Table was presented to the Russ-
ian Chemical Society and was published in the Journal of Russian Physical
Chemistry; it was published later the same year in the prestigious German
journal Zeitschrift für Chemie. Revised and expanded tables appeared in the
Annalen der Chemie in 1872. Since the German journals were known to every
research chemist, Mendeleev’s Periodic Table became widely known almost
at once. Although details of the tables were subject to argument, and many
newly discovered elements were later added, the basic principle of organi-
zation behind the table was quickly accepted.

The true insight that informed Mendeleev’s work was shown not just
in what he had included in the Periodic Table, but also in what he had left
out. He did not assume that all elements were known. Where there was a
significant gap in atomic weights between the elements in the table, he left
a gap in the table. He posited that there were undiscovered elements that
existed in the gaps and even predicted the characteristics of three of them.
He called these eka boron, eka aluminum, and eka silicon (eka being Sanskrit
for “first”). See Tables 1 through 3 for the properties of these elements.

When these elements were eventually discovered, and because his sys-
tem agreed with one developed independently by the German chemist
Lothar Meyer in 1864, Mendeleev achieved widespread fame. The Periodic
Table of the Elements provided a unifying system for classifying and un-
derstanding the elements and their function in the composition of matter.

Mendeleev received the Davy Medal (with Meyer in 1882) and the Cop-
ley Medal (in 1905), but Russia’s Imperial Academy of Sciences refused to
acknowledge his work. He resigned his university position in 1890 and was
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Table 1. Eka aluminum was predicted by
Mendeleev and discovered by the French
chemist Paul-Émile Lecoq de
Boisbaudran in 1875 and named
gallium.

Property Eka Aluminum Gallium

Atomic weight ±68  69.9
Density 5.9   5.93
Melting point Low   30.1˚C

Table 2. Eka boron was predicted by
Mendeleev and discovered by the
Swedish physicist Lars Fredrik Nilson in
1879 and named scandium.

Property Eka Boron Scandium

Atomic weight 44  44.1
Density of oxide 3.5  3.8
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appointed director of the Bureau of Weights and Measures, holding this job
until his death on January 20, 1907. SEE ALSO Avogadro, Amedeo; Can-
nizzaro, Stanislao; Meyer, Lothar; Periodic Table.

Andrew Ede
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Mendelevium
MELTING POINT: 827°C
BOILING POINT: Unknown
DENSITY: Unknown
MOST COMMON IONS: Md2�, Md3�

Mendelevium was discovered in 1955 by Albert Ghiorso, Bernard G. Har-
vey, Gregory R. Choppin, Stanley G. Thompson, and Glenn T. Seaborg
via the bombardments of a minute quantity of a rare, radioactive isotope of
einsteinium (253Es) with ��-particles in the 60-inch cyclotron of the Uni-
versity of California, Berkeley, which produced 256Md. Only 17 atoms were
detected. Md is the first element to be produced and chemically identified
on a one-atom-at-a-time basis. Mendelevium-256 decayed by electron cap-
ture (with a 1.3-hour half-life) to the known daughter nuclide fermium-256
(256Fm), which decayed primarily by spontaneous fission (with a half-life of
2.6 hours). The atoms recoiling from the target were caught in a thin gold
catcher foil that was quickly dissolved, and the resulting solution was passed
through a cation exchange resin column which sorbed the atoms of Md and
its known daughter Fm. Es and Fm were then identified by the order of
their elution from the column with alpha-hydroxyisobutyrate solution rel-
ative to the known elution positions of Es and Cf tracers.

Mendelevium is the heaviest element whose initial atomic number as-
signment was based on chemical separation. It was named after Dimitri
Mendeleev, the great Russian chemist. Mendelevium isotopes of masses 245
through 260 have been reported. All are radioactive, decaying by �-particle
emission, electron capture, and/or spontaneous fission, with half-lives rang-
ing from 0.35 second for mass 245 to 31.8 days for mass 260, the heaviest
isotope. The ground state electronic configuration of Md is believed to be
[Rn]5f137s2, by analogy to its lanthanide homologue thulium (element 69).
Its most stable ion in aqueous solution is Md3�, although Md2� can be
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isotope: form of an atom that differs by
the number of neutrons in the nucleus

��-particle: subatomic particle with 2�
charge and mass of 4; a He nucleus

fission: process of splitting a heavy atom
into smaller pieces

atomic number: the number assigned to
an atom of an element that indicates the
number of protons in the nucleus of that
atom

lanthanides: a family of elements (atomic
number 57 through 70) from lanthanum
to lutetium having from 1 to 14 4f
electrons

aqueous solution: homogenous mixture in
which water is the solvent (primary
component)

Table 3. Eka silicon was predicted by
Mendeleev and discovered by the German
chemist Clemens Winkler in 1886 and
named germanium.

Property Eka Silicon Germanium

Atomic weight 72  72.32
Specific gravity 5.5  5.47
Valence 4  4

101

Md
MENDELEVIUM

258
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prepared with strong reducing agents. The metal is believed to be divalent
because of its high volatility relative to that of other actinide metals, but this
has not been experimentally verified. SEE ALSO Actinium; Berkelium; Ein-
steinium; Fermium; Lawrencium; Mendeleev, Dimitri; Neptunium; No-
belium; Plutonium; Protactinium; Radioactivity; Rutherfordium;
Seaborg, Glenn Theodore; Thorium; Transmutation; Uranium.

Darleane C. Hoffman
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Menten, Maud
CANADIAN BIOCHEMIST
1879–1960

When biochemists are asked to name a mathematical relationship, it is al-
most certain that they will choose the Michaelis–Menten equation. This
equation enables biochemists to study quantitatively the way in which an
enzyme speeds up a biochemical reaction. It was discovered by the German-
born American biochemist Leonor Michaelis (1875–1949) and his assistant
Maud Leonora Menten.

Though both discoverers deserve recognition, Menten faced the addi-
tional challenge of being a woman scientist at a time when professional ad-
vancement for women was very difficult. Born in Port Lambton, Ontario,
Canada, Menten graduated from the University of Toronto with a B.A. in
1904 and an M.B. in medicine in 1907. For the 1907 to 1908 year, she was
appointed a fellow at the Rockefeller Institute for Medical Research, New
York, where she studied the effect of radium on tumors. Returning to
Canada, Menten continued her medical studies, and in 1911 she became one
of the first women in Canada to receive a medical doctorate.

The pivotal year in Menten’s life was 1912, when she crossed the At-
lantic Ocean to spend a year working with Michaelis at the University of
Berlin. While there, they developed the Michaelis–Menten hypothesis that
provided a general explanation of the enzyme catalysis of biochemical re-
actions. From the hypothesis, they deduced the mathematical relationship
that also bears their name. Their discovery changed scientists’ approach
to the study of biochemical reactions and helped shape the future of the
subject.

Returning to North America, Menten performed doctoral research in
biochemistry at the University of Chicago, receiving a Ph.D. in 1916. De-
spite her strong qualifications and the renown she received for the equation
coformulated with Michaelis, she was unable to find any suitable employ-
ment in Canada. As a result, in 1918 she joined the medical school at the
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reducing agent: substance that causes
reduction, a process during which
electrons are lost (or hydrogen atoms
gained)

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

catalysis: the action or effect of a
substance in increasing the rate of a
reaction without itself being converted
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University of Pittsburgh as a pathologist. She was appointed assistant pro-
fessor of pathology in 1923 and promoted to associate professor in 1925. At
the same time, she served as a clinical pathologist at the Children’s Hospi-
tal at Pittsburgh, where she insisted on knowing about every interesting or
puzzling case admitted to the hospital. Besides this, Menten maintained an
active research program, authoring or coauthoring over seventy research pa-
pers. Among her other important discoveries were the use of electric fields
to determine differences in human hemoglobin (a process called elec-
trophoresis) and the development of a dye reaction to study enzymes in
the kidney.

Menten accomplished much by working long 18-hour days. Medical sci-
ence, however, was not her whole life. She was fluent in several languages,
had her oil paintings exhibited in major exhibitions, and was an avid moun-
tain climber. Although Menten did make tremendous contributions to med-
ical science while in Pittsburgh, it was not until a year before her retirement
at the age of seventy that the university promoted her to the highest rank
of full professor. Formal retirement nonetheless did not slow down Menten.
Returning to Canada in 1950, she conducted cancer research at the British
Columbia Research Institute until ill health caused her to resign in 1954.
SEE ALSO Enzymes; Radium.

Marelene Rayner-Canham
Geoffrey W. Rayner-Canham
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Mercury
MELTING POINT: �38.87°C
BOILING POINT: 359.6°C
DENSITY: 13.54 g/cm3

MOST COMMON IONS: Hg2
2�, Hg2�

Mercury is at room temperature a silver-white, volatile liquid metal. It is
reputed to have been known in ancient Egypt. Dioscorides, a Greek physi-
cian who flourished ca. 60 C.E., recounted the condensation of mercury
vapor after the heating of cinnabar, the major ore of mercury. In the mod-
ern era mercury is produced via a variation on the procedure used by the
ancients: The bright red ore (cinnabar) is now heated in oxygen, with lime,
or with iron.

HgS(s) � O2(g) � SO2(g) � Hg

HgS(s) � Fe � Hg � FeS

4HgS(s) � 4CaO(s) � 4Hg � 3CaS(s) � CaSO4(s)
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electrophoresis: migration of charged
particles under the influence of an
electric field, usually in solution; cations,
positively charged species, will move
toward the negative pole and anions, the
negatively charged species, will move
toward the positive pole

volatile: low boiling, readily vaporized

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities
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Hg
MERCURY

200.59
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Mercury has three oxidation states: 0, 1� (mercurous), and 2� (mercuric).
It forms few simple compounds. It does form several simple, water-soluble
mercuric compounds: mercuric chloride, HgCl2; mercuric nitrate, Hg(NO3)2;
and mercuric acetate, Hg(CH3COO)2. The mercurous chloride, Hg2Cl2, is
insoluble in water. Relatively stable organometallic compounds are formed
with aliphatic and organic compounds. Methylmercury (CH3–Hg�) is the
major polluting form of mercury. Methylmercury reacts with thiol groups in
enzymes.

The mining of mercury has declined in recent decades, as major inter-
national concern over the health threat of mercury’s extensive pollution of
the environment has mounted. Much American freshwater fish is contami-
nated. The U.S. Environmental Protection Agency estimates 3,000 uses of
mercury. Mercury usage is down in the chloroalkali industry, in which mer-
cury is the cathode material used in the electrolysis of sodium chloride so-
lutions, which produce sodium hydroxide and chlorine. An abundance of
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oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

organometallic compound: compound
containing a metal (transition) attached
to one or more organic moieties
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500 ppb (0.5 �g/g) in Earth’s crust gives rise to a discharge into the at-
mosphere of mercury on combustion of fossil fuels and the manufacture of
metals and cement. SEE ALSO Heavy Metal Toxins; Inorganic Chemistry.

Robert A. Bulman
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Metal Alloy See Steel.

Methylphenidate
Methylphenidate is a mild stimulant prescribed to individuals (usually for
children, and sometimes controversially) who have behavioral problems
characterized by hyperactivity and short attention span. The National In-
stitute of Mental Health estimates that approximately 3–5 percent of the
general population has attention-deficit disorder (ADD) or attention-deficit
hyperactivity disorder (ADHD). The administration of methylphenidate to
children diagnosed with hyperactivity and/or attention-deficit disorder can
have a calming effect on the children and can enable them to focus on
schoolwork. Methylphenidate is also used to treat narcolepsy, a sleep dis-
order characterized by a permanent and overwhelming feeling of sleepiness
and fatigue.

Methylphenidate is similar to amphetamine and, like amphetamine,
stimulates the central nervous system (CNS), which consists of the brain
and spinal cord. Stimulant drugs affect mood and alertness, and depress food
appetite by increasing levels of several neurotransmitters in the brain. Al-
though the exact therapeutic mode of action of methylphenidate is not
known, the drug has been shown to elevate levels of some of these neuro-
transmitters, primarily dopamine and norepinephrine (noradrenaline).

Dopamine and norepinephrine are excitatory neurotransmitters. When
nerve cells in the brain are stimulated, neurotransmitters stored in vesicles
in nerve cell endings are released to extracellular spaces (synapses). The lib-
erated chemical messengers can then interact with receptors on an adja-
cent nerve cell and can generate a new nerve signal (a nerve impulse). When
levels of dopamine or norepinephrine are depressed, regions of the brain
that rely on the two substances to regulate nerve impulse conduction are
unable to function properly. Research has shown that children with ADD
or ADHD have lower levels of dopamine in the CNS. It is believed that
drugs acting as CNS stimulants, such as amphetamine, cocaine, and
methylphenidate, compensate for lowered levels of excitatory neurotrans-
mitters (i.e., dopamine and norepinephrine) in the brain. Indeed, adminis-
tration of methylphenidate to healthy adult men has been found to increase
dopamine levels.

Different theories have been proposed to explain how methylphenidate
increases levels of dopamine in the brain. One such theory propounds that
methylphenidate causes dopamine to remain longer in extracellular spaces.
Once a neurotransmitter has transmitted its message, it dissociates from
the receptor to which it was bound and is taken up by the nerve cell from
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combustion: burning, the reaction with
oxygen

Ritalin, the trademarked name of
methylphenidate, is commonly prescribed
to children ages 7–18 with attention-
deficit hyperactivity disorder.

amphetamine: class of compounds used
to stimulate the central nervous system

excitatory: causing cells to become active

vesicle: small compartment in a cell that
contains a minimum of one lipid bilayer

receptor: area on or near a cell wall that
accepts another molecule to allow a
change in the cell
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which it was originally released. Researchers at Brookhaven National Lab-
oratory have demonstrated that methylphenidate inhibits this “reuptake”
of dopamine by nerve cells. As a result, extracellular dopamine levels are
increased, and the neurotransmitter continues to be available to initiate
nerve impulses.

Ritalin is the brand name of a formulation of methylphenidate that is
available in tablet form. Ritalin tablets are most often prescribed to children,
aged 7 to 18, who have been diagnosed with ADHD. However, individuals
who suffer from anxiety or panic disorders are warned not to take the drug,
as Ritalin may aggravate symptoms of agitation and/or anxiety. Nervousness
and insomnia are the most common side effects associated with Ritalin. There
have also been reports of the onset of Tourette’s syndrome, a neurological
disorder characterized by repeated and involuntary body movements (tics),
or at least of symptoms resembling those of Tourette’s, in patients taking
Ritalin, and therefore patients with this disorder are advised not to take Ri-
talin. In April 2002 the National Institutes of Health reported that a com-
bination of Ritalin and Clonidine, a drug often used to treat hypertension,
is more effective in the treatment of ADHD than either drug alone. Fur-
thermore, Clonidine is reported to have a tic-suppressing effect, and it is be-
lieved that the drug may counteract the apparent tic-accentuating effect of
methylphenidate.

During the early 1990s, reports of abuse of methylphenidate began to
appear. Nonmedical use of the drug for its stimulant effects impelled the
U.S. Drug Enforcement Administration (DEA) to regulate the manufacture,
distribution, and prescription of methylphenidate. Because methylphenidate
is related to amphetamine, it can be addictive and result in physical and psy-
chological dependence. SEE ALSO Neurochemistry; Neurotransmitters;
Pharmaceutical Chemistry.

Nanette M. Wachter
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Meyer, Lothar
GERMAN CHEMIST
1830–1895

Lothar Meyer was the son and grandson of physicians, so it was only nat-
ural that initially he decided on a career as a physician. At the age of twenty-
one, he began his studies in medicine at the University of Zurich and received
his M.D. in 1854. By then Meyer had become interested in the chemistry
of the body and went on to study under Robert Bunsen at Heidelberg, where
he learned how to analyze gases. He used these techniques to study the ab-
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sorption of oxygen and carbon monoxide by the blood, and was able to es-
tablish that they both reacted in a similar fashion with the same constituent
present in the blood. Meyer also determined that carbon monoxide was able
to displace oxygen from the blood. However, he was unable to identify the
particular component in the blood responsible for binding. This substance
was identified as hemoglobin eight years later by Felix Hoppe-Seyler, a pro-
fessor of physiological chemistry at the University of Strasbourg in France.
For this work, Meyer received his Ph.D. in 1858 at the University of Bres-
lau, and he became the director of the chemical laboratory in the physiol-
ogy institute there until 1866.

In 1864 Meyer published Modern Theories of Chemistry, which went
through five editions and was translated into English, French, and Russian.
This book contained a prototype of his 1870 Periodic Table, which con-
sisted of only twenty-eight elements arranged in six families that had simi-
lar chemical and physical characteristics. Above all he used a number referred
to as the combining power of each element, later termed the valence, to
link together a particular family. For example, carbon, silicon, tin, and lead
were assigned to the same family because each exhibited a combining power
of four. He also recognized the following from the observation that atomic
weights usually increase by a certain amount between family members: A
missing element existed between silicon and tin (later this gap was filled by
germanium, discovered in 1886 by the German chemist Clemens Winkler).
By 1868 he had expanded his table to include fifty-three elements, but this
version was not made public until 1895. This was unfortunate because in
1869 the Russian chemist Dimitri Mendeleev published his version of the
Periodic Table in a paper entitled, “The Relation of the Properties to the
Atomic Weights of the Elements.” As well as postulating his table,
Mendeleev described how it could be used to predict not only the atomic
weight of missing elements, but also their actual properties.

The most famous of Mendeleev’s predictions involved eka-boron (scan-
dium), eka-aluminium (gallium), and eka-silicon (germanium). For example,
for eka-silicon he predicted its atomic weight, its density, the compounds it
would form, and details about their physical properties. When thirteen years
later germanium was discovered and it was determined that Mendeleev’s
predictions had been correct, scientists began to recognize the importance
of the Periodic Table, and its discovery was quite naturally associated with
Mendeleev, who encouraged this association.

Even in the twenty-first century, although historians recognize that oth-
ers, especially Meyer, should be given considerable credit for the discovery of
the periodic properties of the elements, most textbooks credit only Mendeleev.
SEE ALSO Bunsen, Robert; Mendeleev, Dimitri; Periodic Table.

John E. Bloor
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Millikan, Robert
AMERICAN PHYSICIST
1868–1953

Born in Morrison, Illinois, Robert Andrew Millikan was the second son of
the Reverend Silas Franklin Millikan and Mary Jane Andrews. When Mil-
likan was seven, his family moved to Maquoketa, Iowa, where he attended
high school. In 1886 he entered Oberlin College in Ohio. In 1887 he en-
rolled in several classics classes there, and because he did quite well in Greek,
at the end of his sophomore year, he was asked to teach an introductory-
level physics class. He enjoyed teaching physics and accepted a two-year
teaching post at Oberlin upon graduation in 1891. It was during this period
that he developed an even keener interest in physics.

In 1893 Millikan began his doctoral work at Columbia University, re-
ceiving a Ph.D. in 1895. After traveling to Germany, he eventually accepted
a faculty position at the University of Chicago. It was as a teacher and text-
book author that Millikan first made his mark. He wrote or cowrote a num-
ber of elementary physics texts that became the classics in this field.
However, while valued activities, they did not lead to his promotion to full
professor. Determined to ascend in academic rank, Millikan began his re-
search into the charge on the electron.

At the time, the debate over whether or not atoms were real had almost
played out, but the questions surrounding the true nature of the electron
were still unanswered. Although the work of the English physicist J. J.
Thomson had elucidated the charge-to-mass ratio, determining that the
electron had a discrete, fixed charge and mass remained.

Being an experimentalist, Millikan used a tiny, submillimeter drop of
oil suspended between capacitor plates to measure the incremental charge
on an electron. His reasoned that the oil drop would pick up a charge due
to friction as it entered the region between the plates. By ionizing the at-
mosphere and monitoring the motion of multiple drops, he was able to com-
pare the time that the drop took to fall under the influence of gravity and
with the electrical plates off, against the time that it took for the drop to
climb under the influence of applied voltage. The interaction of the drop
with the electric field always occurred in discrete units, indicating that the
electron charge was a single value, and that it was the same value for all dif-
ferent forms of electricity.

Millikan’s oil-drop experiment settled the argument and determined ac-
curately (within one part in a thousand) both the charge and, by virtue of
the charge-to-mass ratio, the mass of the electron. Both numbers allowed
the Danish physicist Niels Bohr to finally calculate Rydberg’s constant and
provided the first and most important proof of the new atomic theory.

Millikan went on to demonstrate the photoelectron effect, providing a
valuable proof of Albert Einstein’s equations. His experiments also aided
both Einstein and Bohr in their later research efforts. In 1923 he was awarded
a Nobel Prize in physics for both his work in determining the charge on
the electron and exploring the photoelectric effect. SEE ALSO Bohr, Niels;
Einstein, Albert; Thomson, Joseph John.

Todd W. Whitcombe
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Minerals
Minerals are the building blocks of rocks. A mineral may be defined as any
naturally occurring inorganic solid that has a definite chemical composition
(that can vary only within specified limits) and possesses a crystalline struc-
ture. The study of minerals is known as mineralogy, which dates back to
prehistory. The use of minerals in the construction of primitive weapons
and as suppliers of color for ancient artists makes mineralogy one of the old-
est of the human arts.

Minerals may be characterized by the fundamental patterns of their crys-
tal structures. A crystal structure is commonly identified by its fundamen-
tal repeating unit, which upon protraction into three dimensions generates
a macroscopic crystal. Crystal structures can be divided into crystal systems,
which can be further subdivided into crystal classes—a total of thirty-two
crystal classes, which are sometimes referred to as point classes.

More commonly, minerals are described or classified on the basis of
their chemical composition. Although some minerals, such as graphite or
diamond, consist primarily of a single element (in this instance, carbon),
most minerals occur as ionic compounds that consist of orderly arrange-
ments of cations and anions and have a specific crystalline structure deter-
mined by the sizes and charges of the individual ions. Cations (positively
charged ions) are formed by the loss of negatively charged electrons from
atoms. Anions consist of a single element, the atoms of which have become
negatively charged via the acquisition of electrons, or they consist of sev-
eral elements, the atoms bound together by covalent bonds and bearing an
overall negative charge. Pyrite (FeS2) is a mineral that contains a sulfide ion
as its anion. Gypsum [CaSO4�2(H2O)] contains the polyatomic anion
known as sulfate (SO4

2�) as well as two waters of hydration (water mole-
cules that are part of the crystalline structure).

It has been noted that the chemical composition of minerals could vary
within specified limits. This phenomenon is known as solid solution. For
example, the chemical composition of the mineral dolomite is commonly
designated as CaMg (CO3)2, or as (Ca, Mg)CO3. This does not mean that
dolomite has calcium and magnesium existing in a one-to-one ratio. It sig-
nifies that dolomite is a carbonate mineral that has significant amounts of
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both cations (calcium and magnesium ions) in an infinite variety of propor-
tions. When minerals form, ions of similar size and charge, such as calcium
and magnesium ions, can substitute for each other and will be found in the
mineral in amounts that depend on the proportions that were present in so-
lution, or in the melt (liquid magma) from which the mineral formed. Thus,
many minerals can exist in solid solution. When solid solutions exist, names
are often given to the end-members. In the case of the calcium and mag-
nesium carbonates, one end-member, CaCO3 is named calcite or aragonite,
depending on the crystalline symmetry, whereas the other end-member,
MgCO3, is referred to as magnesite.

Because minerals are naturally occurring substances, the abundance of
minerals tends to reflect the abundance of elements as they are found in
Earth’s crust. Although about 4,000 minerals have been named, there are
forty minerals that are commonly found and these are referred to as the
rock-forming minerals.

The most abundant element in Earth’s crust is oxygen, which makes up
about 45 percent of the crust by mass. The second most abundant element
is silicon, which accounts for another 27 percent by mass. The next six most
abundant elements, in order of abundance, are aluminum, iron, calcium, mag-
nesium, sodium, and potassium, which collectively comprise about 26 per-
cent, leaving only about 2 percent for all other elements. If one classifies
minerals according to the commonly accepted system that is based on their
anions, it is not surprising that silicates (having anions that are polyatomic
combinations of oxygen and silicon) are the most common mineral group.

Silicates

In order to understand the chemical structures and formulas of the silicate
minerals, one must begin with the basic building block of all silicates: the sil-
ica tetrahedron. A silica tetrahedron is an anionic species, which consists of
a silicon atom covalently bound to four oxygen atoms. The silicon atom is in
the geometric center of the tetrahedron and at each of the four points of the
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tetrahedron is an oxygen atom. The structure has an overall charge of neg-
ative four and is represented as SiO4

4�. The mineral olivine, a green-colored
mineral as the name suggests, has the formula (Mg, Fe)2SiO4. When olivine
is a gem-quality crystal it is referred to as peridot. As the formula suggests,
olivine is really a group of minerals that vary in composition, from almost
pure end-member forsterite (Mg2SiO4) to almost pure fayalite (Fe2SiO4).

All of the silicate minerals arise from various combinations of silica tetra-
hedra and a sense of their variety may be gleaned from the understanding
that the oxygen atoms at the tetrahedral vertices may be shared by adjacent
tetrahedra in such a way as to generate larger structures, such as single chains,
double chains, sheets, or three-dimensional networks of tetrahedra. Various
cations occurring within solid solutions neutralize the negative charges on
the silicate backbone. The variation in geometric arrangements generates a
dazzling array of silicate minerals, which includes many common gemstones.

The pyroxene group and the amphibole group, respectively, are repre-
sentatives of silicate minerals having single-chain and double-chain tetra-
hedral networks. Pyroxenes are believed to be significant components of
Earth’s mantle, whereas amphiboles are dark-colored minerals commonly
found in continental rocks.

Clays have sheet structures, generated by the repetitious sharing of three
of the four oxygen atoms of each silica tetrahedron. The fourth oxygen atom
of the silica tetrahedron is important as it has a capacity for cation exchange.
Clays are thus commonly used as natural ion-exchange resins in water pu-
rification and desalination. Clays can be used to remove sodium ions from
seawater, as well as to remove calcium and magnesium ions in the process
of water softening. Because the bonds between adjacent sheets of silicon
tetrahedra are weak, the layers tend to slip past one another rather easily,
which contributes to the slippery texture of clays.

Clays also tend to absorb (or release) water. This absorption or release
of water significantly changes clay volume. Consequently, soils that contain
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significant amounts of water-absorbing clays are not suitable as building
construction sites.

Clays are actually secondary minerals—meaning that they are formed
chiefly by the weathering of primary minerals. Primary minerals are those
that form directly by precipitation from solution or magma, or by deposi-
tion from the vapor phase. In the case of clays their primary or parent min-
erals are feldspars, the mineral group with the greatest abundance in Earth’s
crust. Feldspars and clays are actually aluminosilicates. The formation of an
aluminosilicate involves the replacement of a significant portion of the sil-
icon in the tetrahedral backbone by aluminum.

The feldspar minerals have internal arrangements that correspond to a
three-dimensional array of silica tetrahedra that arises from the sharing of
all four oxygen atoms at the tetrahedral vertices, and are sometimes referred
to as framework silicates. Feldspars, rich in potassium, typically have a pink
color and are responsible for the pinkish color of many of the feldspar-rich
granites that are used in building construction. The feldspathoid minerals
are similar in structure to feldspars but contain a lesser abundance of silica.
Lapis lazuli, now used primarily in jewelry, is a mixture of the feldspathoid
lazurite and other silicates, and was formerly used in granulate form as the
paint pigment ultramarine.

Zeolites are another group of framework silicates similar in structure to
the feldspars. Like clays they have the ability to absorb or release water. Ze-
olites have long been used as molecular sieves, due to their ability to absorb
molecules selectively according to molecular size.

One of the most well-known silicate minerals is quartz (SiO2), which
consists of a continuous three-dimensional network of silica and oxygen
without any atomic substitutions. It is the second most abundant continen-
tal mineral, feldspars being most abundant. The network of covalent bonds
(between silicon and oxygen) is responsible for the well-known hardness of
quartz and its resistance to weathering. Although pure quartz is clear and
without color, the presence of small amounts of impurities may result in the
formation of gemstones such as amethyst.

Nonsilicate Minerals
Although minerals of other classes are relatively scarce in comparison to the
silicate minerals, many have interesting uses and are important economi-
cally. Because of the great abundance of oxygen in Earth’s crust, the oxides
are the most common minerals after the silicates. Litharge, for example, is
a yellow-colored oxide of lead (PbO) and is used by artists as a pigment.
Hematite (Fe2O3), a reddish-brown ore, is an iron oxide and is also used as
a pigment. Other important classes of nonsilicate minerals include sulfides,
sulfates, carbonates, halides, phosphates, and hydroxides. Some minerals in
these groups are listed in Table 1.

Although minerals are often identified by the use of sophisticated opti-
cal instruments such as the polarizing microscope or the x-ray diffractome-
ter, most can be identified using much simpler and less expensive methods.
Color can be very helpful in identifying minerals (although it can also be
misleading). A very pure sample of the mineral carborundum (Al2O3) is col-
orless but the presence of small amounts of impurities in carborundum may
yield the deep red gemstone ruby or the blue gemstone sapphire. The streak
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of a mineral (the color of the powdered form) is actually much more useful
in identifying a mineral than is the color of the entire specimen, as it is less
affected by impurities. The streak of a mineral is obtained by simply rub-
bing the sample across a streak plate (a piece of unglazed porcelain), and
the color of the powder is then observed. Virtually all mineral indexes used
to identify minerals, such as those found in Dana’s Manual of Mineralogy, list
streaks of individual minerals.

Streak is used along with other rather easily determined mineral prop-
erties, such as hardness, specific gravity, cleavage, double refraction, the abil-
ity to react with common chemicals, and the overall appearance, to pinpoint
the identity of an unknown mineral. Mineral hardness is determined by the
ability of the sample to scratch or be scratched by readily available objects (a
knife blade, a fingernail, a glass plate) or minerals of known hardness. Hard-
ness is graded on the Moh’s scale of hardness, which ranges from a value of
one (softest) to ten (hardest). The mineral talc (used in talcum powder) has
a hardness of one, whereas diamond has a hardness of ten. A fingernail has
a hardness of 2.5; therefore quartz, which has a hardness of seven, would be
able to scratch talc or a fingernail, but quartz could not scratch diamond or
topaz, which has a hardness of eight. Conversely, topaz or diamond would
be able to scratch quartz. Specific gravity is the ratio of the weight of a min-
eral to the weight of an equal volume of water and is thus in concept simi-
lar to density. The cleavage of a mineral is its tendency to break along smooth
parallel planes of weakness and is dependent on the internal structure of the
mineral. A mineral may exhibit double refraction. That is, the double image
of an object will be seen if one attempts to view that object through a trans-
parent block of the mineral in question. Calcite is a mineral that exhibits
double refraction. Some minerals react spontaneously with common chem-
icals. If a few drops of hydrochloric acid are placed on a freshly broken sur-
face of calcite, the calcite will react vigorously. Effervescence, caused by
reaction of the calcite with hydrochloric acid to form the gas carbon diox-
ide, is observed. In contrast, dolomite will effervesce in hydrochloric acid
only upon the first scratching the surface of the dolomite.

Minerals are a part of our daily lives. They comprise the major part of
most soils and provide essential nutrients for plant growth. They are the
basic building blocks of the rocks that compose the surface layer of our
planet. They are used in many types of commercial operations, and the
mining of minerals is a huge worldwide commercial operation. They are
also used in water purification and for water softening. Finally, minerals
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Table 1. Examples of common nonsilicate
minerals and their uses.

EXAMPLES OF COMMON NONSILICATE MINERALS AND THEIR USES

Mineral Formula Economic Use

Pyrite FeS2 sulfuric acid production
Anhydrite CaSO4 plaster
Calcite CaCO3 lime
Halite NaCl table salt
Turquoise CuAl6(PO4)4(OH)8 gemstone
Bauxite Al(OH)3.nH2O aluminum ore
Rutile TiO2 jewelry, semiconductor

SOURCE: Tarbuck, Edward J., and Lutgens, Frederick K. (1999). Earth: An Introduction to Physical Geology, 6th edition. Upper Saddle River, NJ: Prentice Hall.
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are perhaps most valued for their great beauty. SEE ALSO Gemstones; In-
organic Chemistry; Materials Science; Zeolites.

Mary L. Sohn
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Mole Concept
In chemistry the mole is a fundamental unit in the Système International
d’Unités, the SI system, and it is used to measure the amount of substance.
This quantity is sometimes referred to as the chemical amount. In Latin mole
means a “massive heap” of material. It is convenient to think of a chemical
mole as such.

Visualizing a mole as a pile of particles, however, is just one way to un-
derstand this concept. A sample of a substance has a mass, volume (generally
used with gases), and number of particles that is proportional to the chemi-
cal amount (measured in moles) of the sample. For example, one mole of oxy-
gen gas (O2) occupies a volume of 22.4 L at standard temperature and pressure
(STP; 0°C and 1 atm), has a mass of 31.998 grams, and contains about 6.022
� 1023 molecules of oxygen. Measuring one of these quantities allows the
calculation of the others and this is frequently done in stoichiometry.

The mole is to the amount of substance (or chemical amount) as the gram
is to mass. Like other units of the SI system, prefixes can be used with the
mole, so it is permissible to refer to 0.001 mol as 1 mmol just as 0.001 g is
equivalent to 1 mg.

Formal Definition
According to the National Institute of Standards and Technology (NIST),
the Fourteenth Conférence Générale des Poids et Mesures established the
definition of the mole in 1971.

The mole is the amount of a substance of a system which contains as
many elementary entities as there are atoms in 0.012 kilogram of car-
bon-12; its symbol is “mol.” When the mole is used, the elementary
entities must be specified and may be atoms, molecules, ions, electrons,
other particles, or specified groups of such particles.

One Interpretation: A Specific Number of Particles
When a quantity of particles is to be described, mole is a grouping unit
analogous to groupings such as pair, dozen, or gross, in that all of these
words represent specific numbers of objects. The main differences between
the mole and the other grouping units are the magnitude of the number
represented and how that number is obtained. One mole is an amount of
substance containing Avogadro’s number of particles. Avogadro’s number
is equal to 602,214,199,000,000,000,000,000 or more simply, 6.02214199
� 1023.

Mole Concept

92

67368_v3_001-270.qxd  1/26/04  1:59 PM  Page 92



Unlike pair, dozen, and gross, the exact number of particles in a mole
cannot be counted. There are several reasons for this. First, the particles are
too small and cannot be seen even with a microscope. Second, as naturally
occurring carbon contains approximately 98.90% carbon-12, the sample
would need to be purified to remove every atom of carbon-13 and carbon-
14. Third, as the number of particles in a mole is tied to the mass of exactly
12 grams of carbon-12, a balance would need to be constructed that could
determine if the sample was one atom over or under exactly 12 grams. If
the first two requirements were met, it would take one million machines
counting one million atoms each second more than 19,000 years to com-
plete the task.

Obviously, if the number of particles in a mole cannot be counted, the
value must be measured indirectly and with every measurement there is some
degree of uncertainty. Therefore, the number of particles in a mole, Avo-
gadro’s constant (NA), can only be approximated through experimentation,
and thus its reported values will vary slightly (at the tenth decimal place)
based on the measurement method used. Most methods agree to four sig-
nificant figures, so NA is generally said to equal 6.022 � 1023 particles per
mole, and this value is usually sufficient for solving textbook problems. An-
other key point is that the formal definition of a mole does not include a
value for Avogadro’s constant and this is probably due to the inherent un-
certainty in its measurement. As for the difference between Avogadro’s con-
stant and Avogadro’s number, they are numerically equivalent, but the former
has the unit of mol�1 whereas the latter is a pure number with no unit.

A Second Interpretation: A Specific Mass

Atoms and molecules are incredibly small and even a tiny chemical sample
contains an unimaginable number of them. Therefore, counting the number
of atoms or molecules in a sample is impossible. The multiple interpretations
of the mole allow us to bridge the gap between the submicroscopic world of
atoms and molecules and the macroscopic world that we can observe.

To determine the chemical amount of a sample, we use the substance’s
molar mass, the mass per mole of particles. We will use carbon-12 as an ex-
ample because it is the standard for the formal definition of the mole. Ac-
cording to the definition, one mole of carbon-12 has a mass of exactly 12
grams. Consequently, the molar mass of carbon-12 is 12 g/mol. However,
the molar mass for the element carbon is 12.011 g/mol. Why are they dif-
ferent? To answer that question, a few terms need to be clarified.

On the Periodic Table, you will notice that most of the atomic weights
listed are not round numbers. The atomic weight is a weighted average of
the atomic masses of an element’s natural isotopes. For example, bromine
has two natural isotopes with atomic masses of 79 u and 81 u. The unit u
represents the atomic mass unit and is used in place of grams because the
value would be inconveniently small. These two isotopes of bromine are pre-
sent in nature in almost equal amounts, so the atomic weight of the element
bromine is 79.904. (i.e., nearly 80, the arithmetic mean of 79 and 81). A sim-
ilar situation exists for chlorine, but chlorine-35 is almost three times as abun-
dant as chlorine-37, so the atomic weight of chlorine is 35.4527. Technically,
atomic weights are ratios of the average atomic mass to the unit u and that
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is why they do not have units. Sometimes atomic weights are given the unit
u, but this is not quite correct according to the International Union of Pure
and Applied Chemistry (IUPAC).

To find the molar mass of an element or compound, determine the
atomic, molecular, or formula weight and express that value as g/mol. For
bromine and chlorine, the molar masses are 79.904 g/mol and 35.4527
g/mol, respectively. Sodium chloride (NaCl) has a formula weight of 58.443
(atomic weight of Na � atomic weight of Cl) and a molar mass of 58.443
g/mol. Formaldehyde (CH2O) has a molecular weight of 30.03 (atomic
weight of C � 2 [atomic weight of H]) � atomic weight of O] and a mo-
lar mass of 30.03 g/mol.

The concept of molar mass enables chemists to measure the number of
submicroscopic particles in a sample without counting them directly simply
by determining the chemical amount of a sample. To find the chemical
amount of a sample, chemists measure its mass and divide by its molar mass.
Multiplying the chemical amount (in moles) by Avogadro’s constant (NA)
yields the number of particles present in the sample.

Occasionally, one encounters gram-atomic mass (GAM), gram-formula
mass (GFM), and gram-molecular mass (GMM). These terms are function-
ally the same as molar mass. For example, the GAM of an element is the mass
in grams of a sample containing NA atoms and is equal to the element’s atomic
weight expressed in grams. GFM and GMM are defined similarly. Other terms
you may encounter are formula mass and molecular mass. Interpret these as
formula weight and molecular weight, respectively, but with the units of u.

Avogadro’s Hypothesis
Some people think that Amedeo Avogadro (1776–1856) determined the
number of particles in a mole and that is why the quantity is known as Avo-
gadro’s number. In reality Avogadro built a theoretical foundation for de-
termining accurate atomic and molecular masses. The concept of a mole did
not even exist in Avogadro’s time.

Much of Avogadro’s work was based on that of Joseph-Louis Gay-Lussac
(1778–1850). Gay-Lussac developed the law of combining volumes that states:
“In any chemical reaction involving gaseous substances the volumes of the
various gases reacting or produced are in the ratios of small whole numbers.”
(Masterton and Slowinski, 1977, p. 105) Avogadro reinterpreted Gay-Lussac’s
findings and proposed in 1811 that (1) some molecules were diatomic and
(2) “equal volumes of all gases at the same temperature and pressure contain
the same number of molecules” (p. 40). The second proposal is what we re-
fer to as Avogadro’s hypothesis.

The hypothesis provided a simple method of determining relative mol-
ecular weights because equal volumes of two different gases at the same tem-
perature and pressure contained the same number of particles, so the ratio
of the masses of the gas samples must also be that of their particle masses.
Unfortunately, Avogadro’s hypothesis was largely ignored until Stanislao
Cannizzaro (1826–1910) advocated using it to calculate relative atomic
masses or atomic weights. Soon after the 1st International Chemical Con-
gress at Karlsrule in 1860, Cannizzaro’s proposal was accepted and a scale
of atomic weights was established.

Mole Concept
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To understand how Avogadro’s hypothesis can be used to determine
relative atomic and molecular masses, visualize two identical boxes with or-
anges in one and grapes in the other. The exact number of fruit in each box
is not known, but you believe that there are equal numbers of fruit in each
box (Avogadro’s hypothesis). After subtracting the masses of the boxes, you
have the masses of each fruit sample and can determine the mass ratio be-
tween the oranges and the grapes. By assuming that there are equal num-
bers of fruit in each box, you then know the average mass ratio between a
grape and an orange, so in effect you have calculated their relative masses
(atomic masses). If you chose either the grape or the orange as a standard,
you could eventually determine a scale of relative masses for all fruit.

A Third Interpretation: A Specific Volume

By extending Avogadro’s hypothesis, there is a specific volume of gas that
contains NA gas particles for a given temperature and pressure and that vol-
ume should be the same for all gases. For an ideal gas, the volume of one
mole at STP (0°C and 1.000 atm) is 22.41 L, and several real gases (hy-
drogen, oxygen, and nitrogen) come very close to this value.

The Size of Avogadro’s Number

To provide some idea of the enormity of Avogadro’s number, consider some
examples. Avogadro’s number of water drops (twenty drops per mL) would
fill a rectangular column of water 9.2 km (5.7 miles) by 9.2 km (5.7 miles)
at the base and reaching to the moon at perigee (closest distance to Earth).
Avogadro’s number of water drops would cover the all of the land in the
United States to a depth of roughly 3.3 km (about 2 miles). Avogadro’s num-
ber of pennies placed in a rectangular stack roughly 6 meters by 6 meters
at the base would stretch for about 9.4 � 1012 km and extend outside our
solar system. It would take light nearly a year to travel from one end of the
stack to the other.

History

Long before the mole concept was developed, there existed the idea of chem-
ical equivalency in that specific amounts of various substances could react in
a similar manner and to the same extent with another substance. Note that
the historical equivalent is not the same as its modern counterpart, which in-
volves electric charge. Also, the historical equivalent is not the same as a mole,
but the two concepts are related in that they both indicate that different masses
of two substances can react with the same amount of another substance.

The idea of chemical equivalents was stated by Henry Cavendish in 1767,
clarified by Jeremias Richter in 1795, and popularized by William Wollaston
in 1814. Wollaston applied the concept to elements and defined it in such a
way that one equivalent of an element corresponded to its atomic mass. Thus,
when Wollaston’s equivalent is expressed in grams, it is identical to a mole. It
is not surprising then that the word “mole” is derived from “molekulargewicht”
(German, meaning “molecular weight”) and was coined in 1901 or 1902. SEE

ALSO Avogadro, Amedeo; Cannizzaro, Stanislao; Cavendish, Henry;
Gay-Lussac, Joseph-Louis.

Nathan J. Barrows

Mole Concept

95

67368_v3_001-270.qxd  1/26/04  1:59 PM  Page 95



Bibliography
Atkins, Peter, and Jones, Loretta (2002). Chemical Principles, 2nd edition. New York:

W. H. Freeman and Company.

Lide, David R., ed. (2000). The CRC Handbook of Chemistry & Physics, 81st edition.
New York: CRC Press.

Masterton, William L., and Slowinski, Emil J. (1977). Chemical Principles, 4th edition.
Philadelphia: W. B. Saunders Company.

Internet Resources

National Institute of Standards and Technology. “Unit of Amount of Substance
(Mole).” Available from �http://www.nist.gov�.

Molecular Geometry
Molecules, from simple diatomic ones to macromolecules consisting of
hundreds of atoms or more, come in many shapes and sizes. The term
“molecular geometry” is used to describe the shape of a molecule or poly-
atomic ion as it would appear to the eye (if we could actually see one). For
this discussion, the terms “molecule” and “molecular geometry” pertain to
polyatomic ions as well as molecules.

Molecular Orbitals
When two or more atoms approach each other closely enough, pairs of va-
lence shell electrons frequently fall under the influence of two, and some-
times more, nuclei. Electrons move to occupy new regions of space (new
orbitals—molecular orbitals) that allow them to “see” the nuclear charge of
multiple nuclei. When this activity results in a lower overall energy for all
involved atoms, the atoms remain attached and a molecule has been formed.
In such cases, we refer to the interatomic attractions holding the atoms to-
gether as covalent bonds. These molecular orbitals may be classified ac-
cording to strict mathematical (probabilistic) determinations of atomic
behaviors. For this discussion, the two most important classifications of this
kind are sigma () and pi (�). Though we may be oversimplifying a highly
complex mathematics, it may help one to visualize sigma molecular orbitals
as those that build up electron density along the (internuclear) axis con-
necting bonded nuclei, and pi molecular orbitals as those that build up elec-
tron density above and below the internuclear axis.

sigma molecular orbital

pi molecular orbital

Molecular Geometry
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Bonding Theories
This discussion will examine two approaches chemists have used to explain
bonding and the formation of molecules, the molecular orbital (MO) the-
ory and the valence bond (VB) theory. At their simplest levels, both ap-
proaches ignore nonvalence shell electrons, treating them as occupants of
molecular orbitals so similar to the original (premolecular formation)
atomic orbitals that they are localized around the original nuclei and do
not participate in bonding. The two approaches diverge mainly with re-
spect to how they treat the electrons that are extensively influenced by two
or more nuclei. Though the approaches differ, they must ultimately con-
verge because they describe the same physical reality: the same nuclei, the
same electrons.

Molecular orbital theory. In MO theory, there are three types of molec-
ular orbitals that electrons may occupy.

1. Nonbonding molecular orbitals. Nonbonding molecular orbitals closely
resemble atomic orbitals localized around a single nucleus. They are called
nonbonding because their occupation by electrons confers no net advantage
toward keeping the atoms together.

2. Bonding molecular orbitals. Bonding molecular orbitals correspond to re-
gions where electron density builds up between two, sometimes more, nu-
clei. When these orbitals are occupied by electrons, the electrons “see” more
positive nuclear charge than they would if the atoms had not come together.
In addition, with increased electron density in the spaces between the nu-
clei, nucleus-nucleus repulsions are minimized. Bonding orbitals allow for
increased electron-nucleus attraction and decreased nucleus-nucleus repul-
sion, therefore electrons in such orbitals tend to draw atoms together and
bond them to each other.

�

two s orbitals overlap

�

s and p orbitals overlap

two p orbitals overlap

�
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97

67368_v3_001-270.qxd  1/26/04  1:59 PM  Page 97



3. Antibonding molecular orbitals. One antibonding molecular orbital is
formed for each bonding molecular orbital that is formed. Antibonding or-
bitals tend to localize electrons outside the regions between nuclei, resulting
in significant nucleus-nucleus repulsion—with little, if any, improvement in
electron-nucleus attraction. Electrons in antibonding orbitals work against
the formation of bonds, which is why they are called antibonding.

According to MO theory, atoms remain close to one another (forming
molecules) when there are more electrons occupying lower energy sigma
and/or pi bonding orbitals than occupying higher energy antibonding or-
bitals; such atoms have a lower overall energy than if they had not come to-
gether. However, when the number of bonding electrons is matched by the
number of antibonding electrons, there is actually a disadvantage to having
the atoms stay together, therefore no molecule forms.

Valence bond theory. Valence bond (VB) theory assumes that atoms form
covalent bonds as they share pairs of electrons via overlapping valence shell
orbitals. A single covalent bond forms when two atoms share a pair of elec-
trons via the sigma overlap of two atomic orbitals—a valence orbital from
each atom. A double bond forms when two atoms share two pairs of elec-
trons, one pair via a sigma overlap of two atomic orbitals and one via a pi
overlap. A triple bond forms by three sets of orbital overlap, one of the sigma
type and two of the pi type, accompanied by the sharing of three pairs of
electrons via those overlaps. (When a pair of valence shell electrons is lo-
calized at only one atom, that is, when the pair is not shared between atoms,
it is called a lone or nonbonding pair.)

Let us apply this greatly simplified picture of VB theory to three di-
atomic molecules: H2, F2, and HF. VB theory says that an H2 molecule
forms when a 1s orbital containing an electron that belongs to one atom
overlaps a 1s orbital with an electron of opposite spin belonging to the other,

�

�

s orbitals overlap forming antibonding molecular orbital

s and p orbitals overlap forming antibonding molecular orbital

�

p orbitals overlap forming antibonding molecular orbital
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creating a sigma molecular orbital containing two electrons. The two nu-
clei share the pair of electrons and draw together, giving both electrons ac-
cess to the positive charge of both nuclei. Diatomic fluorine, F2, forms
similarly, via the sigma overlap of singly occupied 2p orbitals. The HF mol-
ecule results from the sharing of a pair of electrons whereby an electron in
a hydrogen 1s orbital experiences sigma overlap with an electron in a fluo-
rine 2p orbital.

Molecular Geometries

This VB approach allows us to return to the focus of our discussion. The
geometry of a molecule or polyatomic ion is determined by the positions of
individual atoms and their positions relative to one another. It can get very
complicated. However, let us start with some simple examples and your
imagination will help you to extend this discussion to more complicated
ones. What happens when two atoms are bonded together in a diatomic
molecule? The only possible geometry is a straight line. Hence, such a mol-
ecular geometry (or shape) is called “linear.” When we have three bonded
atoms (in a triatomic molecule), the three atoms may form either a straight
line, creating a linear molecule, or a bent line (similar to the letter V), cre-
ating a “bent,” “angular,” “nonlinear,” or “V-shaped” molecule. When four
atoms bond together, they may form a straight or a zigzag line, a square or
other two-dimensional shape in which all four atoms occupy the same flat
plane, or they may take on one of several three-dimensional geometries (such
as a pyramid, with one atom sitting atop a base formed by the other three
atoms). With so many possibilities, it may come as a surprise that we can
“predict” the shape of a molecule (or polyatomic ion) using some basic as-
sumptions about electron-electron repulsions.

We start by recognizing that, ultimately, the shape of a molecule is the
equilibrium geometry that gives us the lowest possible energy for the sys-
tem. Such a geometry comes about as the electrons and nuclei settle into
positions that minimize nucleus-nucleus and electron-electron repulsions,
and maximize electron-nucleus attractions.

Modern computer programs allow us to perform complex mathemati-
cal calculations for multiatomic systems with high predictive accuracy. How-
ever, without doing all the mathematics, we may “predict” molecular
geometries quite well using VB theory.

Valence shell electron pair repulsion approach. In the valence shell elec-
tron pair repulsion (VSEPR) approach to molecular geometry, we begin by
seeing the valence shell of a bonded atom as a spherical surface. Repulsions
among pairs of valence electrons force the pairs to locate on this surface as
far from each other as possible. Based on such considerations, somewhat sim-
plified herein, we determine where all the electron pairs on the spherical
surface of the atom “settle down,” and identify which of those pairs corre-
spond to bonds. Once we know which pairs of electrons bond (or glue)
atoms together, we can more easily picture the shape of the corresponding
(simple) molecule.

However, in using VSEPR, we must realize that in a double or triple
bond, the sigma and pi orbital overlaps, and the electrons contained
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therein, are located in the same basic region between the two atoms. Thus,
the four electrons of a double bond or the six electrons of a triple bond
are not independent of one another, but form coordinated “sets” of four
or six electrons that try to get as far away from other sets of electrons as
possible. In an atom’s valence shell, a lone pair of electrons or, collectively,
the two, four, or six electrons of a single, double, or triple bond each form
a set of electrons. It is repulsions among sets of valence shell electrons that
determine the geometry around an atom.

Consider the two molecules carbon dioxide (CO2) and formaldehyde
(H2CO). Their Lewis structures are

and

In CO2, the double bonds group the carbon atom’s eight valence electrons
into two sets. The two sets get as far as possible from each other by residing
on opposite sides of the carbon atom, creating a straight line extending from
one set of electrons through the carbon nucleus to the other. With oxygen
atoms bonded to these sets of electrons, the oxygen–carbon–oxygen axis is a
straight line, making the molecular geometry a straight line. Carbon dioxide
is a linear molecule.

In H2CO, the carbon atom’s eight valence electrons are grouped into
three sets, corresponding to the two single bonds and the one double bond.
These sets minimize the repulsions among themselves by becoming as dis-
tant from one another as possible—each set pointing at a vertex of a trian-
gle surrounding the carbon atom in the center. Attaching the oxygen and
hydrogen atoms to their bonding electrons has them forming the triangle
with the carbon remaining in the center; all four atoms are in the same plane.
Formaldehyde has the geometry of a trigonal (or triangular) planar mole-
cule, “planar” emphasizing that the carbon occupies the same plane as the
three peripheral atoms.

H

H

C O

O C O
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We may extend this approach to central atoms with four, five, six, or
even more sets of valence shell electrons. The most common geometries
found in small molecules appear in Table 1.

Until now, this article has focused on all the electrons in a central atom’s
valence shell, including sets not engaged in bonding. Though all such sets
must be included in the conceptualization of the electron-electron repul-
sions, a molecule’s geometry is determined solely by where its atoms are: A
molecule’s geometry is identified by what people would see if they could
see atoms. In the carbon dioxide and formaldehyde examples, the molecules
have the same overall geometries as the electron sets, because in both cases
all sets are attached to peripheral atoms: Carbon dioxide is a linear mole-
cule and formaldehyde is a trigonal (or triangular) planar one.

On the other hand, a water molecule (H2O)

has four sets of electrons around the O atom (two lone pairs and those mak-
ing up two sigma bonds) that assume a tetrahedral arrangement, but the

H

H

O
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101

COMMONLY ENCOUNTERED ELECTRON GEOMETRIES

Number of Sets
Most Common "Set"

Geometry Appearance

2 Linear

3 Trigonal (Triangular)
Planar

4 Tetrahedral

5 Trigonal Pyramidal

6 Octahedral

Table 1.
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molecular geometry as determined by the positions of the three atoms is a
bent, or V-shaped, molecule, with a H–O–H angle approaching the tetra-
hedral angle of 109.5°.

Similarly, a hydronium ion (H3O�)

has four sets of electrons around the central O atom (one lone pair and those
making up three sigma bonds) in a tetrahedral arrangement, but the mole-
cular geometry as determined by the four atoms is a trigonal (three-pointed
base) pyramidal ion with the O atom “sitting” atop the three H atoms. The
hydronium ion also has a H–O–H angle approaching the tetrahedral angle
of 109.5°.

Table 2 outlines the most common molecular geometries for different
combinations of lone pairs and up to four total sets of electrons that have
assumed positions around a central atom, and the hybridizations (see below)
required on the central atom.

Hybridization. Finally, what does valence bond theory say about the
atomic orbitals demanded by VSEPR? For example, though the regions
occupied by sets of electrons having a tetrahedral arrangement around a
central atom make angles of 109.5° to one another, valence p-orbitals are
at 90° angles.

To reduce the complex task of finding orbitals that “fit” VSEPR, we
base their descriptions on mathematical combinations of “standard” atomic
orbitals, a process called hybridization; the orbitals thus “formed” are hybrid
orbitals. The number of hybrid orbitals is equal to the number of “standard”
valence atomic orbitals used in the mathematics. For example, combining
two p-orbitals with one s-orbital creates three unique and equivalent sp2 (s-
p-two) hybrid orbitals pointing toward the vertices of a triangle surround-
ing the atom.

H

H

O H
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Valence electron sets (lone pairs and electrons in sigma bonds) are
“housed,” at least in part, in hybrid orbitals. This means that an atom sur-
rounded by three electron sets uses three hybrid orbitals, as in formalde-
hyde. There, the central carbon atom uses hybrid orbitals in forming the
C–H single bonds and the sigma portion of the C�O double bond. The
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ELECTRON SETS, HYBRIDIZATION AND MOLECULAR GEOMETRIES

Number of
Electrons

Sets
Electron "Set"

Geometry
Number of
Lone Pairs

Molecular
Geometry Hybridization Appearance

2 Linear – Linear sp

3
Trigonal

(Triangular)
Planner

0

1

2

Trigonal
Planar

Bent or
V-shaped sp2

4 Tetrahedral

0

1

2

3

Tetrahedral

Trigonal
Pyramid

Bent or
V-shaped

Linear

sp3

Linear

Table 2.
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carbon’s remaining unhybridized p-orbital overlaps a p-orbital on the oxy-
gen, creating the pi bond that completes the carbon-oxygen double bond.
The H–C–O and H–C–H angles are 120°, as is found among sp2 hybridized
orbitals in general. The hybridizations required for two, three, and four elec-
tron sets are given in Table 2, along with their corresponding electron
geometries. SEE ALSO Isomerism; Lewis Structures; Molecules; Nuclear
Magnetic Resonance.

Mark Freilich

Molecular Modeling
A model is a semblance or a representation of reality. Early chemical mod-
els were often mechanical, allowing scientists to visualize structural features
of molecules and to deduce the stereochemical outcomes of reactions. The
disadvantage of these simple models is that they only partly represent
(model) most molecules. More sophisticated physics-based models are
needed; these other models are almost exclusively computer models.

Two major categories of physics-based, computational molecular mod-
els exist: macroscopic and microscopic. Macroscopic models describe the
coarse-grained features of a system or a process but do not describe the
atomic or molecular features. Microscopic or atomistic models take full ac-
count of all atoms in the system.

Atomistic modeling can be done in two ways: by applying theory or by
using fitting procedures. The fitting procedures are attempts to rationalize
connections between molecular structure and physicochemical properties
(quantitative structure property relationships, QSPR), or between molecu-
lar structure and biological response (quantitative structure activity rela-
tionships, QSAR). Usually, a molecule’s biological response is regressed onto
a set of molecular descriptors.

Molecular Modeling
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Michael Chaney of Lilly Research Labs
wearing 3-D glasses to view a computer
model of Fluoxetine, or Prozac. The
glasses dim and brighten in response to
the flashing of the computer monitor.
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log(1/C) � b0 � �
i

biDi

Here C is the minimum concentration of a compound that elicits a re-
sponse to an assay of some sort (e.g., an LD50, or something else), b0 is a
constant, bi is the least-squares multiple regression coefficient, and Di is the
molecular descriptor. For example, the best model for determining the re-
tention index (RI) of drug molecules on a gas-liquid chromatography col-
umn was found to be RI � 9.92 MW � 3.11 (number of ring atoms) � 139
(number of ring nitrogens) � 296 (total  charge) � 921 � atomic IDs on
nitrogen � 335 6�CH � 211 3�C � 492�� � 1958 (� and � are topolog-
ical and topographical descriptors). One can then predict an unknown drug’s
RI very accurately by substituting the values of the descriptors for that drug
into the above equation. There are no rules about what kind of descriptors
may or may not be used, but descriptors often include information about
molecular size, shape, electronic effects, and lipophilicity. Microscopic mod-
eling based on fitting methodologies requires the use of existing data to cre-
ate a model. The model is then used to predict the properties or activities
of as yet unknown molecules.

The other approach to microscopic molecular modeling implements
theory, and uses various sampling strategies to explore a molecule’s poten-
tial energy surface (PES). Knowing a molecule’s PES is convenient, because
one can interpret directly from it the molecule’s shape and reactivity. Pop-
ular modeling tools used for determining PES are shown in Figure 1.

Molecular Modeling
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chromatography: the separation of the
components of a mixture in one phase
(the mobile phase) by passing it through
another phase (the stationary phase)
making use of the extent to which the
components are absorbed by the
stationary phase

Figure 1. A PES illustrating the
differences between modeling methods.
Energy minimization is portrayed by the
large black arrow. Only minima near the
initially guessed structure are located.
Monte Carlo methods randomly select
many points on the PES (dropped lines),
whereas Molecular Dynamics moves over
the surface (winding line)
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Quantum Mechanics (QM). The objective of QM is to describe the spa-
tial positions of electrons and nuclei. The most commonly implemented
QM method is the molecular orbital (MO) theory, in which electrons are
allowed to flow around fixed nuclei (the Born-Oppenheimer approximation)
until the electrons reach a self-consistent field (SCF). The nuclei are then
moved, iteratively, until the energy of the system can go no lower. This en-
ergy minimization process is called geometry optimization.

Molecular Mechanics (MM). Molecular mechanics is a non-QM way of
computing molecular structures, energies, and some other properties of mol-
ecules. MM relies on an empirical force field (EFF), which is a numerical
recipe for reproducing a molecule’s PES. Because MM treats electrons in
an implicit way, it is a much faster method than QM, which treats electrons
explicitly. A limitation of MM is that bond-making and bond-breaking
processes cannot be modeled (as they can with QM).

Molecular Dynamics (MD). Energy-minimized structures are motionless
and, accordingly, incomplete models of reality. In molecular dynamics,
atomic motion is described with Newtonian laws: Fi(t)�miai, where the
force Fi exerted on each atom ai is obtained from an EFF. Dynamical prop-
erties of molecules can be thus modeled. Because simulation periods are typ-
ically in the nanosecond range, only inordinately fast processes can be
explored.

Monte Carlo (MC). The same EFFs used in the MM and MD methods
are used in the Monte Carlo method. Beginning with a collection of parti-
cles, the system’s initial energy configuration is computed. One or more
particles are randomly moved to generate a second configuration, whose en-
ergy is “accepted” for further consideration, or “rejected,” based on energy
criteria. Millions of structures on the PES are sampled randomly. Averaged
energies and averaged properties are thus obtained.

Most atomistic modeling involves the exploration of a complex and oth-
erwise unknown PES. Simple energy minimization with QM or MM lo-
cates a single, stable structure (the local minimum) on the PES, which may
or may not be the most stable structure possible (the global minimum). MD
and MC sampling methods involve a more complete searching of the PES
for low energy states and, accordingly, are more time-consuming. SEE ALSO

Quantum Chemistry; Theoretical Chemistry.
Kenneth B. Lipkowitz

Jonathan N. Stack
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Molecular Orbital Theory
The molecular orbital (MO) theory is a way of looking at the structure of
a molecule by using molecular orbitals that belong to the molecule as a whole

Molecular Orbital Theory
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rather than to the individual atoms. When simple bonding occurs between
two atoms, the pair of electrons forming the bond occupies an MO that is
a mathematical combination of the wave functions of the atomic orbitals of
the two atoms involved. The MO method originated in the work of Friedrich
Hund and Robert S. Mulliken.

When atoms combine to form a molecule, the number of orbitals in the
molecule equals the number of orbitals in the combining atoms. When two
very simple atoms, each with one atomic orbital, are combined, two mole-
cular orbitals are formed. One is a bonding orbital, lower in energy than the
atomic orbitals, and derived from their sum. It is called sigma. The other is
an antibonding orbital, higher in energy than the atomic orbitals, and re-
sulting from their difference. It is called sigma-starred (*). (See the diagram
in Figure 1.)

The basic idea might best be illustrated by considering diatomic mole-
cules of hydrogen and helium. The energy diagrams are shown in Figure 2.
Each hydrogen atom has one 1s electron. In the H2 molecule the two hy-
drogen electrons go into the lowest energy MO available, the sigma orbital.
In the case of helium, each helium atom has two electrons, so the He2 mol-
ecule would have four. Two would go into the lower energy bonding 
orbital, but the other two would have to go into the higher energy sigma-
starred orbital.

Molecular Orbital Theory
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Figure 1. Combination of two 1s atomic
orbitals to form a sigma bonding orbital
or a sigma-starred antibonding orbital.
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Figure 2. Molecular orbital energy
diagrams for (a) H2 showing both
electrons in the bonding sigma MO; and
(b) He2 in which two of the electrons are
in the antibonding sigma-starred MO
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Bond Order

The bond order for a molecule can be determined as follows: bond order
� �� (bonding electrons � antibonding electrons).Therefore, the H2 mole-
cule has a bond order of �� (2 � 0) � 1. In other words, there is a single
bond connecting the two H atoms in the H2 molecule. In the case of He2,
on the other hand, the bond order is �� (2 � 2) � 0. This means that He2

is not a stable molecule.

Multiple Bonds

Double or triple bonds involve two or three pairs of bonding electrons. Sin-
gle bonds are always sigma bonds, but in multiple bonds the first bond is
sigma, while any second or third bonds are pi bonds. The overlap of p or-
bitals can yield either pi or sigma MOs, as shown in Figure 3. When they
overlap end to end, they form sigma orbitals, but when they overlap side to
side, they form pi orbitals.

Consider now the oxygen molecule. The Lewis structure for oxygen is
:Ö::Ö: The double bond is necessary in order to satisfy the octet rule for
both oxygen atoms. The measured bond length for oxygen supports the
presence of a double bond. Yet we know that this Lewis formula cannot be
the correct structure for oxygen because oxygen is paramagnetic, which
means that the oxygen molecule must have unpaired electrons.

Look now at the MO diagram for oxygen, which is shown in Figure 4.
It still indicates a bond order of 2 [��(10 � 6) � 2], but it also shows two un-
paired electrons.

The MO theory also works well for larger molecules such as N2O, CO2,
and BF3 and for ions such as NO3

� and CO3
2�, in which the bonding MOs

are delocalized, involving three or more atoms. It is especially useful for aro-
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Figure 3. Combination of p atomic
orbitals to form (a) sigma MOs by end-to-
end interactions or (b) pi MOs by
sideways interaction.
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matic molecules such as benzene. In this case all six C atoms in the ring are
equally involved in a delocalized pi electron cloud that envelops the entire
molecule. The MO theory can even be extended to complex ions and to
solids, including materials such as superconductors and semiconductors. SEE

ALSO Bonding; Lewis Structures; Valence Bond Theory.
Doris K. Kolb
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Molecular Structure

The Rise and Reemergence of Atomism

Throughout history, humans have created models to help them explain the
observed character of substances and phenomena in the material world. The
ancient philosophers Democritus and Lucretius were among the first to
speculate that matter was discontinuous, and that small, indivisible particles
not only made up substances but also gave them their observed properties.
The Greeks called these particles “atoms” (the English equivalent), a word
that meant indivisible. Lucretius imagined that the particles that made up
vapor had smooth surfaces and could not interconnect, giving vapors (gases)
their extreme mobility. Liquids, on the other hand, were thought to be made
up of particles, each particle having a few hooks. These few hooks would
get entwined but would not immobilize the particles, thereby causing the
particles to cling, yet still be fluid. The particles that made up solids, by
contrast, were thought to have many hooks, resulting in the extremely sturdy
nature of solid materials. The hypothesis of finite particles implied empty
space between them. Yet, the majority of Greek philosophers did not be-
lieve that nothingness (the vacuums between particles) could exist, so the
idea of atoms did not last long in the ancient times. Ironically, the objec-
tion was not to the existence of particles, but to the vacancies that must ex-
ist between them.

Most cultures have linked properties of matter with religious and/or su-
perstitious ideas. The term “gold” derives from an Old English word mean-
ing “something shiny and yellow like the Sun”; it served not only as the
name of the metal but also identified its properties. Polished gold nearly
captures the sunlight it reflects, and the astronomical, astrological, medical,
and religious attributes of the Sun were thought to be present in gold metal.
For thousands of years, substances were said to contain essences or essen-
tial parts that gave them their characters. In a sense modern ideas about
molecular structure do something similar. Chemists construct explanations
for observed, macroscopic phenomena (e.g., reactivity) by describing the
assemblages, shapes, and motions of submicroscopic particles.
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Lucretius: Roman poet of first century
B.C.E., also known as Titus Carus; author
of De rerum natura

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

macroscopic phenomena: events observed
with human vision unassisted by
instrumentation
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The theory of atoms did not reemerge until the seventeenth century.
The discovery of elements rapidly led to the idea that nonelementary sub-
stances were made up of molecules that were, in turn, collections of ele-
mental atoms. During the first years of chemical analyses, different
substances were observed to have different compositions; the deduction was
made that substances were different because their compositions were dif-
ferent. One type of mineral might be 34 percent iron and 66 percent oxy-
gen. Each sample of that mineral would give the same results (34% iron and
66% oxygen). A different mineral, that is, one with different properties,
might be 56 percent iron and 44 percent oxygen. Although there was still
no concept of bonding between atoms or of molecular geometry at the be-
ginning of the nineteenth century, chemists had developed the idea that dif-
ferent molecules were different collections of atoms.

Isomerism and the Development of Molecular 
Structural Models
Scientific theories are sometimes discarded. When information that con-
tradicts a theory is reliable, the theory must be changed to fit the new
data. As the elemental analysis of compounds expanded greatly during
the early 1800s, observations that different substances were of the same
elemental composition were inevitable. In his History of Chemistry (1830),
Thomas Thomson drew illustrations of varying hypothetical particle
arrangements, using symbols that were used at that time (those of John
Dalton), as a way to explain why two acids of the same elemental compo-
sition could have different physical and chemical properties (see Figure 1).
These are believed to be the earliest recorded representations of molecular
structure that showed varying arrangements of the same atoms; the phe-
nomenon would soon be called isomerism (from the Greek iso, meaning
same, and meros, meaning part). In 1828 Friedrich Wöhler (1800–1882) syn-
thesized urea, (NH2)2C�O or CH4N2O, that was indistinguishable from
that that had been isolated from urine. He prepared this organic substance
from the clearly inorganic (mineralogical) starting material ammonium
cyanate, NH4(�) NCO(�), also CH4N2O, the result of the combination of
ammonium chloride and silver cyanate. Urea and ammonium cyanate are
constitutional isomers, and together illustrate the fact that fixed arrange-
ments of atoms, molecular structures, must be invoked to explain observed
phenomena.

The constitution of a molecule (number of, kind of, and connectivities
of atoms) may be represented by a two-dimensional “map” in which the in-
teratomic linkages (bonds) are drawn as lines. There are two constitutional
isomers that are represented by the molecular formula C2H6O: ethanol and
dimethyl ether. The differences in connectivities, which are not evident in
the common constitutional inventory C2H6O, can be conveyed by typo-
graphical line formulas (CH3CH2OH for ethanol and CH3OCH3 for di-
methyl ether), or by structural representations (see Figure 2). As the number
and kinds of atoms in substances increase, the number of constitutional iso-
mers increases.

By the mid-1850s, a new theory of molecular structure had emerged.
Given a unique collection of atoms, it was not the identities of the atoms
that distinguished one molecule from another, but rather the connectivity,
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elemental analysis: determination of the
percent of each atom in a specific
molecule

constitutional isomer: form of a
substance that differs by the arrangement
of atoms along a molecular backbone

Figure 1. Early representations for
isomers using Daltonian symbols.
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or bonding, of those atoms. The nature of the chemical bond was unknown,
and the phenomenon of chemical bonding was described as “chemical affin-
ity.” Because it was observed that the passing of electricity through some
substances, such as water, could “break” the molecules apart into their el-
ements (electrolysis), the electrostatic attractions of charged particles (ions)
were used to contribute to an explanation of chemical affinity. Just as the
hypothesis of the varying connectivities of atoms emerged as a response to
observations that could not be explained, variation in the three-dimensional
arrangements of atoms in space was proposed to reconcile other observed
phenomena. Jacobus van’t Hoff (1852–1911) and Joseph-Achille Le Bel
(1847–1930) proposed (independently of one another, in 1874) that mole-
cules of the same connectivity yet different physical properties (e.g., opti-
cal activity) might be explained if, in the case of four different particles, the
arrangement (configuration) of the particles was tetrahedral. Macroscopi-
cally or microscopically, a tetrahedral array of four different things gives
rise to two and only two different arrangements that are nonsuperimpos-
able mirror images (enantiomers; see Figure 3). Distinct molecular struc-
tural units that have the same connectivities but varying three-dimensional
arrangements are also isomers. The term “stereoisomer” was introduced by
Viktor Meyer in 1888 to describe molecules that differ only in their three-
dimensional arrangements.

Connectivity and stereoisomerism give chemists a way to uniquely dif-
ferentiate one molecular structure from another. The molecular formula
C4H9Br, for instance, represents five different substances (see Figure 4).
Predictably, although there is only one compound for each of the con-
nectivities designated 1-bromobutane, 2-bromo-2-methylpropane, and 
1-bromo-2-methylpropane, there are two compounds represented by the
connectivity designated 2-bromobutane (carbon 2 has four different groups
attached, and thus two three-dimensional arrangements of the molecule,
whose geometries are labeled R and S, exist). There are no other isomers
of C4H9Br that are predicted, and none that are observed.

Although the arrangement of molecular atoms around a given point is
fixed, molecules are not static objects. The sequence of links in a chain, for
instance, is constant, but the chain can be twisted and knotted into count-
less shapes. In the case of a molecule, twists do not affect the identity of a
substance, but the overall molecular shape is part of molecular structure and
can have an impact on the observed properties. According to Ernest Eliel
and Samuel Wilen (1994, p. 102), configurational stereoisomers result from
“arrangements of atoms in space of a molecule with a defined constitution,
without regard to arrangements that differ only by rotation about one or
more single bonds, providing that such a rotation is so fast as not to allow
isolation of the species so differing.” Conformational stereoisomers are 
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Figure 2. Structural representations for
ethanol (CH3CH2OH) and dimethyl ether
(CH3OCH3)
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molecular shapes resulting from bond rotations that do not affect molecu-
lar identity. The drawings shown in Figure 5 represent some of the dif-
ferent conformational shapes that the single molecule (S)-2-bromobutane
can assume.

The overall geometry of a molecule was recognized as contributing to
its chemical reactivity in the 1950s, and methods used to determine mole-
cular structure have grown dramatically since that time. Throughout the
early 1900s, direct experimental evidence of the three-dimensional arrange-
ments of atoms was becoming available as a result of x-ray diffraction crys-
tallography. Nuclear magnetic resonance spectroscopy (first used in the
1960s) and atomic force microscopy (in the 1980s) are two techniques of
many that are now used to gather experiment-based information about mol-
ecular structure. What might have taken years to determine in 1950, and
what was impossible to know about extremely large biopolymers (e.g., DNA,
enzymes, and polysaccharides at a cell surface) as late as 1990 can now some-
times be determined in a matter of seconds.
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molecular identity: “fingerprint” of a
molecule describing the structure

nuclear: having to do with the nucleus of
an atom

spectroscopy: use of electromagnetic
radiation to analyze the chemical
composition of materials

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

Figure 5. Conformational isomers of (S)-
2-bromobutane.
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Molecular environment influences molecular structure. The shape that a
molecule assumes within a crystal lattice is necessarily different from its shape
in water and will vary according to solvent and other environmental factors
(e.g., temperature and pH). Beginning in the late 1980s the significance of
the noncovalent aggregation of large numbers of molecular entities began
to be understood. A protein, for instance, folds into its three-dimensional
shape because water is present; without water, the shape is quite different.
Thus, molecular structure is determined by a combination of extrinsic as well
as intrinsic factors. The field of molecular structure and reactivity that deals
with large aggregations of molecules and how they influence each other is
called supramolecular chemistry.

Molecular Structural Theory

The electron was discovered in 1900, and it took about twenty years for
the electronic nature of the chemical bond to come into wide acceptance.
Particle-based models for atomic and molecular structure soon gave way
to the quantum mechanical view, in which electrons are not treated as
localized, discrete particles (electrons orbiting around a nucleus), but as
delocalized areas of wavelike charge, each possessing a given probability
of being found in a given location near an atomic nucleus (an orbital). The
chemical bonding in molecules, which began the twentieth century as
shared electron pairs between atoms, evolved to become a matter of mol-
ecular orbitals. Molecular orbitals describe three-dimensional arrange-
ments of the atomic nuclei in a molecule and the probability that any given
electron of a given energy will occupy a given location with respect to those
nuclei. Single bonds are explained by the overlap of atomic orbitals along
the internuclear axis of two atoms. Multiple bonds are the combination
of sigma plus pi bonding, the latter corresponding to the overlap of atomic
orbitals that is not along the internuclear axis. A rough guide to the bond-
ing molecular orbitals in methane is depicted in Figure 6. The eight va-
lence shell electrons (four from carbon, four from the four hydrogens) are
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crystal lattice: three-dimensional
structure of a regular solid

noncovalent aggregation: nonspecific
interaction leading to the association of
molecules

quantum mechanical: theoretical model
to describe atoms and molecules by wave
functions

delocalized: of a type of electron that can
be shared by more than one orbital or
atom

atomic orbital: mathematical description
of the probability of finding an electron
around an atom

internuclear: distance between two nuclei

valence: combining capacity
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distributed among four molecular orbitals. One of the four orbitals is com-
posed of favorable bonding interactions between the 2s-orbital of carbon
and the four 1s-orbitals of the hydrogen atoms, whereas the other three
are the equally likely combinations of one of the three 2p-orbitals of car-
bon and the 1s orbitals of hydrogen atoms. Computer-based models for
chemical bonding are as important to modern molecular structural theory
as experimental measurements. SEE ALSO Isomerism; Le Bel, Joseph-
Achille; Molecules; Nuclear Magnetic Resonance; van’t Hoff, Ja-
cobus; Wöhler, Friedrich.

Brian P. Coppola
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Molecules
A molecule is the smallest entity of a pure compound that retains its char-
acteristic chemical properties, and consequently has constant mass and
atomic composition. It is an assembly of nonmetallic atoms held together
into specific shapes by covalent bonds. As much as a car is a single unit
made up of many parts, a molecule is a unit made up of atoms bonded around
each other in certain fixed geometries. Shapes influence the physical and
chemical properties and consequently much of the chemistry of a molecule.

While molecules may be monoatomic (such as the inert gases helium,
neon, or krypton), most molecules are diatomic, triatomic, or polyatomic,
consisting of two or more atoms (some molecules may be a collection of
thousands of atoms). A diatomic molecule may be homonuclear (e.g., O2

or N2) or heteronuclear (e.g., CO or NO). Similarly, a triatomic molecule
may be homonuclear (e.g., O3) or heteronuclear (e.g., HCN).

The modern concept of the covalent bond has resulted in the ability to
predict the geometry and hence the properties of matter such as reactivity,
toxicity, and solubility. A fundamental challenge in chemistry is to deter-
mine the arrangement of atoms in a molecule in order to elucidate its bond-
ing, geometry, and properties.

Historical Development

Since Roman times matter had been viewed by some as discrete particles
somehow linked together. Early in the eighteenth century the behavior of
gases was viewed as a function of kinetic theory. Kinetic theory is a group
of assumptions to explain the behavior of gases. Among these assumptions
are that gases are individual molecules moving in straight lines, that they do
not react chemically and occupy essentially no volume compared to the vol-
ume between molecules. In 1805 English chemist and physicist John Dal-
ton (1766–1844) proposed that atoms form compounds by joining together
in simple, whole numbers. In 1811 Italian chemist Amedeo Avogadro
(1776–1856) solidified the distinction between molecules and atoms by
proposing that, at constant temperature and pressure, equal volumes of all
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covalent bond: bond formed between two
atoms that mutually share a pair of
electrons

inert: incapable of reacting with another
substance

homonuclear: having identical nuclei

heteronuclear: having different nuclei

kinetic theory: theory of molecular motion
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gases contain equal numbers of molecules. While Avogadro’s theory was
published, it was ignored by the scientific community until 1858, when it
was revived by Italian chemist Stanislao Cannizzaro (1826–1910), thereby
reconciling many inconsistencies chemists were observing. During this same
time, valency (the combining capacity of an atom) was defined as the num-
ber of hydrogens an atom can combine with.

Initially the structure of molecules was studied using chemical methods,
thereby identifying composition, chemical reactions, and the existence of
isomers. It was understood that bonds had direction, rigidity, and a certain
degree of independence from molecule to molecule. The discovery of the
electron in 1897 by English physicist Joseph John Thomson (1856–1940)
immediately linked electrons with covalent bonding. Though attacked vig-
orously for his views, Dutch physical chemist Jacobus Hendricus van’t Hoff
(1852–1911) discarded the flat-molecule model in favor of geometric rela-
tions within each molecule. His brilliant postulate of the tetrahedral arrange-
ment of carbon (proposed simultaneously, but independently, by French
chemist Joseph-Achille Le Bel [1847–1930]) was a major breakthrough for
chemistry. Later in the nineteenth century the advent of physical methods
of investigation led to a great deal of additional information regarding atomic
configuration.

Danish physicist Niels Bohr (1885–1962) proposed a quantum theory
of the hydrogen atom by suggesting that the electron moves about its nu-
cleus in discrete quanta (the energies of electrons are restricted to having
only certain values, quanta, much as stairs do as opposed to a ramp), estab-
lishing a balance between the electron’s centrifugal force and its attraction
for the nucleus. It was not until 1927 that covalent bonding was properly
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isomer: molecules with identical
compositions but different structural
formulas

quantum: smallest amount of a physical
quantity that can exist independently,
especially a discrete amount of
electromagnetic energy

attraction: force that brings two bodies
together, such as two oppositely charged
bodies

A three-dimensional computer model of a
protein molecule of matrix porin found in
the E. coli bacteria.
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understood, thanks to the contributions of American physical chemist
Gilbert N. Lewis (1875–1946), American physicist Edward Uhler Condon
(1902–1974), German physicist Walter Heitler (1904–1981), and German
physicist Fritz London (1900–1954).

In his 1916 paper The Atom and the Molecule, Lewis proposed that a
chemical (covalent) bond between two atoms involves the sharing of elec-
trons between the nuclei. Thus a single bond (for hydrogen, H-H) results
when an electron from each atom forms an electron pair that is shared be-
tween the two nuclei (H:H); a double bond involves two electrons from each
atom (e.g., the carbon-carbon bond in (H:)2C::C(:H)2); and a triple bond
involves three electrons from each atom (e.g., the carbon-carbon bond in
H:C:::C:H). Such representations are referred to as Lewis dot structures.
Lewis further postulated that an electron octet (and in a few cases an elec-
tron pair) forms a complete shell of electrons with spatial rigidity and chem-
ical inertness—hence a stable arrangement.

American chemist Irving Langmuir (1881–1957) proposed that many
chemical facts could be coordinated by applying these new ideas. Others fol-
lowed by suggesting that a bond is a balance between nucleus-nucleus and
electron-electron repulsions and electron-nuclei attractions. American
chemist Linus Pauling (1901–1994) assembled these ideas in his seminal
book, The Nature of the Chemical Bond.

Valence Shell Electron Pair Repulsion Theory
Molecular geometries are determined by the number and locations of va-
lence electrons around the atoms. Both bonded and lone pair electrons re-
pel each other, staying as far apart as possible, thereby causing the molecule
to occupy specific shapes (much as balloons assume fixed arrangements when
tied together). These geometries are important in determining chemical
properties. One method for determining the structure of covalent molecules
is the valence shell electron pair repulsion (VSEPR) method, proposed in
1957 by Canadian chemist Ronald Gillespie and Australian chemist Ronald
Nyholm in a classic paper titled “Inorganic Stereochemistry.” The theory
states that the geometry around a given atom is a function primarily of min-
imizing the electron pair repulsions. The key postulates of the VSEPR the-
ory are:

• All electrons are negatively charged.

• Bonds are electron groups.

• Lone pair and bonded electrons (and therefore bonds) repel each
other.

Geometries of most covalent molecules may be determined by follow-
ing these steps:

• Determine the central atom. This may be the atom present singly
(e.g., B in BF3), the larger atom (e.g., P in POCl3), the atom written
in the center (e.g., C in HCN), or the atom with the largest number
of bonds (e.g., C in Cl2CO).

• Determine the number of bonds needed for each atom to be bonded
to the central atom and write the corresponding Lewis dot structure.
Thus, for Cl2CO, each chlorine needs a single bond and oxygen needs

Molecules

116

67368_v3_001-270.qxd  1/26/04  1:59 PM  Page 116



two bonds; the Lewis dot structure would be (Cl:)2C::O. Note that a
single bond needs a pair of electrons (one group), a double bond needs
two pairs (also one group), and a triple bond needs three pairs (still
just one group, since it points in one direction only).

• Count the total number of bonded and lone pair electron groups
about the central atom. For Cl2CO it would be three (all bonded)
groups. In the case of :NH3 it would be one lone pair group and three
bonded groups for a total of four groups.

• Establish the best electronic (counting all electron groups) and mol-
ecular (counting only bonded groups) geometries. Table 1 summa-
rizes this information for bonded groups.

The trigonal bipyramidal shape merits a special note. Contrary to the
other shapes, it possesses two types of bonds: the two axial bonds located
at 180° from each other, and the three equatorial bonds located perpen-
dicularly to the axis and at 120° from each other.

Each of the examples given in Table 1 has only bonded electrons around
its central atom. The existence of lone pair electrons has an effect on the
geometry, as seen in Table 2.

For example, water (H2O) has two bonded and two lone pair valence
electrons about the central atom, oxygen. Its electronic geometry, deter-
mined by four total groups, is tetrahedral, and its molecular geometry
(meaning the H-O-H shape) is bent. Similarly, the :NH3 molecule has three
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trigonal bipyramidal: geometric
arrangement of five ligands around a
central Lewis acid, with ligands
occupying the vertices of two trigonal
pyramids that share a common face;
three ligands share an equatorial plane
with the central atom, two ligands occupy
an axial position

axial bond: covalent bond pointing along
a molecular axis

equatorial bond: covalent bond
perpendicular to a molecular axis

GEOMETRIES OF MOLECULES WITH VARIOUS BONDED ELECTRON GROUPS

Electron Groups
About the Central Atom Example Shape

 2 BeCl2 linear
 3 BCl3 trigonal planar
 4 CH4 tetrahedral
 5 PF5 trigonal bipyramidal
 6 SF6 octahedral

Table 1. Geometries of molecules with
various bonded electron groups

ELECTRONIC AND MOLECULAR GEOMETRIES OF COVALENT MOLECULES WITH BONDED 
AND LONE PAIR ELECTRONS ABOUT THE CENTRAL ATOM 

 Electron Groups
 About the Central Atom Shape

 Bonded Lone Pair Example Electronic Molecular

 1 1 TlCl linear linear
 1 2 BiCl trigonal linear
 1 3 HCl tetrahedral linear
 2 1 SnCl2 trigonal bent
 2 2 H2O tetrahedral bent
 2 3 XeF2 trigonal linear
    bipyramidal
 3 1 PCl3 tetrahedral pyramidal
 3 2 BrF3 trigonal T-shaped
    bipyramidal
 4 1 SF4 trigonal distorted tetrahedral
    bipyramidal 
 4 2 XeF4 octahedral square planar
 5 1 XeOF4 octahedral pyramidal

Table 2. Electronic and molecular
geometries of covalent molecules with
bonded and lone pair electrons about the
central atom
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bonded and one lone pair electron groups about nitrogen, giving an elec-
tronic geometry that is nearly tetrahedral, and a molecular geometry that
is pyramidal. Because two bonded pairs repulse less than a bonded pair and
a lone pair, which in turn repulse less than two lone pairs, the H-O-H bond
angle in water is not 109.5° as expected for a tetrahedron, but 104.5°, with
the H-O bonds having been pushed by the lone pairs toward each other.
For the trigonal bipyramidal shape, lone pairs always occupy equatorial pla-
nar positions. Thus, the molecular geometry of BrF3 is T-shaped, rather
than trigonal planar.

Properties
Both physical and chemical properties are affected by the geometry of a
molecule. For instance, the polarity of a molecule is determined by the elec-
tronegativity differences of its atoms (electronegativity is the ability of an
atom in a molecule to draw electrons toward itself), and the relative geome-
tries of the atoms within the molecule. The molecule BCl3, for example,
displays a flat triangle (120°) with each Cl atom pulling electrons symmet-
rically, making the molecule nonpolar. In the pyramidal molecule PCl3,
however, all chlorines are pulling electrons more or less to one side, mak-
ing the molecule polar. Since polarity goes hand in hand with solubility,
CF4 is a nonpolar tetrahedral molecule not soluble in water, whereas SF4,
a distorted tetrahedron, is instantly hydrolyzed by water.

Chemical properties are also very dependent on geometries. For ex-
ample, in the square planar molecule Pt(NH3)2Cl2, the chloro (and hence
the ammonia) ligands may be placed adjacent to each other (cis isomer),
or they may be opposite each other (trans isomer). In addition to having
different physical properties, their chemical reactivities are also quite re-
markable. The cis isomer is an effective treatment of testicular, ovarian,
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pyramidal: relating to a geometric
arrangement of four electron-donating
groups at the four vertices of a pyramid

nonpolar: molecule, or portion of a
molecule, that does not have a
permanent, electric dipole

ligand: molecule or ion capable of
donating one or more electron pairs to a
Lewis acid

Models representing the arrangement of
atoms in a chemical molecule.
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and certain other cancers, whereas the trans isomer is ineffective. Similarly,
the linear, nonpolar CO2 molecule is inert, whereas the polar CO mole-
cule is a poison.

Other Theories
The VSEPR theory allows chemists to successfully predict the approximate
shapes of molecules; it does not, however, say why bonds exist. The quan-
tum mechanical valence bond theory, with its overlap of atomic orbitals,
overcomes this difficulty. The resulting hybrid orbitals predict the geome-
tries of molecules. A quantum mechanical graph of radial electron density
(the fraction of electron distribution found in each successive thin spherical
shell from the nucleus out) versus the distance from the nucleus shows max-
ima at certain distances from the nucleus—distances at which there are
higher probabilities of finding electrons. These maxima correspond to
Lewis’s idea of shells of electrons.

This theory, however, treats electrons as localized, does not account for
unpaired electrons, and does not give information on bond energies. The
molecular orbital theory attempts to solve these shortcomings by consider-
ing nuclei arranged as in a molecule and determining the resulting molec-
ular orbitals when electrons are fed in one by one.

The electronic and molecular geometries of covalent molecules, and
hence their resulting polarities, can thus be predicted fairly accurately.
Armed with these tools, one can predict whether or not a molecule should
be soluble, reactive, or even toxic. SEE ALSO Bonding; Avogadro, Amedeo;
Bohr, Niels; Cannizzaro, Stanislao; Dalton, John; Le Bel, Joseph-
Achille; Lewis, Gilbert N.; Lewis Structures; Pauling, Linus; Thom-
son, Joseph John; van’t Hoff, Jacobus.

Erwin Boschmann
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Molybdenum
MELTING POINT: 2,623°C
BOILING POINT: 4,639°C
DENSITY: 10.22 g/cm3

MOST COMMON IONS: Mo3�, Mo2(OH)24�, M2O4
2�

Molybdenum is a hard, silver-white metal discovered by Swedish chemist
Carl Wilhelm Scheele in 1778. Scheele had been researching a mineral called
molybdenite, which many suspected of containing lead (the Greek word
molybdos means “lead”). He instead found that it contained a new element

Molybdenum

119

quantum mechanical: theoretical model
to describe atoms and molecules by wave
functions

atomic orbital: mathematical description
of the probability of finding an electron
around an atom

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities
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which he named “molybdenum” after the mineral. Molybdenum was first
isolated by Swedish mineralogist Peter Jacob Hjelm in 1782.

Molybdenum has an abundance in Earth’s crust of approximately 1.1
parts per million (ppm) or 1.2 milligrams per kilogram. Its chief source is
the mineral molybdenite (MoS2), but it is also found in the ores wulfenite
(PbMoO4) and powellite (CaMoO4) or obtained as a by-product of copper
mining. The leading producers of molybdenum are the United States,
Canada, Chile, Mexico, Peru, China, Russia, and Mongolia.

There are seven known isotopes of molybdenum that occur naturally:
92Mo, 94Mo, 95Mo, 96Mo, 97Mo, 98Mo, and 100Mo. Their natural abundances
range from 9.25 percent (94Mo) to 24.13 percent (98Mo). Common com-
pounds of molybdenum include molybdenum disulfide (MoS2), molybde-
num trioxide (MoO3), molybdic acid (H2MoO4), molybdenum hexafluoride
(MoF6), and molybdenum phosphide (MoP2).

Molybdenum’s melting point (2,623°C, or 4,753.4°F) exceeds that of
steel by 1,000°C (1,832°F) and that of most rocks by 500°C (932°F). For
this reason, the element is used in various alloys to improve strength, par-
ticularly at high temperatures. Approximately 75 percent of molybdenum
produced is used by the iron and steel industries. The element is also uti-
lized to make parts for furnaces, light bulbs, missiles, aircraft, and guns.
Molybdenum disulfide is used as a high temperature lubricant. SEE ALSO

Coordination Compounds; Inorganic Chemistry; Scheele, Carl.
Stephanie Dionne Sherk
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Monosaccharides See Carbohydrates.

Morgan, Agnes Fay
AMERICAN CHEMIST AND NUTRITIONIST
1884–1968

Born in Peoria, Illinois, on May 4, 1884, Agnes Fay Morgan excelled in high
school and studied chemistry at the University of Chicago. After receiving
a master of science in chemistry in 1905, she spent the next several years
teaching at various colleges across the United States. She returned to the
University of Chicago in 1914 to obtain a Ph.D. in chemistry.

In 1915 Morgan was appointed assistant professor of nutrition in the
Department of Home Economics at the University of California at Berke-
ley. Her shift in focus from chemistry to nutrition was a result of the lim-
ited professional opportunities available to female chemists at the time. In
1919 Morgan became associate professor of household science, and in 1923
she was promoted to full professor.

As chairperson of the department, Morgan worked vehemently to
change the prestige of home economics. She strove to establish a scientific
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isotope: form of an atom that differs by
the number of neutrons in the nucleus

alloy: mixture of two or more elements, at
least one of which is a metal
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basis for the field, which was generally perceived as the course of study in
which young women learned how to become proficient wives and mothers.
Under her leadership, the home economics curriculum at Berkeley became
largely science-based, with strict requirements. It was not until 1960, how-
ever, that her efforts to change the name of the department to better de-
fine its work were successful. At that time, six years after her retirement, the
department was renamed the Department of Nutritional Sciences.

Throughout the course of her career, Morgan published more than 250
papers on topics with far-reaching effects. Her research would become the
foundation for understanding the nutritional effects of many vitamins. It
also established that certain vitamin deficiencies can lead to health prob-
lems. She was the first to determine that a deficiency in pantothenic acid, a
B vitamin, can lead to damage to the adrenal glands and abnormal skin and
hair pigmentation. Morgan also showed that high doses of vitamin D can
have a toxic effect on the body. Her studies on vitamins A and C led to their
discovery in a wide variety of foods. She demonstrated that proteins become
denatured (i.e., their physical structure becomes changed) when heated, re-
ducing their nutritional value. Other areas of Morgan’s research included
the analysis of processed foods, the association between vitamins and hor-
mones, the effects of food preservation on vitamin content, and the basis
for low weight gain in children.

Despite the importance of Morgan’s research, much of her efforts re-
mained unrecognized until late in her career. In 1949 she was awarded the
prestigious Garvan Medal by the American Chemical Society for her
groundbreaking research in nutrition. In 1950 she became the first woman
to receive the status of faculty research lecturer at the University of Cali-
fornia. Other honors imparted on Morgan included the 1954 Borden Award
from the American Institute of Nutrition and the Phoebe Apperson Hearst
Gold Medal, which recognized her as one of ten outstanding women in San
Francisco in 1963. In 1961 the home economics building at Berkeley was
renamed Agnes Fay Morgan Hall.

Morgan maintained her research efforts well after her official retirement
in 1954. She continued to frequent her office until her death in 1968, two
weeks after a heart attack. As a former staff member was quoted as saying
in a 1969 memorial, “We can only feel that her going marked the end of
an era in the education of women.” SEE ALSO Denaturation; Food Preser-
vatives.

Stephanie Dionne Sherk
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vitamins: organic molecules needed in
small amounts for the normal function of
the body; often used as part of an
enzyme catalyzed reaction
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Moseley, Henry
ENGLISH PHYSICIST
1887–1915

Henry Moseley’s research career lasted only forty months before tragically
ending with his death on a Gallipoli battlefield in World War I. But in his
classic study of the x-ray spectra of elements, he established the truly sci-
entific basis of the Periodic Table by arranging chemical elements in the
order of their atomic numbers.

Henry Gwyn Jeffreys Moseley, who was always called “Harry” by his fam-
ily, was born in Weymouth, England, on November 23, 1887. His family was
wealthy, aristocratic, and scientifically accomplished, and young Henry showed
an early interest in zoology. He attended Eton on a King’s scholarship, where
he excelled in mathematics, and was introduced to the study of x rays by his
physics teacher. He entered Trinity College, Oxford, in 1906. At that time,
Oxford did not have a particularly notable science curriculum, but Moseley
chose the school in order to be near his widowed mother. He graduated in
1910 with high honors in mathematics and science, and secured a position in
the laboratory of Ernest Rutherford at the University of Manchester.

It was a time of great excitement and ferment in science, and Ruther-
ford’s laboratory was one of the epicenters of discovery in atomic physics.
The first coherent theory of the structure of the atom was just then being
developed by Rutherford and his research group, which, besides Moseley,
included Niels Bohr, Hans Geiger, Kasimir Fajans, and others.

The nature of x rays was also receiving new interest because of the dis-
covery by the German physicist Max von Laue in 1912 that they were dif-
fracted by their passage through crystals and therefore possessed a wave nature.
Succeeding experiments by William L. Bragg the same year showed that sim-
ilar results could be obtained by the reflection of x rays from the face of a
crystal. Moseley persuaded Rutherford to allow him and a colleague, C. S.
Darwin, to further study the nature of x rays. Their work demonstrated that
the spectral line of platinum, which they were using as the anticathode in
their x-ray tube, was characteristic of that element alone. Moseley returned to
Oxford, and despite the experimental deficiencies of his laboratories, measured
the x-ray spectral lines of nearly all the elements from aluminum to gold. The
results of his study showed a clear and simple progression of the elements that
was based on the number of protons in the atomic nucleus, rather than the
order based on atomic weights that was then the basis of the Periodic Table.

His work, called a “classical example of the scientific method,” was the
second and last of his independent publications. Despite the pleadings of his
colleagues, he enlisted in the British Army at the outbreak of World War I,
and was killed in battle on August 10, 1915. SEE ALSO Bohr, Niels; Bragg,
William Lawrence; Lanthanides; Radiation; Rutherford, Ernest.

Bartow Culp

Bibliography
Heilbron, J. L. (1966). “The Work of H. G. J. Moseley.” Isis 57:336–366.
Heilbron, J. L. (1974). H. G. J. Moseley: The Life and Letters of an English Physicist,

1887–1915. Berkeley: University of California Press.
Jaffe, Bernard (1971). Moseley and the Numbering of the Elements. Garden City, NY:

Doubleday.

Moseley, Henry

122

zoology: branch of biology concerned with
the animal kingdom

spectral line: line in a spectrum
representing radiation of a single
wavelength

English physicist Henry Moseley, who
arranged the Periodic Table in order of
the atomic numbers of the elements.
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Mutagen
Mutagens are chemical agents that cause changes in the genetic code which
are then passed on to future generations of an organism. Mutations are usu-
ally chemical in nature and often carcinogenic, but may also be caused by
physical damage produced by x rays or other causes. A mutation changes
the activity of a gene. Mutations are frequent in lower forms of life and may
help these organisms adapt to changes in their environments.

Proteins are composed of chains of amino acids. In the genetic code of
deoxyribonucleic acid (DNA), a codon or three-base sequence codes for the
placement of each amino acid; for example, the codon UUU places pheny-
lalanine at that location in the protein and replacement of the third base
with adenine results in the placement of leucine instead of phenylalanine.
If a portion of the original code read . . . UUUACG . . . , deleting one of
the uridine bases would cause that portion of the code to read . . . UUACG
. . . ; the sequence UUA would then specify leucine. A point mutation chang-
ing one base might result in the formation of a different protein.

Mutations can occur by several mechanisms, such as replacing one nu-
cleotide base with another or by adding or removing a base; they can also
develop when a carcinogenic agent such as an aromatic hydrocarbon mole-
cule is inserted between the strands of DNA, causing the code to be mis-
read. Some chemical mutagens such as nitrites change one base into another,
resulting in a new sequence of amino acids and the synthesis of a new pro-
tein. The modified protein might function normally or might not be useful
at all, but it could be dangerous.

Many mutagenic agents are also carcinogenic, and the Ames test pro-
vides a quick method for screening foods and other substances for poten-
tial cancer-causing agents. SEE ALSO Carcinogen; Codon.

Dan M. Sullivan
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Mutation
Any heritable change in the genetic information or DNA is called a muta-
tion. A change in the base sequence of DNA that is then replicated and
transmitted to future generations of cells becomes a permanent change in
the genome. Mutations, all of which appear to occur as random events, can
range from a single replacement of a base (substitution) to larger changes
that result from the deletion or addition of more than one base (often large
stretches of a DNA molecule).

Most mutations are thought to be harmful to the life of the cell. These
harmful mutations occur during the development of a cancer cell, for exam-
ple. In these cases (cancerous transformation), numerous point mutations or
deletion mutations are well-established as causative agents. A point mutation

Mutation
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code: mechanism to convey information
on genes and genetic sequence

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

adenine: one of the purine bases found
in nucleic acids, C5H5N5

synthesis: combination of starting
materials to form a desired product

genome: total genetic material in a cell
or organism

HOW DOES THE AMES
TEST WORK?

The Ames test is a method for
screening potential mutagens.
The test uses auxotrophs
(strains that have lost the abil-
ity to synthesize a needed
substance) of Salmonella ty-
phimurium that carry mutant
genes, making them unable to
synthesize histidine. They can
live on media containing histi-
dine, but die when the amino
acid is depleted. The bacteria
are especially sensitive to
back mutations that reactivate
the gene for the synthesis of
histidine; exposure to muta-
genic substances allows the
bacteria to grow rapidly, devel-
oping large and numerous
colonies.
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occurs when a single base is changed in a DNA sequence. This can be ei-
ther: (1) a transition, in which a purine base is replaced by another purine
base, or pyrimidine by pyrimidine (e.g., base pair AT becomes base pair GC);
or (2) a transversion, in which a purine is replaced by a pyrimidine, or vice
versa (e.g., base pair AT becomes base pair CG). A point mutation that
changes a codon with the result that it codes for a different amino acid is
called a missense mutation. Such a mutation can change the nature of the
protein being formed. It can change the amino acid composition and the pro-
tein sequence and, therefore, the structure of that protein. This process may
have a deleterious effect on protein activity in essential metabolic functions
in the cell. In contrast, there are cases in which a mutation can change the
protein sequence but have little or no consequence on the protein function.
These are silent mutations. In these cases, the change is a conservative one
(a single amino acid is substituted for another of similar type, such as lysine
for an arginine, or the amino acid residue may reside on the outside sur-
face of the protein where it will have little effect on protein structure). Such
silent mutations exhibit no phenotypic (observable) changes. Alternatively, a
mutation can occur in intergenic or noncoding regions and thus have no di-
rect effect on the protein product. There can also be rare changes in DNA
sequence that may provide a selective advantage to an organism.

Mutations may occur spontaneously, or as a result of external physical
agents (radiation) or chemical agents (mutagens). The most common spon-
taneous mutations result from errors in DNA replication that are not cor-
rected. Virtually all forms of life are exposed to ultraviolet light from the
Sun, which can react with adjacent thymine bases in DNA in such a way as
to link them together to produce an intrastrand thymine dimer. A number
of chemicals, including dimethylsulfate, nitrous acid, and nitrogen mustards,
react with bases in DNA so as to modify them. As a result, the subsequent
replication cycle changes the complementary base or bases and leads to a
permanent change in the form of a transition or transversion. In the case of
the thymine dimers or the loss of a base, repair enzymes exist that scan the
DNA in an attempt to correct the problem. There are a number of inher-
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purine base: one of two types of nitrogen
bases found in nucleic acids

amino acid residue: in a protein, which is
a polymer composed of many amino
acids, that portion of the amino acid that
remains to become part of the protein

thymine: one of the four bases that make
up a DNA molecule

A six-legged frog, a result of a genetic
disorder.
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ited disease conditions, such as xeroderma pigmentosum and Cockayne syn-
drome, that result from defects in genes associated with DNA repair.

In a number of cancers, a deletion of much or all of a gene that com-
pletely inactivates the gene has occurred. It is claimed that about 80 per-
cent of human cancers may be caused by carcinogens that damage DNA
or interfere with its replication and/or repair. Bruce Ames, a microbiolo-
gist at the University of California at Berkeley, developed a simple exper-
imental procedure using bacterial cells that can detect mutagenic
chemicals. It has been shown that about 80 percent of carcinogenic com-
pounds are also mutagenic using the Ames test. SEE ALSO DNA; Muta-
gen; Teratogen.

William M. Scovell
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Nanochemistry
In recent years nanoscale science and technology have grown rapidly.
Nanochemistry, in particular, presents a unique approach to building de-
vices with a molecular-scale precision. One can envision the advantages of
nanodevices in medicine, computing, scientific exploration, and electronics,
where nanochemistry offers the promise of building objects atom by atom.
The main challenges to full utilization of nanochemistry center on under-
standing new rules of behavior, because nanoscale systems lie at the thresh-
old between classical and quantum behavior and exhibit behaviors that do
not exist in larger devices.

Although nanochemical control was proposed decades ago, it was only
recently that many of the tools necessary for studying the nanoworld were
developed. These include the scanning tunneling microscope (STM), atomic
force microscope (AFM), high resolution scanning and transmission elec-
tron microscopies, x rays, ion and electron beam probes, and new methods
for nanofabrication and lithography.

Studies of nanochemical systems span many areas, from the study of the
interactions of individual atoms and how to manipulate them, how to con-
trol chemical reactions at an atomic level, to the study of larger molecular
assemblies, such as dendrimers, clusters, and polymers. From studies of as-
semblies, significant new structures—such as nanotubes, nanowires, three-
dimensional molecular assemblies, and lab-on-a-chip devices for separations
and biological research—have been developed.

Single Atoms
The ultimate frontier of nanochemistry is the chemical manipulation of in-
dividual atoms. Using the STM, single atoms have been assembled into
larger structures, and researchers have observed chemical reactions between
two atoms on a surface. The use of atoms as building blocks opens new
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routes to novel materials and offers the ability to create the smallest features
possible in integrated circuits (IC) and to explore areas like quantum com-
puting. Until now the ever-decreasing size of IC circuitry has been well de-
scribed by Moore’s law, but further shrinkage of circuit size will halt by
2012 because of quantum mechanical effects. Quantum computing pro-
vides a way to circumvent this apparent roadblock and use these quantum
effects to advantage. Atomic-scale devices, although promising, present ma-
jor challenges in how to achieve spatial control and stability.

Dendrimers
Dendrimers are highly branched three-dimensional nanoscale molecular ob-
jects of the same size and weight as traditional polymers. However, den-
drimers are synthesized in a stepwise fashion, allowing for extremely precise
control of their size and geometry (see Figure 1, a molecular model of a
dendrimer). In addition, the chemical reactivity and properties of their pe-
riphery and core can be controlled easily and independently. Dendrimers
are already being used in molecular recognition, nanosensing, light har-
vesting, and optoelectrochemical devices. Because they are built up layer by
layer and the properties of any individual layer can be controlled through
selection of the monomer, they are ideal building blocks in nanochemistry
for the creation of more complex three-dimensional structures.

Nanocrystals and Clusters
Nanocrystals are crystals of nanometer dimensions, usually consisting of
aggregates of a few hundred to tens of thousands of atoms combined into
a cluster. Nanocrystals have typical dimensions of 1 to 50 nanometers (nm),
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quantum mechanical: theoretical model
to describe atoms and molecules by wave
functions

Figure 1. Molecular representation of a
dendrimer (left) and a 3-D molecular
model of the same dendrimer (right).
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and thus they are intermediate in size between molecules and bulk mate-
rials and exhibit properties that are also intermediate. For example, the
small size of semiconductor quantum “dots” leads to a shifted light emis-
sion spectrum through quantum confinement effects—with the magnitude
of the shift being determined by the size of the nanocrystal. Nanocrystals
are of great interest because of their promise in high density data storage
and in optoelectronic applications, as they can be efficient light emitters.
Nanocrystals have also found applications as biochemical tags, as laser and
optical components, for the preparation of display devices, and for chem-
ical catalysis.

Nanotubes
Recently, hollow carbon tubes of nanometer dimensions have been prepared
and studied. These nanotubes constitute a new form of carbon, configura-
tionally equivalent to a graphite sheet rolled into a hollow tube (see Figure 2,
a molecular model of a carbon nanotube). Carbon nanotubes may be synthe-
sized, with sizes ranging from a few microns to a few nanometers and with
thicknesses of many carbon layers down to single-walled structures. The unique
structure of these nanotubes gives them advantageous behavior relative to
properties such as electrical and thermal conductivity, strength, stiffness, and
toughness. Carbon nanotubes can also be functionalized with molecular recog-
nition agents so that they may bind specifically to discrete molecular targets,
allowing them to be used as high resolution AFM probes, as channels for ma-
terials separation, and as selective gates for molecular sensing.

Nanowires
Like nanotubes, nanowires are very small rods of atoms, but nanowires are
solid, dense structures, much like a conventional wire. Controlling the atom
(material) used for building the wire, as well as its impurity doping, allows
for control of its electrical conduction properties. Ultimately, chemists wish
to fabricate and control nanowires that are a single atom or molecule in di-
ameter, thus creating an unprecedented laboratory for studying how small
structures affect electron transfer within the wire and between the wire and
external agents. Clearly, nanowires offer the potential for creating very small
IC components.
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intermediate: molecule, often short-lived,
that occurs while a chemical reaction
progresses but is not present when the
reaction is complete

catalysis: the action or effect of a
substance in increasing the rate of a
reaction without itself being converted

dope: to add a controlled amount of an
impurity to a very pure sample of a
substance, which can radically change
the properties of a substance

Figure 2. Molecular diagram of a carbon
nanotube.
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Nanocomposites
Nanocomposites encompass a large variety of systems composed of dissim-
ilar components that are mixed at the nanometer scale. These systems can
be one-, two-, or three-dimensional; organic or inorganic; crystalline or
amorphous. A critical issue in nanocomposite research centers on the abil-
ity to control their nanoscale structure via their synthesis. The behavior of
nanocomposites is dependent on not only the properties of the components,
but also morphology and interactions between the individual components,
which can give rise to novel properties not exhibited by the parent materi-
als. Most important, the size reduction from microcomposites to nanocom-
posites yields an increase in surface area that is important in applications
such as mechanically reinforced components, nonlinear optics, batteries,
sensors, and catalysts.

Lab on a Chip
Lab-on-a-chip devices are designed to carry out complex chemical processes
at an ultrasmall scale, for example, synthesizing chemicals efficiently; carry-
ing out biological, chemical, and clinical analyses; performing combinatorial
chemistry; and conducting separations and analysis on a single, miniaturized
device. When the amount of material in a sample is small or when it is highly
toxic or dangerous, lab-on-a-chip devices offer an ideal way to complete com-
plex chemical manipulations with extremely small sample sizes. Further, be-
cause the volumes used to carry solutions are extremely small, even very small
sample amounts can be present in reasonable concentrations. Lab-on-a-chip
technology has been aggressively pursued in biotechnology, where better ways
to separate and analyze DNA and proteins are of great interest. It has also
sparked great interest in the analysis of dangerous materials where it can be
used, for example, by law enforcement or the military to analyze explosives
and biological or chemical agents, while maintaining low risks.

Nano-Electro-Mechanical Systems
Nano-electro-mechanical systems have also generated significant interest in
the creation of tiny devices that can use electrochemical energy to carry out
mechanical tasks, for example, nanomotors. One can envision that the cou-
pling of chemical energy to mechanical transducers will enable the con-
struction of devices that may be applied in medicine to treat illnesses, explore
dangerous areas, or just reach places that larger-scale devices cannot. Re-
search in this area focuses on understanding the preparation of nanoscale
components to build such devices as well as the interactions between the
components, especially the coupling between the electrochemical and me-
chanical components. In addition, a new understanding of effects such as
friction and wear is required as the nanoscale components obey a different
set of rules than their macroscopic counterparts. SEE ALSO Computational
Chemistry; Fullerenes; Materials Science.

Diego J. Díaz
Paul W. Bohn
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synthesis: combination of starting
materials to form a desired product

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

THE SCANNING
TUNNELING
MICROSCOPE AND
ATOMIC FORCE
MICROSCOPE

The scanning tunneling micro-
scope (STM) and the atomic
force microscope (AFM) are
very high resolution micro-
scopes that allow scientists to
obtain high resolution images
of surfaces with atomic or mol-
ecular resolution. Both micro-
scopes work by scanning a very
sharp tip on a surface and
measuring current (STM) or in-
termolecular forces (AFM) be-
tween the tip and the surface.

MOORE’S LAW

In 1965 Gordon Moore, co-
founder of Intel, predicted the
trend that the number of tran-
sistors on integrated circuits
(IC) was going to follow. The
number of transistors in IC
has grown exponentially, with
the implication that the size
of such transistors has de-
creased in a similar fashion.
His law stills hold, but it is
predicted that the law will not
be applicable by the year
2012 as further shrinking of
transistors will not be possible
after that time.

67368_v3_001-270.qxd  1/26/04  2:00 PM  Page 128



Internet Resources

Amato, Ivan. “Nanotechnology: Shaping the World Atom by Atom.” Report of the
Interagency Working Group on Nanoscience, Engineering and Technology
(IWGN) National Nanotechnology Initiative. Available from �http://itri.loyola.
edu/nano/IWGN.Public.Brochure�.

Drexler, K. Eric. (1987). Engines of Creation: The Coming Era of Nanotechnology.
Reprinted and adapted by Russell Whitaker, with permission. Available from
�http://www.foresight.org/EOC/index.html�.

Feynman, Richard. “There’s Plenty of Room at the Bottom.” Available from �http://
www.zyvex.com/nanotech/feynman.html�.

Moore, Gordon E. “Cramming More Components onto Integrated Circuits.” Avail-
able from �http://www.intel.com/research/silicon/mooreslaw.htm�.

Whitesides, G., and Alivisatos, P. (1999). “Fundamental Scientific Issues for Nan-
otechnology.” In Nanotechnology Research Directions IWGN Workshop Report Vision
for Nanotechnology Research and Development in the Next Decade, ed. by M. C. Roco,
S. Williams, and P. Alivisatos. Available from �http://itri.loyola.edu/nano
/IWGN.Research.Directions�.

Natural Gas See Fossil Fuels.

Neodymium
MELTING POINT: 1,021°C
BOILING POINT: 3,127°C
DENSITY: 7.0 g/cm3

MOST COMMON IONS: Nd2�, Nd3�, Nd4�

Neodymium oxide was first isolated from a mixture of oxides called didymia.
The element neodymium is the second most abundant lanthanide element
in the igneous rocks of Earth’s crust. Hydrated neodymium(III) salts are
reddish and anhydrous neodymium compounds are blue. The compounds
neodymium(III) chloride, bromide, iodide, nitrate, perchlorate, and acetate
are very soluble; neodymium sulfate is somewhat soluble; the fluoride, hy-
droxide, oxide, carbonate, oxalate, and phosphate compounds are insoluble.

Neodymium is used to color special glasses, giving these glasses a blue-
violet shade. It is also used to color television faceplates, to reduce the re-
flectivity of television screens. Nd2Fe14B magnets are among the most
powerful. Neodymium compounds are used as laser materials, specifically
as optically pulsed solid-state laser materials. One of the most important of
these is Nd–YAG garnet (YAG � Y3Al5O12), which generates light having
wavelengths of 1.06 micrometers (4.17 � 10�5 inches). This garnet laser
has potential use in dental caries prevention. Finally, neodymium is used in
the making of photographic filters (Nd2O3), magnets used in headphones,
and ceramic capacitors. SEE ALSO Cerium; Dysprosium; Erbium; Europium;
Gadolinium; Holmium; Lanthanum; Lutetium; Praseodymium; Prome-
thium; Samarium; Terbium; Ytterbium.

Lea B. Zinner
Geraldo Vicentini
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lanthanides: a family of elements (atomic
number 57 through 70) from lanthanum
to lutetium having from 1 to 14 4f
electrons

60

Nd
NEODYMIUM

144.24
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Neon
MELTING POINT: �248.59°C
BOILING POINT: �246.08°C
DENSITY: 0.8999 kg/m3

MOST COMMON IONS: None

Neon (from the Greek word neos, meaning “new”) is the second lightest of
the noble gases. It forms no stable compounds with other elements. Dis-
covered in 1898 by Sir William Ramsay and Morris Travers during their
experiments with liquid air, neon accounts for 18 millionths (18 ppm) of the
volume of Earth’s atmosphere. Trace amounts are also found in the oceans.
It is present in the Sun and in the atmosphere of Mars.

At room temperature neon is a colorless, odorless gas. Upon freezing it
forms a crystal with a face-centered cubic structure. In a vacuum discharge
tube, neon emits its famous red-orange light, which has long been used in
advertising signs and discharge display tubes. More recently neon (mixed
with helium) has been used in common lasers and laser pointers, which pro-
duce a characteristic red neon spectral line corresponding to light of wave-
length 632.8 nanometers (2.49 � 10�5 inches).

Neon is produced within stars during nucleosynthesis. It has three sta-
ble isotopes, of which neon-20 is the most abundant (90.5%). SEE ALSO

Gases; Noble Gases; Ramsay, William; Travers, Morris.
Richard Mowat
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Neptunium
MELTING POINT: 640°C
BOILING POINT: 3,930°C
DENSITY: 20.45 g/cm3

MOST COMMON IONS: Np3�, Np4�, or NpO2
�, NpO2

2�, NpO3
�

Neptunium was discovered by the U.S. physicists Edwin M. McMillan and
Philip Abelson, in 1940, via the bombardment of 238U with neutrons. The
name of the element is related to the planet Neptune. Neptunium-237 oc-
curs as a product of 238U fission, and appears in uranium fuel elements.

238
92 U � 1

0n � 239
92 U wd

�ß�
239
93 Np(t1/2 � 2.35 days)

Neptunium is used to produce plutonium (238Pu), via the irradiation of NpO2

with neutrons. The isotope 238
94Pu is used as a power source for satellites.

237
93 Np � 1

0n � 238
93 Np wd

�ß�
238
94 Pu
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noble gas: element characterized by inert
nature; located in the rightmost column
in the Periodic Table

spectral line: line in a spectrum
representing radiation of a single
wavelength

nucleosynthesis: creation of heavier
elements from lighter elements via fusion
reactions in stars

10

Ne
NEON

20.179

Neon in a vacuum discharge tube is
commonly used in electric signage.

93

Np
NEPTUNIUM

237.048
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Neptunium has several valence states: Np3� (purplish in solution), sta-
ble in water, is easily oxidized in air to Np4� (yellow-green), and then slowly
oxidized in air to the stable ion, NpO2

2� (pink); NpO2
� (green) is obtained

by the oxidation of Np4� with hot nitric acid. NpO2
2� can also be obtained

by the oxidation of lower state ions with Ce4�, MnO4�, O3, and BrO3
�.

The production of 237Np (as NpO2
�) involves the oxidation of Np3� by ni-

tric acid, followed by the extraction of the NpO2
� compound with tributyl-

phosphate in kerosene.

The oxide NpO2, isostructural with UO2, is obtained by heating nep-
tunium nitrates or hydroxides in air. The oxide Np3O8, isomorphous with
U3O8, is also obtained by heating such compounds in air at specific tem-
peratures. The oxidation of Np4� hydroxide compounds with ozone gives
the hydrated trioxides NpO3 � 2H2O (brown) and NpO3 � H2O (red-gold).
The fluorides NpF3 and NpF4 are precipitated from aqueous solutions.

NpO2 � 1/2H2 � 3HF(g) wd
500°C   NpF3 � 2H2O

Other neptunium halides are: NpF3 (purple-black); NpCl3 (white);
NpBr3 (green); NpI3 (brown); NpF4 (green); NpCl4 (red-brown); NpBr4

(red-brown); and NpF6 (orange). The removal of highly radioactive nep-
tunium solids or solutions must be performed via remote control. Neptu-
nium is one of the actinides that is found in nuclear waste (in oxidate states
�3, �4, �5, �6, and maybe �7) and must be kept out of the environment.
SEE ALSO Actinium; Berkelium; Einsteinium; Fermium; Lawrencium;
Mendelevium; Nobelium; Plutonium; Protactinium; Rutherfordium;
Thorium; Uranium.

Lea B. Zinner
Geraldo Vicentini
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Nernst, Walther Hermann
GERMAN CHEMIST
1864–1941

Walther Hermann Nernst, born in Briesen, Prussia (now Wabrzezno,
Poland), was a pioneer in the field of chemical thermodynamics in a wide
range of areas. His most outstanding contributions were his laws for elec-
trochemical cells and his heat theorem, also known as the third law of ther-
modynamics, for which he was awarded the Nobel Prize in chemistry in
1920.

Nernst first studied physics before he became an assistant in 1887 to
German physical chemist Friedrich Wilhelm Ostwald at the University of
Leipzig, then the only institute for physical chemistry in Germany. In 1891

Nernst, Walther Hermann
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isotope: form of an atom that differs by
the number of neutrons in the nucleus

fission: process of splitting an atom into
smaller pieces

valence: combining capacity

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

isostructural: relating to an arrangement
of atomic constituents that is
geometrically the same although different
atoms are present

aqueous solution: homogenous mixture in
which water is the solvent (primary
component)

nuclear: having to do with the nucleus of
an atom
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he was appointed associate professor at the university in Göttingen and,
three years later, convinced officials there to create an institute for physical
chemistry modeled on the Leipzig center. He served as its director until his
move in 1905 to Berlin, where he once again established an institute
renowned worldwide.

During his Leipzig period, Nernst performed a series of electrochemi-
cal studies from which, at the age of twenty-five, he arrived at his well-
known equations. These equations described the concentration dependence
of the potential difference of galvanic cells, such as batteries, and were of
both great theoretical and practical importance. Nernst started with the in-
vestigation of the diffusion of electrolytes in one solution. Then he turned
to the diffusion at the boundary between two solutions with different elec-
trolyte concentrations; he determined that the osmotic pressure difference
would result in an electric potential difference or electromotive force (emf).
Next he divided both solutions into two concentration half-cells, connected
to each other by a liquid junction, and measured the emf via electrodes
dipped into both solutions. The data supported his first equation where the

Nernst, Walther Hermann
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galvanic: relating to direct current
electricity especially when produced
chemically

German chemist and physicist Walther
Hermann Nernst (front holding vial),
recipient of the 1920 Nobel Prize in
chemistry, “in recognition of his work in
thermochemistry.”
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emf was proportional to the logarithm of the concentration ratio. Finally,
he investigated galvanic cells where a redox reaction (e.g., Zn � 2Hg�

*

Zn2� � 2Hg) was divided such that oxidation (Zn * Zn2� � 2e�) and re-
duction (2Hg� � 2e�

* 2Hg) occurred at the electrodes in two half-cells.
By combining this with Helmholtz’s law, which related thermodynamics to
the emf of electrochemical cells, and van’t Hoff’s equation, which related
chemical equilibria to thermodynamics, Nernst derived his second equation
for galvanic cells. Supported by many measurements, the equation described
the emf of galvanic cells as a function of the concentration of all substances
involved in the reaction.

Nernst’s formulation of the third law of thermodynamics was originally
an ingenious solution to a crucial practical problem in chemical thermody-
namics, namely, the calculation of chemical equilibria and the course of
chemical reactions from thermal data alone, such as reaction heats and heat
capacities. Based on the first two laws of thermodynamics and van’t Hoff’s
equation, chemical equilibria depended on the free reaction enthalpy �G,
which was a function of both the reaction enthalpy �H and the reaction en-
tropy �S according to the Gibbs-Helmholtz equation:

E � �
E°

N
�

F
RT

�

The problem was that, although enthalpy values could be calculated from
thermal measurements, entropy values required data at the absolute zero of
temperature, which was practically inaccessible. Guided by theoretical rea-
soning and then supported by a huge measurement program at very low
temperatures, Nernst in 1906 suggested his heat theorem. According to a
later formulation, it stated that all entropy changes approach zero at the ab-
solute zero.

The theorem not only allowed the calculation of chemical equilibria, it
was also soon recognized as an independent third law of general thermo-
dynamics with many important consequences. One such consequence was
that it is impossible to reach the absolute zero. Another consequence was
that one could define a reference point for entropy functions, such that the
entropies of all elements and all perfect crystalline compounds were taken
as zero at the absolute zero.

Nernst made numerous other important contributions to physical chem-
istry. For example, his distribution law described the concentration distrib-
ution of a solute in two immiscible liquids and allowed the calculation of
extraction processes. He also formulated several significant theories, such as
those on the electrostriction of ions, the diffusion layer at electrodes, and the
solubility product. In addition, he established new methods to measure di-
electric constants and to synthesize ammonia, on which the German chemist
Fritz Haber later successfully followed up. SEE ALSO Electrochemistry;
Haber, Fritz; Ostwald, Friedrich Wilhelm; Physical Chemistry.

Joachim Schummer

E � E 0 �
RT
NF

[Products]
[Reactants]( )
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oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)
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Neurochemistry
Neurochemistry refers to the chemical processes that occur in the brain and
nervous system. The fact that one can read this text, remember what has
been read, and even breathe during the entire time that these events take
place relies on the amazing chemistry that occurs in the human brain and
the nerve cells with which it communicates.

There are two broad categories of chemistry in nerve systems that are
important. The first is the chemistry that generates electrical signals which
propagate along nerve cells. The key chemicals involved in these signals are
sodium and potassium ions. To see how they give rise to a signal, one must
first look at a nerve cell that is at rest.

Like any other cell, a nerve cell has a membrane as its outer “wall.” On
the outside of the membrane, the concentration of sodium ions will be rel-
atively high and that of potassium ions will be relatively low. The mem-
brane maintains this concentration gradient by using channels and enzymes.

The channels are pores that may be opened or closed by enzymes which
are associated with them. Some ion channels allow the movement of sodium
ions and others allow potassium ions to cross the membrane. They are also
called “gated” channels because they can open and close much like a gate
in a fence. The voltage they experience dictates whether the gate is open
or closed. Thus, for example, a gated sodium ion channel in a membrane
opens at certain voltages to allow sodium ions to pass from regions of high
concentration to regions of low concentration.

Active transport mechanisms are also present. Enzymes that span the
membrane can actively pump sodium and potassium ions from one side of
the membrane to another. When the nerve cell is at rest, these mechanisms
maintain a high potassium and low sodium environment inside the cell.

Even when it is at rest, a nerve cell is in contact with many other nerve
cells. When a neighboring cell passes on a signal to the resting cell (by a
mechanism to be discussed shortly), a dramatic change occurs in the ion
concentrations. Once the nerve cell at rest has received a sufficient signal
from a neighbor to surpass a threshold level, some of the sodium ion chan-
nels near the connection point open and sodium ions flow into the cell. This
flow of charge results in an electrical potential that is called the action po-
tential. The action potential does not stay localized, however. Farther down
the nerve cell, more sodium ion channels surpass their threshold and open
so that the sodium ions flow into them as well. Thus, the action potential
moves down the nerve. After the sodium ion gates open, the potassium ion
gates also open and potassium ions flow out of the cell. This flow of ions
offsets the charge from sodium ions flowing into the cell and the signal has
receded in that region (and has moved on).

Neurochemistry
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voltage: potential difference expressed in
volts
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Once the cell propagates a signal, how does that cell send its signal to
a neighbor? This question leads to the second broad category of neuro-
chemistry: the chemistry at the synapse. Nerve cells do not actually touch
their neighbors, but rather form a small gap called the synapse. The signal
is transferred across this gap by chemicals called neurotransmitters.

The communication that occurs across the synapse may either excite or
inhibit the action of the neighboring nerve cell. Thus, synapses are further
categorized as either excitatory synapses or inhibitory synapses. The cell
that is propagating the signal is called the presynaptic cell, and the cell that
receives the signal is the postsynaptic cell.

The end of the presynaptic cell contains small vesicles, spherical col-
lections of the same lipid molecules that make up the cell membrane. In-
side these vesicles, neurotransmitters exist in high concentrations. When the
action potential reaches the end of the presynaptic cell, some of the vesicles
merge with the cell membrane and release their contents (a process called
exocytosis). The released neurotransmitters experience an immediate con-
centration gradient. They diffuse away from the release point to counteract
the gradient, and in doing this, they cross the synapse and arrive at the
neighboring cell.

On the postsynaptic cell, there are receptors that are capable of inter-
acting with the neurotransmitters. Once these messenger molecules cross
the synapse, they connect with the receptors and the two cells have suc-
cessfully communicated. The proteins of the receptors are capable of open-
ing sodium gated ion channels, and a new action potential is engaged in the
postsynaptic cell.

The remaining step in the process is also a critical one. Somehow the
action of the neurotransmitters must cease. If they continue to cross the
synapse, or are not removed from the receptors of the postsynaptic cell, they
will continue to activate that cell. An overexcited or inhibited nerve cell is
not capable of proper function. For example, schizophrenia is a mental dis-
ease that is caused by the brain’s inability to eliminate excitatory neuro-
transmitters. The nerve cells continue firing, even when they need not, and
the incorrect brain chemistry results in debilitating symptoms such as audi-
tory hallucinations—hearing voices that are not actually there. SEE ALSO

Enzymes; Neurotoxins; Neurotransmitters; Stimulants.
Thomas A. Holme
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Neurotoxins
Many chemical compounds, some natural and some made by humans, show
toxic effects in humans or other animals. Every toxin is harmful, but toxins
that target the nervous system have been developed into chemical warfare
agents, so the public concern about them is enhanced.

Neurotoxins
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excitatory: causing cells to become active

inhibitory: relating to the prevention of an
action that would normally occur

propagating: reproducing; disseminating;
increasing; extending

vesicle: small compartment in a cell that
contains a minimum of one lipid bilayer

lipid: a nonpolar organic molecule;
fatlike; one of a large variety of nonpolar
hydrophobic (water-hating) molecules that
are insoluble in water

receptor: area on or near a cell wall that
accepts another molecule to allow a
change in the cell

toxin: poisonous substance produced
during bacterial growth
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Despite the connection with weapons of mass destruction, the most com-
mon neurotoxin in society is ethanol, found in alcoholic beverages. Neu-
rons convey signals by manipulating ion concentrations, and neurotoxins
reduce their ability to do so. Alcohol does this by essentially overloading
the entire cell and hindering its ability to function. Many of the character-
istics of alcohol intoxication, such as slurred speech and erratic motion, are
the result of improper function of neurons in the brain. As the body me-
tabolizes the alcohol and removes it from the blood, the neurotoxic effects
wear off. With large overdoses of alcohol, however, the effects do not wear
off, and death due to alcohol poisoning is a dramatic and unfortunately too
common manifestation of neurotoxins.

The neurotoxins that are associated with chemical warfare typically op-
erate in a different fashion. A neuron carries a signal as a miniature electric
current. Ions carry charges, and when they move across the cell membrane
in a specific region of a neuron at a rapid rate they change the electrical po-
tential in that region. The rapid movement of ions migrates along the neu-
ron and propagates an electrical signal (called an action potential). When this
signal reaches the end of the neuron, it must somehow trigger a response
in the next neuron. In a few cases, neurons are packed closely enough so
that the charge associated with the moving action potential directly excites
the next neuron. In most cases, the first neuron releases small molecules
called neurotransmitters that diffuse across a small gap (the synaptic cleft)
and interact with the next neuron, triggering its response. Many neurotox-
ins, including both human-made agents of chemical warfare and natural
agents found in venoms and other natural toxins, work by disrupting this
communication process.

There are two common mechanisms by which nerve signaling is dis-
rupted. The cell that receives the signal does so when receptors within its
membrane interact with the neurotransmitters. Some neurotoxins act by
blocking these receptors, making it impossible for them to receive signals.
When signaling stops, nerve function is impaired or eliminated and, the
neurotoxin has caused its damage.

The other key component of interneuron communication is that the neu-
rotransmitters, once they have carried a signal across a synaptic cleft, must be
removed. If a “receiving” neuron is continually stimulated because neuro-
transmitters continue to activate it, the neuron’s function will be impaired,
and the neuron may even be killed. There are special enzymes in the synap-
tic cleft that break down certain neurotransmitters, such as acetylcholine, to
end the signaling. Some neurotoxins block the actions of these hydrolytic en-
zymes, thereby preventing the removal of acetylcholine (or other neuro-
transmitters), leading to continuous stimulation of the neurons and, ultimately,
cell death. SEE ALSO Acetylcholine; Inhibitors; Neurotransmitters.

Thomas A. Holme
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synaptic cleft: tiny space between the
terminal button of one neuron and the
dendrite or soma of another

receptor: area on or near a cell wall that
accepts another molecule to allow a
change in the cell

acetylcholine: neurotransmitter with the
chemical forumula C7H17NO3; it assists
in communication between nerve cells in
the brain and central nervous system
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Neurotransmitters
Neurotransmitters are chemical messengers produced by the nervous sys-
tems of higher organisms in order to relay a nerve impulse from one cell to
another cell. The two cells may be nerve cells, also called neurons, or one
of the cells may be a different type, such as a muscle or gland cell. A chem-
ical messenger is necessary for rapid communication between cells if there
are small gaps of 20 to 50 nanometers (7.874 � 10�7–19.69 � 10�7 inches),
called synapses or synaptic clefts, between the two cells. The two cells are
referred to as either presynaptic or postsynaptic. The term “presynaptic”
refers to the neuron that produces and releases the neurotransmitter,
whereas “postsynaptic” refers to the cell that receives this chemical message.

Neurotransmitters include small molecules with amine functional
groups such as acetylcholine, certain amino acids, amino acid derivatives,
and peptides. Through a series of chemical reactions, the amino acid tyro-
sine is converted into the catecholamine neurotransmitters dopamine and
norepinephrine or into the hormone epinephrine. Other neurotransmitters
that are amino acid derivatives include �-aminobutyric acid, made from glu-
tamate, and serotonin, made from the amino acid tryptophan.

Peptide neurotransmitters include the enkephalins, the endorphins,
oxytocin, substance P, vasoactive intestinal peptide, and many others. The
gaseous free radical nitric oxide is one of the more recent molecules to
be added to the list of possible neurotransmitters. It is commonly believed
that there may be fifty or more neurotransmitters. Although there are many

Neurotransmitters
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functional group: portion of a compound
with characteristic atoms acting as a
group

acetylcholine: neurotransmitter with the
chemical forumula C7H17NO3; it assists
in communication between nerve cells in
the brain and central nervous system

tyrosine: one of the common amino acids

nitric oxide: compound, NO, which is
involved in many biological processes;
the drug Viagra enhances NO-stimulation
of pathways to counteract impotence;
may be involved in killing tumors

This diagram shows the transmission and
reception of neurons and the role of
serotonin in communication between
neurons.
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different neurotransmitters, there is a common theme by which they are
released and exert their actions. In addition, there is always a mechanism
for termination of the chemical message.

General Mechanism of Action
Neurotransmitters are formed in a presynaptic neuron and stored in small
membrane-bound sacks, called vesicles, inside this neuron. When this neu-
ron is activated, these intracellular vesicles fuse with the cell membrane and
release their contents into the synapse, a process called exocytosis.

Once the neurotransmitter is in the synapse, several events may occur.
It may (1) diffuse across the synapse and bind to a receptor on the post-
synaptic membrane, (2) diffuse back to the presynaptic neuron and bind to
a presynaptic receptor causing modulation of neurotransmitter release, (3)
be chemically altered by an enzyme in the synapse, or (4) be transported
into a nearby cell. For the chemical message to be passed to another cell,
however, the neurotransmitter must bind to its protein receptor on the
postsynaptic side. The binding of a neurotransmitter to its receptor is a
key event in the action of all neurotransmitters.

Mechanism of Fast-Acting Neurotransmitters
Some neurotransmitters are referred to as fast-acting since their cellular ef-
fects occur milliseconds after the neurotransmitter binds to its receptor.
These neurotransmitters exert direct control of ion channels by inducing a
conformational change in the receptor, creating a passage through which
ions can flow. These receptors are often called ligand-gated ion channels
since the channel opens only when the ligand is bound correctly. When the
channel opens, it allows for ions to pass through from their side of highest
concentration to their side of lowest concentration. The net result is de-
polarization if there is a net influx of positively charged ions or hyperpo-
larization if there is a net inward movement of negatively charged ions.
Depolarization results in a continuation of the nerve impulse, whereas hy-
perpolarization makes it less likely that the nerve impulse will continue to
be transmitted.

The first ligand-gated ion channel whose structure and mechanism were
studied in detail was the nicotinic acetylcholine receptor of the neuromus-
cular junction. This receptor contains five protein subunits, each of which
spans the membrane four times. When two acetylcholine molecules bind to
this receptor, a channel opens, resulting in sodium and potassium ions be-
ing transported at a rate of 107 per second. Acetylcholine’s action at these
receptors is said to be excitatory due to the resulting depolarization. Other
receptors for fast transmitters have a similar amino acid sequence and are
believed to have a similar protein structure. Glycine and �-aminobutyric
acid (GABA) also act on ligand-gated ion channels and are fast-acting. How-
ever, they cause a net influx of chloride ions, resulting in hyperpolarization;
thus, their action is inhibitory.

Mechanism of Slow-Acting Neurotransmitters
Slower-acting neurotransmitters act by binding to proteins that are some-
times called G-protein-coupled receptors (GPCRs). These receptors do not
form ion channels upon activation and have a very different architecture
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vesicle: small compartment in a cell that
contains a minimum of one lipid bilayer

receptor: area on or near a cell wall that
accepts another molecule to allow a
change in the cell

ligand: molecule or ion capable of
donating one or more electron pairs to a
Lewis acid

depolarization: process of decreasing the
separation of charge in nerve cells; the
opposite of hyperpolarization

hyperpolarization: process of causing an
increase in charge separation in nerve
cells; opposite of depolarization

excitatory: causing cells to become active

amino acid sequence: twenty of the more
than five hundred amino acids that are
known to occur in nature are incorporated
into a variety of proteins that are required
for life processes; the sequence or order
of the amino acids present determines
the nature of the protein

inhibitory: relating to the prevention of an
action that would normally occur

67368_v3_001-270.qxd  1/26/04  2:00 PM  Page 138



than the ion channels. However, the timescale for activation is often rela-
tively fast, on the order of seconds. The slightly longer time frame than that
for fast-acting neurotransmitters is necessary due to additional molecular
interactions that must occur for the postsynaptic cell to become depolarized
or hyperpolarized. The protein structure of a GPCR is one protein subunit
folded so that it transverses the membrane seven times. These receptors are
referred to as G-coupled protein receptors because they function through
an interaction with a GTP-binding protein, called G-protein for short.

The conformational change produced when a neurotransmitter binds to
a GPCR causes the G-protein to become activated. Once it becomes acti-
vated, the protein subunits dissociate and diffuse along the intracellular
membrane surface to open or close an ion channel or to activate or inhibit
an enzyme that will, in turn, produce a molecule called a second messen-
ger. Second messengers include cyclic AMP, cyclic GMP, and calcium ions
and phosphatidyl inositol. They serve to activate enzymes known as protein
kinases. Protein kinases in turn act to phosphorylate a variety of proteins
within a cell, possibly including ion channels. Protein phosphorylation is
a common mechanism used within a cell to activate or inhibit the function
of various proteins.

Termination of Transmission

For proper control of neuronal signaling, there must be a means of termi-
nating the nerve impulse. In all cases, once the neurotransmitter dissociates
from the receptor, the signal ends. For a few neurotransmitters, there are
enzymes in the synapse that serve to chemically alter the neurotransmitter,
making it nonfunctional. For instance, the enzyme acetylcholinesterase hy-
drolyzes acetylcholine. Other neurotransmitters, such as catecholamines and
glutamate, undergo a process called reuptake. In this process, the neuro-
transmitter is removed from the synapse via a transporter protein. These
proteins are located in presynaptic neurons or other nearby cells.

Drugs of Abuse

The actions of neurotransmitters are important for many different physio-
logical effects. Many drugs of abuse either mimic neurotransmitters or oth-
erwise alter the function of the nervous system. Barbiturates act as
depressants with effects similar to those of anesthetics. They seem to act
mainly by enhancing the activity of the neurotransmitter GABA, an in-
hibitory neurotransmitter. In other words, when barbiturates bind to a
GABA receptor, the inhibitory effect of GABA is greater than before. Opi-
ates such as heroin bind to a particular type of opiate receptor, resulting in
effects similar to those of naturally occurring endorphins. Amphetamines
can displace catecholamines from synaptic vesicles and block reuptake of
catecholamines in the synapse, prolonging the action of catecholamine neu-
rotransmitters. SEE ALSO Acetylcholine; Dopamine; Hydrolysis; Ion
Channels; Norepinephrine.

Jennifer L. Powers
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GTP: guanosine triphosphate, a
nucleotide consisting of ribose, guanine,
and three linked phosphate groups

AMP: adenosine monophosphate, a form
of ATP after removal of two phosphate
groups

GMP: guanosine monophosphate, a
nucleotide consisting of ribose, guanine,
and one phosphate group

phosphorylation: the process of addition
of phosphates into biological molecules

amphetamine: class of compounds used
to stimulate the central nervous system
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Neutrons See Atomic Nucleus; Atomic Structure.

New Battery Technology
The need for better batteries is a recurring theme in the effort to reduce
energy consumption and in the effort to make electricity increasingly
portable. As the world depends more and more on portable devices and turns
to electric vehicles to reduce pollution, it becomes important that light-
weight, long-lived batteries be developed. Additional desirable features of
batteries include safety, dependability, environmental friendliness, and cost.
This article considers battery technology currently used in transportation,
including in electric vehicles and spacecraft.

Battery Basics
A battery is a collection of one or more electrochemical cells that con-
vert chemical energy into electrical energy via electrochemical reactions
(oxidation-reduction reactions). These reactions take place at the bat-
tery’s anode and cathode. The electrochemical cells are connected in se-
ries or in parallel depending on the desired voltage and capacity. Series
connections provide a higher voltage, whereas parallel connections pro-
vide a higher capacity, compared with one cell.

A cell typically consists of a negative electrode, a positive electrode, and
an electrolyte. A cell discharges when a load such as a motor is connected
between the negative and positive electrodes. The negative electrode, the
anode, produces electrons that flow in an external circuit. The positive elec-
trode, the cathode, consumes the electrons from the external circuit. The
uniform flow of electrons around the circuit results in an electric current.
Within the cell, the electrons received at the positive electrode react with
the active material of this electrode, in reduction reactions that continue the
flow of charge by sending ions through the electrolyte to the negative elec-
trode. At the negative electrode, oxidation reactions between the active ma-
terial of this electrode and the ions flowing through the electrolyte results
in a surplus of electrons that are donated to the external circuit. For every
electron generated in an oxidation reaction at the negative electrode, there
is an electron consumed in a reduction reaction at the positive electrode. As
the electrode reactions continue spontaneously, the active materials become
depleted and the reactions slow down until the battery is no longer capable
of supplying electrons; the battery is said to be fully discharged.
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oxidation-reduction reaction: reaction,
sometimes called redox, that involves the
movement of electrons between reactants
to form products

voltage: potential difference expressed in
volts
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A battery is either a primary or a secondary battery. Primary batter-
ies, such as those used in a flashlight, are used once and replaced. The
chemical reactions producing the current in such batteries are too diffi-
cult to make it worth trying to reverse them. Secondary batteries, such as
car batteries, can be recharged and reused because the chemical reactions
are easily reversed. By reversing the flow of electricity (i.e., putting cur-
rent in rather than taking it out), the chemical reactions are reversed to
restore active material that had been depleted. Secondary batteries are also
known as rechargeable or storage batteries and are used in transportation
applications.

Battery performance is measured in terms of voltage and capacity. The
voltage is determined by the chemistry of the metals and electrolytes used
in the battery. The capacity is the number of electrons that can be obtained
from a battery. Since current is the number of electrons released per unit
time, cell capacity is the current supplied by a cell over time and is normally
measure in ampere-hours. Battery specialists experiment with many differ-
ent redox combinations and try to balance the energy output with the costs
of manufacturing the battery. Other factors, such as battery weight, shelf
life, and environmental impact also factor into the battery’s design.

Present-Day Battery Technology
Lead-acid batteries are used in gasoline-driven automobiles and in electric
and hybrid vehicles. They have the best discharge rate of secondary battery
technology, they are the cheapest to produce, and they are rechargeable.
The chemical reactions are:

Cathode (�):

PbO2 � H2SO4 wwd PbSO4 � 2H2O

Anode (–):

Pb � H2SO4 wwd PbSO4 � 2H� � 2e

The positive electrode is made of lead dioxide (PbO2) and is reduced to lead
sulfate (PbSO4), while sponge metallic lead (Pb) is oxidized to lead sulfate
at the negative electrode. The electrolyte is sulfuric acid (H2SO4), which
provides the sulfate ion (SO4

2–) for the discharge reactions.

The nickel-cadmium battery (Ni-Cd) is the most common battery used
in communication satellites, in Earth orbiters, and in space probes. The
chemical reactions are:

Cathode (�):

2NiO(OH) � 2H2O � 2e wwd 2Ni(OH)2 � 2OH�

Anode (–):

Cd � 2OH�
wwd Cd(OH)2 � 2e

Nickel hydroxide, NiO(OH), is the active cathode material, cadmium, Cd,
is the active anode material, and aqueous potassium hydroxide, KOH, is the
electrolyte.

There is considerable interest in the development of nickel-metal hy-
brid (Ni/MH) batteries for electric and hybrid vehicles. These batteries op-
erate in concentrated KOH electrolyte. The electrode reactions are:
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Cathode (�):

NiO(OH) � H2O � e wwd Ni(OH)2 � OH�

Anode (–):

MH � OH�
wwd M � H2O � e

Ni/MH batteries use nickel hydoxide, NiO(OH), as the active material for
the cathode, a metal hydride, MH, as the anode, and a potassium hydrox-
ide, KOH, solution as the electrolyte. The metal hydride is a type of alloy
(hydrogen absorption alloy) that is capable of undergoing a reversible hy-
drogen absorbing-desorbing process while the battery is discharged and
charged. Current research is directed at improving the performance of the
metal hydride anode and making the battery rechargeable.

Lithium ion (Li-ion) batteries are environmentally friendly batteries that
offer more energy in smaller, lighter packages and thus are promising candi-
dates for electric and hybrid vehicle applications. The electrode reactions are:

Cathode (�):

xLi� � xe � Li1�xAB wwd LiAB
Anode (–):

LixC6 wwd xLi� � C6 � xe

Li-ion batteries use various forms of carbon (C) as anode material because
carbon can reversibly accept and donate significant amounts of lithium (as
LixC6. Li-intercalation compounds (such as LiCoO2, LiMn2O4, and LiNiO2)
are used as cathode materials. Electrolyte mixtures include a lithiated salt
(LiPF6 or LiClO4) dissolved into a nonaqueous solvent (ethylene carbonate,
propylene carbonate, or dimethyl carbonate). Because Li is a highly reactive
metal in aqueous solution, Li-ion batteries are constructed to keep Li in its
ionic state, and nonaqueous solvents are used. The next step in lithium-ion
battery technology is believed to be the lithium polymer battery, in which a
gelled or solid electrolyte will replace the liquid electrolyte.

Fuel Cells

Unlike the batteries described in the previous section, a fuel cell does not
run down or require recharging; it will produce energy in the form of elec-
tricity and heat as long as fuel is supplied. Additionally, the electrode ma-
terials (usually platinum) serve only as a site for the reactions to occur (i.e.,
as a catalyst) and are not involved in the chemical reactions. As hydrogen
flows over the anode, it is oxidized to hydrogen ions and electrons in a
proton-exchange membrane or PEM fuel cell. The hydrogen ions pass
through the membrane to the cathode, where they combine with oxygen
from the air and with the electrons flowing in the external circuit from the
anode to form water, which is expelled from the cell. A fuel cell system
that includes a “fuel reformer” utilizes hydrogen from any hydrocarbon
fuel, such as natural gas or methanol. This also makes a fuel cell quiet, de-
pendable, and very fuel-efficient. Fuel cell reactions include:

Cathode (�):

O2 � 4H� � 4e � 2H2O
Anode (–):

2H2 � 4H� � 4e
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Fuel cells are lighter and more compact, compared with batteries that make
available the same amount of energy.

Solar Cells
Solar cells (photovoltaic cells) convert sunlight to electricity. Photovoltaic
cells are made of semiconductor materials such as silicon and gallium ar-
senide. When light strikes the cell, photons are absorbed within the semi-
conductor and create electron-hole pairs that move within the cell. This
generates the energy that is used to power space vehicles.

Electric and Hybrid Vehicles
Electric vehicles have an electric motor rather than a gasoline engine. The
electric motor is usually powered by two banks of twenty-five 12-volt lead-
acid rechargeable batteries, providing a total of 300 volts for each battery
bank. Problems with lead-acid battery technology include battery weight (a
typical lead-acid battery pack weighs 1,000 pounds or more), limited ca-
pacity (a typical battery pack holds about 15 kilowatt-hours of electricity,
giving the car a range of approximately 80 kilometers [50 miles]), long
recharging times (typically between four and ten hours for full charge), short
life (three to four years) and cost (about $2,000 for each battery pack). The
hybrid vehicle, in which a small gas engine is combined with an electric mo-
tor, is a compromise between gas-powered and electric vehicles.

The car of the future will likely be an electric or hybrid vehicle that gets
its electricity from a fuel cell. It is unlikely that these vehicles will ever be
solar powered, because solar cells produce too little power to make using
them to run a full-size car practical.

Space Power
Spacecraft and space stations are powered by solar cells or collections of so-
lar cells called solar panels. To get the most power, solar panels must be
pointed directly at the Sun. Spacecraft are built so that the solar panels can
be pivoted as the spacecraft moves, so that they can always stay in the di-
rect path of the rays of light.
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A desalination system on this roof in
Jeddah, Saudi Arabia, is using 210
photovoltaic modules to supply operating
power.
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Solar cells generate electricity in the sunshine but not in the dark. Thus
space stations and spacecraft run on power from batteries during dark pe-
riods. As of June 2003, solar power has been practical for spacecraft oper-
ating no farther from the Sun than the orbit of Mars. For example, Magellan,
Mars Global Surveyor, Mars Observer, and the Earth-orbiting Hubble Space
Telescope operate on solar power.

A Look to the Future

Exciting research is underway to improve the performance and longevity of
batteries, fuel cells, and solar cells. Much of this research is directed at en-
hancing the chemistry in these systems through the use of polymer elec-
trolytes, nanoparticle catalysts, and various membrane supports. Additionally,
considerable effort is being put into the construction of three-dimensional
microbatteries. SEE ALSO Electrochemistry; Materials Science; Solar
Cells.

Cynthia G. Zoski
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Newton, Isaac
ENGLISH PHYSICIST AND MATHEMATICIAN
1642–1727

Sir Isaac Newton was born on December 25, 1642, in Woolsthorpe, Lin-
colnshire, England. His father died shortly before he was born. Newton at-
tended Trinity College, starting in 1661, and remained there for the early
part of his career. During the year of the plague (1665 to 1666), Trinity
College was closed and Newton returned to his family home in the coun-
try. It was during this one incredibly productive year that much of New-
ton’s most important work began. In 1703 Newton was knighted and elected
president of the Royal Society, a post he held until his death in 1727.

Newton’s best-known contributions to science were his three laws of mo-
tion and law of universal gravitation. These were first published in his Prin-
cipia of 1687. Newton’s other seminal work was Opticks, initially published
in 1704. Newton also developed differential and integral calculus (although
with different terminology and notation than used today), fluid mechanics,
equations describing heat transfer, and an experimental scientific method.
His other major intellectual interests were alchemy, theology, history, and
biblical chronology. While working at the Royal Mint, Newton successfully
oversaw the recoinage of the nation’s currency to control coin clipping (the
illicit trimming of gold or silver from the edges of coins) and its related 
inflation.

Newton, Isaac
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Royal Society: The U.K. National
Academy of Science, founded in 1660

alchemy: medieval chemical philosophy
having among its asserted aims the
transmutation of base metals into gold

English physicist Sir Isaac Newton,
author of Philosophiae Naturalis Principia
Mathematica.
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It is historically known that Newton owned one of Europe’s largest book
collections on alchemy. Unfortunately, this part of his library was dispersed
at the time of his death without an adequate inventory. Although Newton
did not publish any large work on alchemy, the subject did continue to pre-
occupy him during the course of his life. Alchemy had obvious relevance to
his work at the mint and its associated work on metallurgy. It also inter-
ested him because of its relevance to questions about the ultimate structure
of matter. Much of Newton’s published work on chemistry or alchemy ap-
pears in the form of “Queries” placed at the end of Opticks. These are rhetor-
ical questions with postulated answers, some of which are quite extensive.
Together, the Queries cover some sixty-seven pages. Query 31 alone is thirty
text pages long.

Newton’s postulated answers concerning the ultimate structure of mat-
ter by advancing the idea of atoms with some level of internal structure, a
notion anticipating the modern concept of molecules. Newton also postu-
lated on the existence of a nonmaterial substance, an imponderable (un-
weighable) fluid called ether, which might work at very small distances to
repel atoms from one another. Heat, light, electricity, or the reactions of
chemistry might be used, Newton suggested, to probe this subtle, impon-
derable fluid. SEE ALSO Alchemy; Atoms.

David A. Bassett
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Niacin See Nicotinamide.

Nickel
MELTING POINT: 1,455°C
BOILING POINT: 2,913°C
DENSITY: 8.9 g/cm3

MOST COMMON IONS: Ni2�, Ni3�, Ni4�

Nickel is a silver-white, lustrous metal. It was first isolated by Swedish
chemist Axel Fredrik Cronstedt in 1751. Cronstedt had been attempting to
isolate copper from a mineral called niccolite (the German word kupfer-
nickel means “Devil’s copper” or “Old Nick’s copper”). He instead found
nickel, which he named after the mineral.

The abundance of nickel in Earth’s crust is 90 parts per million (ppm);
in ocean water, its abundance is 2 parts per billion (ppb). In meteorites, how-
ever, its abundance approaches 13,000 ppm. Much of the world’s supply of
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nickel is found in Ontario, Canada, where it is isolated from the ores pent-
landite and pyrrhotite. Other large deposits are found in Australia, New
Caledonia, Cuba, Indonesia, and Greenland.

The most common isotope of nickel is 58Ni, which has a natural abun-
dance of 68.1 percent. Other stable isotopes include 60Ni (26.2%), 61Ni
(1.1%), 62Ni (3.6%), and 64Ni (0.9%). Important nickel compounds include
nickel oxides (NiO and Ni2O3), nickel sulfides (NiS, NiS2, Ni3S2), and nickel
chloride (NiCl2).

Nickel metal is malleable, ductile, and a fairly good conductor of elec-
tricity and heat. Its most common use is in stainless steels, where it may be
combined with various other metals (such as iron, chromium, chromium,
copper, etc.) to form alloys that are highly resistant to corrosion. Nickel is
also used to make coins (U.S. five-cent pieces contain 25 percent nickel),
batteries, magnets, and jewelry; to protectively coat other metals; and to
color glass and ceramics green. SEE ALSO Coordination Compounds; In-
organic Chemistry.

Stephanie Dionne Sherk
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Nicotinamide
Nicotinamide is the most common form of the vitamin niacin. Nicotinamide
is found in the body as part of nicotinamide adenine dinucleotide (NAD),
an important cofactor of many enzymes involved in metabolism and the pro-
duction of energy from sugars and fats. The structure of nicotinamide, shown
in Figure 1, incorporates a six-atom ring, with one nitrogen atom in the
ring and another in the amide group side chain. Nicotinic acid is the other
common form of niacin. It has the same ring structure but, as shown in Fig-
ure 2, oxygen atoms replace the nitrogen atom in the side chain. The nico-
tinic acid form of the vitamin produces severe side effects when taken in
large doses; however, it is sometimes used as a medication to reduce high
cholesterol levels in blood. Nicotinic acid was first produced from nicotine
long before it was known to be a nutrient. Despite the similarities between
nicotine and nicotinic acid, their functions are very different.

Niacin and Pellagra
Pellagra is a disease characterized by skin rashes, diarrhea, mental deterio-
ration, and death. Early in the last century it was a serious health problem.
Alan Kraut in “Dr. Joseph Goldberger & the War on Pellagra” describes
the situation as follows. In 1912 South Carolina alone reported 30,000 cases
of pellagra and a mortality rate of 40 percent. In 1914 Dr. Joseph Gold-
berger (1874–1929) was assigned to study the disease. Goldberger had ex-
tensive prior experience treating yellow fever, dengue fever, and typhus. He
noted that unlike these other diseases, pellagra was never transmitted from
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patients to doctors or hospital staff. He also determined that those patients
likely to exhibit symptoms of pellagra shared a diet of refined corn flour,
molasses, and pork fat. Such observations led Goldberger to deduce that
poor nutrition might be the cause of the disease. In 1915 he tested his hy-
pothesis with volunteers from a Mississippi prison. They were fed only the
suspect diet and half developed the signs of pellagra within a few months.
The symptoms disappeared when meat and vegetables were added to the
volunteers’ diet. Despite the fact that his study clearly indicated poor nu-
trition was the cause of pellagra, Goldberger spent the rest of his career at-
tempting to convince political and medical authorities that germs were not
the root cause of this dreaded disease. He was perhaps hampered in his ef-
forts by the inability to determine exactly what was missing in the diet. Not
until 1937 did Conrad Elvehjem identify the chemical nicotinamide as the
cure for pellagra in dogs, followed almost immediately by the work of
Thomas Spies, who demonstrated that niacin also cures human pellagra.

Sources of Niacin
The Federal Enrichment Act of 1942 required the millers of flour to re-
store iron, niacin, thiamin and riboflavin lost in the milling process. En-
riched flours and baked goods made from them are now excellent sources
of niacin. Niacin may also be found in meat, poultry, fish, whole grains, and
peanut butter. Besides direct niacin intake, humans can convert the amino
acid tryptophan to niacin. Many people take daily vitamin supplements to
ensure they get enough niacin and other essential nutrients. SEE ALSO Coen-
zyme; Nicotinamide Adenine Dinucleotide.

David Speckhard
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Nicotinamide Adenine Dinucleotide
Nicotinamide adenine dinucleotide (NAD) is the coenzyme form of the vi-
tamin niacin. Most biochemical reactions require protein catalysts (en-
zymes). Some enzymes, lysozyme or trypsin, for example, catalyze reactions
by themselves, but many require helper substances such as coenzymes, metal
ions, and ribonucleic acid (RNA). Niacin is a component of two coen-
zymes: NAD, and nicotinamide adenine dinucleotide phosphate (NADP).
NAD� (the oxidized form of the NAD coenzyme) is important in catabo-
lism and in the production of metabolic energy. NADP� (the oxidized form
of NADP) is important in the biosynthesis of fats and sugars.

Hans von Euler is generally recognized as the first to establish the chem-
ical structure of NAD (Metzler, p. 468). Von Euler and Arthur Harden
shared the 1929 Nobel Prize in physiology or medicine for the discovery of
coenzymes (including NAD). Later von Euler showed that NAD contains
two units of the sugar ribose, two phosphate groups, one adenine unit, and
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adenine: one of the purine bases found
in nucleic acids, C5H5N5

vitamins: organic molecules needed in
small amounts for the normal function of
the body; often used as part of an
enzyme catalyzed reaction

metal: element or other substance the
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high thermal and electrical conductivities

ribonucleic acid: a natural polymer used
to translate genetic information in the
nucleus into a template for the
construction of proteins

catabolism: metabolic process involving
breakdown of a molecule into smaller
ones resulting in a release of energy

biosynthesis: formation of a chemical
substance by a living organism
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one nicotinamide unit (derived from niacin). (See Figure 1a.) The adenine,
ribose, and phosphate compounds are linked exactly as in the nucleotide
molecule adenosine diphosphate (ADP). In the case of NAD�, the nicoti-
namide ring has a positive charge on its nitrogen atom: This is the � indi-
cated in the designation NAD�. This is often confusing, because the
molecule as a whole is negatively charged due to the presence of the phos-
phate groups, as shown in the figure. In 1934 Otto Warburg and William
Christian discovered a variant of NAD� in human red blood cell extracts
(Metzler, p. 466). This form, called NADP�, contains a third phosphate
group attached to one of the ribose rings (see Figure 1b).

NAD� and NADP� play an essential role in many biochemical reac-
tions, especially redox reactions in which oxidoreductase enzymes transfer
hydrogen. (See Table 1 for a partial list of enzymes that require NAD� and
NADP�.) The redox reaction shown in Figure 2 is catalyzed by the oxi-
doreductase enzyme alcohol dehydrogenase. In this reaction, two hydrogen
atoms and two electrons (the two electrons of the C-H bond) are removed
from the ethanol molecule. One hydrogen atom and both electrons, shown
in red, are transferred to NAD�, generating NADH. (A molecule’s acqui-
sition of electrons is called reduction, thus NADH is the reduced form of
NAD�. Conversely, NAD� is the oxidized form, the form with fewer elec-
trons.) NADP� can be reduced to NADPH, just as NAD� can be reduced
to NADH, although different enzymes will be involved. Enzymes that use
NAD� rarely use NADP� and vice versa, making it possible to separate the
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Figure 1a. Structure of NAD+
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biosynthetic and energy-producing functions of NADP� and NAD�. NAD�

and NADP� act as electron acceptors in oxidoreductase catalyzed reactions;
NADH and NADPH act as electron donors.

The transfer of hydrogen to NAD� is stereospecific, and dehydroge-
nases are now classified as HA side or HB side enzymes, according to the
“side” of the NAD molecule they act on. Alcohol dehydrogenase, which cat-
alyzes the reaction shown in Figure 2, is an HA side enzyme, as it promotes
the transfer of hydrogen from ethanol to the “A position” of NADH. This
specificity was somewhat unexpected, as the flat nicotinamide group can be
approached (by a dehydrogenase enzyme) equally well from either side in
solution, when NAD� is bound to the enzyme; however, one side or the
other of NAD is more approachable and therefore preferred.

Both NADH and NADPH have a distinctive signal in ultraviolet spec-
troscopy. This signal is lost when NADH or NADPH is oxidized (to NAD�

or NADP�). This phenomenon has been employed by thousands of scien-
tists to monitor a wide variety of enzyme-catalyzed reactions. SEE ALSO

Coenzyme; Enzymes; Nicotinamide.
David Speckhard
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stereospecific: yielding one product when
reacted with a given compound but the
opposite product with its stereoisomer

spectroscopy: use of electromagnetic
radiation to analyze the chemical
composition of materials

Table 1. Enzymes that use NAD+/NADH
and enzymes that use NADP+/NADPH

Enzyme Function

Enzymes that use NAD+/NADH

Enzymes that use NADP+/NADPH 

ENZYMES THAT REQUIRE NAD AND NADP

Alcohol dehydrogenase

Glyceraldehyde phosphate dehydrogenase

Lactate dehydrogenase

Pyruvate dehydrogenase

�-keto-glutarate dehydrogenase, isocitrate 
dehydrogenase, malate dehydrogenase

NADH dehydrogenase

Hydroxy-acyl-SCoA dehydrogenase

Glucose 6-phosphate dehydrogenase


-ketoacyl-ACP reductase

-enoyl-ACP reductase

Chloroplast glyceraldehyde
Phosphate dehydrogenase

Metabolizes alcohol

Catalyzes important step in 
glycolysis

Catalyzes reactions in muscle 
and liver cells

Catalyzes reactions connecting 
glycolysis to the Krebs cycle

Catalyzes reactions in the 
Krebs cycle, aerobic 
metabolism

Catalyzes oxidative 
phosphorylation reactions

Important in fat catabolism

Catalyzes reactions in the 
pentose phosphate pathway

Catalyzes reactions in fatty 
acid synthesis

Catalyzes reactions in the 
Calvin cycle, glucose synthesis

Figure 2. Reduction of NAD to NADH by
alcohol dehydrogenase. Note R stands for
the remainder of the NAD+ and NADH
molecules not shown in the figure or
changed in the reaction.
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Nicotine
Nicotine, C10H14N2, is a highly toxic, pale yellow alkaloid produced in to-
bacco plants in response to leaf damage. Nicotine is synthesized in the roots
of tobacco plants in response to hormones released by damaged tissue, and
it is then carried to the leaves, where it is stored in concentrations of be-
tween 2 percent and 8 percent by weight. Nicotine is used commercially as
an insecticide (it is one of the few poisons to which insects have not become
resistant). Tobacco smoke contains nicotine, believed to be the active (and
addictive) ingredient.

Mayan peoples of South America used tobacco for recreational and cere-
monial, as well as medicinal, purposes. Mayan sculptures depict high-ranking
persons smoking cigars and priests blowing tobacco smoke over human sac-
rifices. By the time of the arrival of Christopher Columbus in the New World,
tobacco use had spread throughout both North America and South America.
Early accounts by European explorers describe Native Americans carrying
glowing sticks from which they inhaled, and many pipes are found among Na-
tive American artifacts. Tobacco was often chewed by Native Americans; the
juice was dropped into eyes to improve night vision and applied to skin as an
agent having antiseptic properties.

The men who accompanied Columbus encountered many users of to-
bacco, but early European explorers showed little interest in the plant un-
til they acquired an awareness that it might be used to treat diseases.
Europeans at first forbade tobacco use, but tobacco gradually gained a rep-
utation among court physicians as a medicine. For many Europeans, tobacco
was suddenly a valuable New World commodity.

Nicotine is the active ingredient of tobacco. Nicotine is soluble in wa-
ter and in nonpolar solvents. It can be absorbed by the body from smoke
that has been taken into the lungs, or through the skin. It rapidly crosses
the blood-brain barrier, appearing in brain tissue minutes after its absorp-
tion into capillaries lining the alveoli of the lungs. The presence of nicotine
in the body stimulates nicotinic-cholinergic receptors of the nervous sys-
tem, resulting in increased attention span, increased heart rate and blood
pressure, and increases in the concentrations of some hormones. Habitual
users have a feeling of well-being after intake of nicotine, ascribed to the
increased concentrations of dopamine in the brain. The increased metabolic
rate that is associated with nicotine use may be what is in back of the com-
mon belief that it is easier to lose weight when using nicotine.

Nicotinic-cholinergic receptors that are part of the autonomic nervous
system may be stimulated at low concentrations of nicotine, but blocked at
higher concentrations. The repeated use of nicotine-containing products
(which includes chewing tobacco, chewing nicotine-containing gum, or the
use of therapeutic patches that release nicotine for skin absorption) pro-
motes the formation of (new) nicotinic-cholinergic receptors. The tolerance

Nicotine
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alkaloid: alkaline nitrogen-based
compound extracted from plants

nonpolar: molecule, or portion of a
molecule, that does not have a
permanent, electric dipole

receptor: area on or near a cell wall that
accepts another molecule to allow a
change in the cell
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and eventual addiction that go along with repeated use may result in in-
creased craving for nicotine.

Many environmentally hazardous substances, such as asbestos and radon,
are much more hazardous when they become mixed with cigarette smoke,
probably because the particulate matter in smoke in the atmosphere may
adsorb these dangerous substances and carry them into the alveoli of lungs.
Many cancers may be caused by substances or materials associated with nico-
tine use, such as tobacco smoke or the tobacco plant itself (as in chewing
tobacco). Nicotine itself, although not known to cause cancer directly, causes
proliferation of both healthy and neoplastic cells, and may further the de-
velopment of cancer by stimulating angiogenesis (the growth of new blood
vessels) and thus providing cancerous tissues with increased blood supplies.
The effect of nicotine on cell growth is especially strong in tissue environ-
ments having low concentrations of carbon dioxide, for example, in dam-
aged lungs; thus, the effect would be greater in persons whose breathing
was already impaired. Nicotine’s stimulation of cell growth may account for
the observation that atherosclerotic plaques (which are intracellular accu-
mulations of lipids) grow more rapidly in the presence of this alkaloid sub-
stance. This effect may actually become the basis of medical treatments
intended to improve blood flow to tissues damaged by atherosclerosis.

Single exposure to nicotine in quantities as small as 50 mg (0.0018 oz)
may result in vomiting and seizures; the average cigarette yields about 3 mg
(0.00011 oz). As nicotine can be absorbed through skin, accidental expo-
sures in persons working with nicotine-containing pesticide preparations
may be fatal. Extracts of chewing tobacco are effective insecticides; com-
mercial insecticide products contain much higher amounts of nicotine than
products intended for human consumption. SEE ALSO Dopamine; Radon;
Toxicity.

Dan M. Sullivan
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Niobium
MELTING POINT: 2,475°C ��10°C
BOILING POINT: ��4,740°C
DENSITY: 8.57g/cm3 at room temperature
MOST COMMON IONS: Nb3�

Niobium metal is typically gray or dull silver in color. It is one of the re-
fractory metals along with tantalum, tungsten, molybdenum, and rhenium,
due to its very high melting point. It is estimated that niobium has a nat-
ural occurrence in Earth’s crust of approximately 20 parts per million (ppm).
The largest niobium-containing mineral reserves are located in Brazil and
Canada.

Niobium
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lipid: a nonpolar organic molecule;
fatlike; one of a large variety of nonpolar
hydrophobic (water-hating) molecules that
are insoluble in water

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities
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Nb
NIOBIUM
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English chemist Charles Hatchett originally discovered niobium in 1801
while examining an ore sample obtained in Connecticut. Since the ore sam-
ple came from the United States, he named the unknown material
columbium (at the time, Columbia was another name for America). In the
1840s German chemist Heinrich Rose rediscovered the element and named
it niobium. Chemically, niobium and the element tantalum are very simi-
lar, so niobium was named for Niobe, a daughter of Tantulus (root name
for the element tantalum) in ancient mythology. It was not until 1950, at a
meeting of the International Union of Pure and Applied Chemistry, that it
was finally settled that the element would be called niobium. Many metal-
lurgists and engineers, especially in the United States, still refer to the ele-
ment as columbium.

Pure niobium has relatively poor mechanical properties and readily
oxidizes in air to niobium pentoxide (Nb2O5) at elevated temperatures.
Various niobium-containing alloys such as Nb-1Zr and C-103 have been
successfully used in specific liquid-metal based nuclear applications and
in the fabrication of various rocket components. SEE ALSO Inorganic
Chemistry.

Daniel P. Kramer
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Nitrogen
MELTING POINT: ��210°C
BOILING POINT: ��196°C
DENSITY: 0.0012506 g/cm3

MOST COMMON IONS: NH4
�, N3�, NO2

�, NO3
�

Nitrogen is a gaseous element that is abundant in the atmosphere as the
molecule dinitrogen (N2). Scottish chemist Daniel Rutherford, Swedish
chemist Carl Wilhelm Scheele, and English chemist Henry Cavendish in-
dependently discovered the element in 1772. Nitrogen received its name in
1790 from French chemist Jean-Antoine Chaptal, who realized that it was
present in nitrate (NO3

�) and nitric acid (HNO3).

Nitrogen is the most abundant terrestrial element in an uncombined
state, as it makes up 78 percent of Earth’s atmosphere as N2, but it is a mi-
nor component (19 parts per million) of Earth’s crust. Nitrogen exists as two
isotopes: 14N (99.63% relative abundance) and 15N (0.4% abundance). Both
isotopes are nuclear magnetic resonance (NMR) active, with the rarer 15N
isotope being utilized more commonly in NMR spectroscopy because of its
nuclear spin of one-half.

In its reduced state nitrogen is essential for life because it is a constituent
of the nucleotides of deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA) molecules that encode genetic information) and of the amino acids
of proteins. The nitrogen-containing minerals saltpeter (KNO3) and
sodium nitrate (NaNO3) are found in Chile, India, Bolivia, the former So-
viet Union, Spain, and Italy; they were significant as fertilizers and explo-

Nitrogen
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alloy: mixture of two or more elements, at
least one of which is a metal

nuclear: having to do with the nucleus of
an atom

isotope: form of an atom that differs by
the number of neutrons in the nucleus

spectroscopy: use of electromagnetic
radiation to analyze the chemical
composition of materials

RNA: natural polymer used to translate
genetic information in the nucleus into a
template for the construction of proteins

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

saltpeter: potassium nitrate; chile
saltpeter is sodium nitrate
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N
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sives precursors prior to modern industrial nitrogen fixation. The global ni-
trogen cycle between the atmosphere and the biosphere is based on con-
tinuous exchanges whereby dinitrogen is fixed by the enzyme nitrogenase
in symbiotic bacteria associated with some plant roots, by the Haber-Bosch
industrial process for the reduction of N2 with H2 to ammonia, and by at-
mospheric oxidation during electrical discharges such as lightning.

Dinitrogen possesses the strongest known chemical bond, with a high
bond dissociation energy of 945 kJ mol�1 and a short N-N triple bond
length of 109.8 picometers. This colorless, tasteless, odorless gas is rela-
tively unreactive because of its strong N-N triple bond, a stable electronic
configuration, and the lack of a dipole moment. Dinitrogen is reduced by

Nitrogen
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oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

Liquid nitrogen is being poured into a
beaker.
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lithium metal at room temperature to give the saline (saltlike) lithium ni-
tride (Li3N).

Dinitrogen is obtained from the atmosphere by either membrane sepa-
rations or repetitive cycles of compression and cooling (termed liquefaction),
followed by fractional distillation to separate it from other gases. The ma-
jor uses of dinitrogen are as blanketing atmospheres for chemical processing
and metallurgical production, in glove boxes for handling of dioxygen- and
water-sensitive compounds, in electronic materials manufacturing, and in food
packaging. Liquid dinitrogen is used as a refrigerant in the laboratory and
food industry and in the preservation of biological samples.

The major industrial applications of nitrogen-containing compounds are
in fertilizers and explosives. The most important nitrogenous compounds
are ammonia (NH3), which is used as a fertilizer, refrigerant, nonaqueous
solvent, and precursor for many nitrogen compounds including nylon and
plastics; nitric acid (HNO3); ammonium nitrate (NH4NO3), a fertilizer and
explosive; fertilizers ammonium phosphate and urea (H2NC[O]NH2). Other
important oxides include nitrous oxide (N2O), used as a dental anesthetic
and aerosol propellant, and nitric oxide (NO), the simplest stable odd-
electron molecule and a short-lived, biologically active neurotransmitter, 
cytotoxic agent in immunology, vasoconstrictor for blood pressure control,
and major component along with NO2 in acid rain and smog. The strong
reducing agent hydrazine (N2H4) is used in controlling the attitude of
spacecraft and in rocket fuels.

Covalent, intermetallic metal nitrides are among the most stable com-
pounds and are hard, refractory materials that can possess useful properties.
For example, titanium nitride (TiN) is used as a gold-colored coating on
costume jewelry and as a wear-resistant coating on tool bits; silicon nitride
(Si3N4) is a strong, thermally stable ceramic material; and gallium nitride
(GaN) is a compound semiconductor with optoelectronic applications (e.g.,
lasers, LEDs). SEE ALSO Cavendish, Henry; Gases; Inorganic Chemistry;
Scheele, Carl.

Louis Messerle
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Nitrogen Fixation See Haber, Fritz.

Nobel, Alfred Bernhard
SWEDISH MANUFACTURER, INVENTOR, AND PHILANTHROPIST
1833–1896

Alfred Bernhard Nobel was born in Stockholm, Sweden, on October 21,
1833, as the third of four sons to Immanuel and Andriette (Ahlsell) Nobel.
That same year, his father, an engineer and builder, went bankrupt when
barges full of building materials were lost at sea. In 1837 Immanuel left
Stockholm and moved to St. Petersburg, Russia, where he started manu-
facturing equipment for the Russian army. His factory flourished, especially
with the manufacture and sale of naval mines of his own construction.

Nitrogen Fixation
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metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

liquefaction: process of changing to a
liquid form

fractional distillation: separation of liquid
mixtures by collecting separately the
distillates at certain temperatures

nitric oxide: compound, NO, which is
involved in many biological processes;
the drug Viagra enhances NO-stimulation
of pathways to counteract impotence;
may be involved in killing tumors

acid rain: precipitation that has a pH
lower than 5.6; term coined by R. A.
Smith during the 1870s

reducing agent: substance that causes
reduction, a process during which
electrons are lost (or hydrogen atoms
gained)
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Immanuel was eventually able to bring his family to Russia, where his
sons were given a private education. Alfred Nobel’s interests ranged from
literature and poetry to physics and chemistry. Nobel’s command of foreign
languages was excellent; by the age of seventeen he was fluent in Swedish,
Russian, French, English, and German, which aided him in his future busi-
ness transactions.

In 1863 Nobel began trying to master the process of the synthesis of
nitroglycerine. His first partial success was a mixture of nitroglycerine with
black gunpowder, called “blasting oil.” The danger of working with such an
unstable material was a problem. After an explosion in Nobel’s Stockholm
factory that claimed five lives, including that of his brother Emil
(1843–1864), the municipal authorities forbade him to carry out further ex-
periments in the town. He then continued his work on a ship anchored on
Lake Mälären.

Nobel began to realize that, for handling purposes, nitroglycerine would
have to be absorbed in some kind of stabilizing carrier. After many unsuc-
cessful trials using sawdust, charcoal, paper, and brick-dust, he finally suc-
ceeded with Kieselguhr, a diatomaceous earth found in Germany. Even when
saturated with nitroglycerine, this earth was quite safe to handle, a blasting
cap and detonator being required to force it to explode. Originally called
“Kieselguhr-dynamite,” its name was later abridged to “dynamite” (the Greek
dynamis meaning “power”). Nobel was granted a patent for dynamite in Eng-
land on May 7, 1867, and on September 13 of the same year in Sweden.

In 1868 Nobel and his father were awarded the Letterstedt Prize by the
Royal Swedish Academy of Sciences. Nobel highly valued this award, which
was the only prize he ever received, and which was perhaps the source of
his idea for a similar prize he later established.

Nobel, one of the wealthiest men of his time, constantly moved between
his factories and his houses equipped with laboratories. He was both an in-
dustrialist and an administrator, handling his business without a secretary.
As he wrote in a letter: “My home is where I work, and I work everywhere.”
His prodigious activities had a negative effect on his health, which had been
poor since his youth. After 1890 he preferred to stay at his home in San
Remo, Italy. By that time he had 350 patents and ninety-three factories in
several countries.

On November 27, 1895, Nobel wrote his last will, in which he gener-
ously bequeathed his wealth to his relatives and friends. The second part of
his will, however, is more famous, for it is here that he established the No-
bel Prizes. Nobel’s property that was designated for the fund was worth sev-
enty million Swedish crowns, and has continued to grow since then. Nobel
Prizes are awarded in physics, chemistry, medicine, literature, and peace.
Since 1969 a Nobel Prize, funded by the Swedish Bank, has also been
awarded for outstanding achievements in economy.

Nobel died on December 10, 1896, in San Remo. Shortly before his
death he wrote: “It sounds like the irony of fate that I should be ordered to
take nitroglycerin internally,” which had been prescribed to him as a treat-
ment for angina pectoris. The Nobel Foundation, established in accordance
with his will, awarded the first Nobel Prizes in 1901. SEE ALSO Explosions.

Vladimir Karpenko

Nobel, Alfred Bernhard
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synthesis: combination of starting
materials to form a desired product

Swedish manufacturer Alfred Nobel, the
inventor of dynamite.
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Nobelium
MELTING POINT: Unknown
BOILING POINT: Unknown
DENSITY: Unknown
MOST COMMON IONS: No2�, No3�

The first claim for the discovery of the element nobelium was made in Swe-
den in 1957. However, neither American nor Soviet researchers could du-
plicate the original results, which are now known to have been interpreted
incorrectly. The actual discovery of nobelium is credited to researchers in
Berkeley, California, who in 1958 bombarded a curium target (95% 244Cm
and 4.5% 246Cm) plated on a nickel foil with 60 to 100 MeV 12C ions, and
detected both the 8.4 MeV �-particles created by the radioactive decay of
252No and the 250Fm created from the �-decay of 254No. Known isotopes
of nobelium possess 148 to 160 neutrons and 102 protons; all are radioac-
tive, with half-lives ranging between 2.5 milliseconds and 58 minutes, and
decay by spontaneous fission, �-particle emission, or electron capture. 259No
has the longest half-life: 58 minutes.

Nobelium is a member of the actinide series of elements. The ground
state electron configuration is assumed to be (Rn)5f147s2, by analogy with
the equivalent lanthanide element ytterbium ([Kr]4f146s2); there has never
been enough nobelium made to experimentally verify the electronic con-
figuration. Unlike the other actinide elements and the lanthanide elements,
nobelium is most stable in solution as the dipositive cation No2�. Conse-
quently its chemistry resembles that of the much less chemically stable di-
positive lanthanide cations or the common chemistry of the alkaline earth
elements. When oxidized to No3�, nobelium follows the well-established
chemistry of the stable, tripositive rare earth elements and of the other
tripositive actinide elements (e.g., americium and curium). SEE ALSO

Actinium; Berkelium; Einsteinium; Fermium; Lawrencium; Mendele-
vium; Neptunium; Plutonium; Protactinium; Rutherfordium; Thorium;
Uranium.

Mark Jensen
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Nobel Metals See Gold; Palladium; Platinum; Silver.
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radioactive decay: process involving
emission of subatomic particles from the
nucleus, typically accompanied by
emission of very short wavelength
electromagnetic radiation

isotope: form of an atom that differs by
the number of neutrons in the nucleus

fission: process of splitting an atom into
smaller pieces

lanthanides: a family of elements (atomic
number 57 through 70) from lanthanum
to lutetium having from 1 to 14 4f
electrons

rare earth elements: older name for the
lanthanide series of elements, from
lanthanum to lutetium
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Noble Gases
The noble gases, also known as rare or inert gases, form Group 18 of the
Periodic Table, embedded between the alkali metals and the halogens. The
elements helium, neon, argon, krypton, xenon, and radon are the members
of this group.

Discovery
In 1785 English physicist and chemist Henry Cavendish performed an ex-
periment in which he passed electric sparks through an air bubble enclosed
by a soap solution (NaOH). While nitrogen and oxygen were absorbed by
the solution, about 1/120th of the volume of the original bubble remained—
it is now known that the residual gas was mainly argon. However, it was a
century later before argon was finally recognized as a new element. In 1894
English physicist John William Strutt noticed that nitrogen produced from
air had a slightly higher density than that from nitrogen compounds. Sir
William Ramsay, together with Strutt, repeated the Cavendish experiment
and identified argon as the unreactive species. The liquefaction of air in
1895 by Carl von Linde allowed Ramsay the further discovery of neon, kryp-
ton, and xenon. Extraterrestrial helium had been discovered earlier (in 1868),
based on its spectral lines in the Sun. Ramsay realized that the new ele-
ments did not fit into the contemporary periodic system of the elements and
suggested that they form a new group, bridging the alkali metals and the
halogens. The last member of the family, radon, was discovered in 1900 by
Ernest Rutherford and Frederick Soddy as a decay product of radium.

Physical and Chemical Properties
The chemical inertness of the noble gases is based on their electronic struc-
ture. Each element has a completely filled valence shell. In fact their in-
ertness helped to develop the key idea of a stable octet.

The atomic sizes of the noble gas elements increase from top to bot-
tom in the Periodic Table, and the amount of energy needed to remove an
electron from their outermost shell, the ionization energy, decreases in the
same order. Within each period, however, the noble gases have the largest
ionization energies, reflecting their chemical inertness. Based on increasing
atomic size, the electron clouds of the spherical, nonpolar, atoms become
increasingly polarizable, leading to stronger interactions among the atoms
(van der Waals forces). Thus, the formation of solids and liquids is more
easily attained for the heavier elements, as reflected in their higher melting
points and boiling points. As their name implies, all members of the family
are gases at room temperature and can, with the exception of helium, be
liquefied at atmospheric pressure.

Compounds
Until 1962 only physical inclusion compounds were known. Argon, kryp-
ton, and xenon form cage or clathrate compounds with water (clathrate hy-
drates) and with some organics such as quinol. The host molecules are
arranged in such a way that they form cavities that can physically trap the
noble gas atoms, referred to as “guests.” The noble gas will be released upon
dissolution or melting of the host lattice.

Noble Gases
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inert: incapable of reacting with another
substance

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

halogen: element in the periodic family
numbered VIIA (or 17 in the modern
nomenclature) that includes fluorine,
chlorine, bromine, iodine, and astatine

liquefaction: process of changing to a
liquid form

spectral line: line in a spectrum
representing radiation of a single
wavelength

valence: combining capacity

ionization: dissociation of a molecule into
ions carrying � or � charges

nonpolar: molecule, or portion of a
molecule, that does not have a
permanent, electric dipole

lattice: systematic geometrical
arrangement of atomic-sized units that
constitute the structure of a solid
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In 1962 the first chemical noble gas compound, formulated as XePtF6,
was synthesized by Neil Bartlett. This result spurred intense research ac-
tivity and led to the discovery of numerous xenon and krypton compounds.
In 2000 the formation of the first argon compound, argon fluorohydride
(HArF), was reported by Leonid Khriachtchev and colleagues. SEE ALSO

Argon; Cavendish, Henry; Helium; Krypton; Neon; Ramsay, William;
Rutherford, Ernest; Soddy, Frederick; Strutt, John; Xenon.

Tanja Pietraß
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Nomenclature of Inorganic Chemistry
The purpose of nomenclature in chemistry is to convey information about
the material being described. The designation chosen should be unequivo-
cal, at least within the limitations of the type of nomenclature adopted. The
type adopted will depend in part on the total amount of information to be
conveyed, the kind of compound to be described, and the whim of the per-
son describing the compound.
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A scientist studying helium being
released from a hot spring in Yellowstone
National Park.
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Nomenclaturists use the terms “trivial” and “systematic” to describe two
major divisions of nomenclature. Systematic nomenclature is based on es-
tablished principles so that it can be extended in a logical way to describe
known, new, and hypothetical compounds. A trivial nomenclature is one es-
tablished by rule of thumb and includes many of the older names (spirit of
salt, aqua regia, etc.) and lab nomenclatures (the green chelate, etc.).

Actual usage is often a mixture of the two types, and the fundamental
bases of all chemical names, those of the elements, are essentially trivial.
Note that the name methane is trivial, but that the name pentane is not.
For this discussion, a formula representing a compound can be regarded
simply as a kind of name. The principal general (but by no means the only)
types of nomenclature used in inorganic chemistry are substitutive and ad-
ditive (coordination).

Substitutive Nomenclature
Substitutive nomenclature is essentially an organic invention and follows the
historical development of organic chemistry. It starts with the designation
of an appropriate parent compound from which the compound under dis-
cussion can be developed formally by substitution or replacement processes.
In organic chemistry these parents can be the paraffins, and in inorganic
chemistry they are generally (and arbitrarily) taken to be the hydrides of the
elements of Periodic Groups 14, 15, and 16, plus boron, which also has an
additional rather specific nomenclature of its own. Thus the formula SiH3Cl
can be named chlorosilane, as a substituted derivative of the saturated par-
ent SiH4, silane (compare chloromethane). The generation of a radical by
the loss of a hydrogen atom from the parent is indicated by modification of
the termination, silane becoming silyl, SiH3

� (the superscript dot indicates
an unpaired electron). The name silyl can be used to represent a substituent
group in another parent hydride (compare methyl) or for the unbound rad-
ical, and the procedure is quite general for all parent hydrides to which the
methodology is applied. Silane can also be modified formally by the removal
of a proton, yielding the anion SiH3

�. The name then takes the character-
istic anion ending -ide: silanide. The formal addition of a proton is indi-
cated by another termination (-ium), giving SiH5

�, silanium. These
terminations are used generally in inorganic nomenclature, as in chloride
for Cl� and ammonium for NH4

�. Other formal operations recognized in
substitutive nomenclature include addition or removal of a hydride from the
parent. This can be indicated by the termination -ylium, giving the name
silylium for SiH3

�.

Other Modifications of Names
The terminations cited above can be used generally in inorganic nomencla-
ture. However, they are sometimes not applicable, especially where parent
hydrides are not reasonably definable. Inorganic chemists have tended to as-
sign electropositive and electronegative character to elements, though nu-
merical values are not necessarily easy to define. Metals are generally assigned
electropositive character and nonmetals electronegative character. The
names developed on this basis may imply formally a saltlike nature even in
compounds that are not really salts at all. Thus common salt is called sodium
chloride, which is ionic, but phosphorus trichloride is certainly not saltlike.
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anion: negatively charged chemical unit,
like Cl�, CO3

2�, or NO3�

electronegative: tending to attract
electrons

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities
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It is not wise to infer the detailed physical nature of a compound from the
name alone. In this system the name of the (electropositive) metal is not
modified from that of the element, but the name of the electronegative el-
ement is, and in the way described in the Substitutive Nomenclature sec-
tion, above. Similarly we derive oxide and sulfide, for example, from oxygen
and sulfur. The same division between electronegative and electropositive
parts is evident in the covalent nonionic compound SiCl4, which can be
named silicon tetrachloride, though an equally valid substitutive name is
tetrachlorosilane.

Inorganic chemists also use a further termination to indicate the name
of a cation. This is the ending -ate, and it is used as a modification of the
name of an oxoacid. Thus sulfuric acid, H2SO4, gives rise to sulfate, SO4

2–,
phosphoric acid to phosphate, PO4

3–, and nitric acid to nitrate, NO3
–. The

partially deprotonated anions such as HSO4
� and H2PO4

2� are rather more
complicated to deal with, and are discussed in Nomenclature of Inorganic
Chemistry, often referred to as the Red Book.

In an older procedure that is no longer recommended, the name of an
electropositive element displaying more than one oxidation state in its com-
pounds was sometimes modified to indicate the particular oxidation state in-
volved. Thus iron chlorides were often named ferrous chloride and ferric
chloride to convey the two oxidation states of II and III (note that, like nor-
mal arabic numbers, these Roman numerals are positive unless otherwise
shown by a negative sign). However, the use was not consistent. Cuprous
and cupric chlorides indicated oxidation states I and II, and phosphorous
and phosphoric chlorides indicated oxidation states III and V. Modern
nomenclature specifies the oxidation state of the electropositive partner in
these compounds directly: iron(II) chloride, iron(III) chloride, copper(I)
chloride, copper(II) chloride, phosphorus(III) chloride, and phosphorus(V)
chloride. These designations are unequivocal. The number of counter an-
ions, 1, 2, 3, or 5, should immediately be evident. Examples of negative ox-
idation states include oxide(-II) or oxide(2-), and dioxide(-I) or dioxide(2-).
Note that in a multi-atom group, of which PO4

3– may be taken as an ex-
ample, the charge on any given atom may not be evident, even if the over-
all charge is known. In contrast, the oxidation states phosphorus(V) and
oxide(–II) are much more readily defined. The use of such charges in names
and formulae in these circumstances is not recommended.

Formulae
The rules for formulae for the compounds discussed above are rather elas-
tic. At its simplest, a formula is a list of element symbols accompanied by
multiplying subscripts indicating the atomic proportions of each kind of
atom. These formulae may be empirical, simply corresponding to the atom
ratios, or stoichiometric, representing the totality of the atoms within a mol-
ecule. The latter can be used to calculate a molecular weight. Strictly speak-
ing, for a compound that exists as discrete molecules, this latter can also be
termed a molecular formula, but this is a misnomer for ionic compounds
and for compounds of which the structure changes with temperature. The
ordering of these symbols can be adjusted to suit the requirements of the
user. At the simplest, an alphabetical order is used, since this is the same in
most European languages. Many chemists emphasize the importance of 

Nomenclature of Inorganic Chemistry

160

tetrachloride: term that implies a
molecule has four chlorine atoms present

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)
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carbon and hydrogen and adopt a sequence C, H, N, and then the remain-
ing element symbols in alphabetical order. Such devices are often employed
in indexes. Inorganic chemists often group the atomic symbols in a formula
in electropositive and electronegative groups, designated as discussed above.
This can be a somewhat arbitrary procedure, and the relative positions of
atoms in an electronegativity sequence may be established using the Peri-
odic Table. For simple cases, formulae such as NaCl or SiCl4 are used. An-
ionic groups are assumed to be electronegative, hence Ca3(PO4)2. The
parentheses are used to define the associated groups of atoms within the
formula.

Formulae can also be used to indicate two- or three-dimensional struc-
tures. This is particularly useful for coordination compounds, which are dis-
cussed next. However, this use is not restricted to classical coordination
compounds, as the following examples show. Special devices are often
adopted to indicate bonds or lines that are not in the plane of the paper.
Their use is not consistent throughout chemistry, but the meaning in any
given case is generally obvious.

Figure 1.

The first example represents a tetrahedral arrangement, because the solid
defined by the four chlorine atoms at its apices is a tetrahedron. The sec-
ond is octahedral, and the third represents two edge-fused tetrahedra. The
wedge bonds are pointing in front of or behind the plane of the paper; the
thin lines designate bonds in the plane of the paper.

Figure 2.

Inorganic chemists often represent tetrahedra, octahedra, and other
shapes in their formulae, to help the reader identify molecular shapes. The
broken lines designating these shapes are not intended to represent bonds
between atoms.

Oxidation states may also be indicated in formulae where this is help-
ful, though the need to do so is not common in the simplest cases. The fol-
lowing examples show the formalism employed: FeIICl2, FeIIICl3, CuICl,
CuIICl2, PIIICl3, PVCl5.

Coordination Nomenclature

This is an additive nomenclature, and just as organic chemists have de-
veloped substitutive nomenclature in parallel with the methodology of
substitutive chemistry, inorganic chemists have developed a nomenclature
for coordination compounds that arises from the formal assembly of a 
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octahedral: relating to a geometric
arrangement of six ligands equally
distributed around a Lewis acid; literally,
eight faces
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coordination entity from its components, a central metal ion (in the sim-
plest cases) and its ligands. Such a coordination entity may be neutral or
it may carry a charge, positive or negative. Any such charge may be shown
in the usual way, using formalisms such as 2- and 3-. Clearly organometal-
lic compounds, depending upon their type, may be named either from
substituted parent hydrides or as coordination entities.

Formulae in Coordination Nomenclature
The general rule is that the formula of a coordination entity should always
appear within square brackets, even when the entity itself is an infinite poly-
mer. The use of enclosing marks (square brackets, curly brackets, and paren-
theses) is slightly different for the usage that is common in organic chemistry.
The usual priority sequence is [( )], [{( )}], [{[( )]}], [{{[( )]}}], and so on. 
Brackets should always be used if they make the formula clearer. The or-
der of symbol citation within the formula of a coordination entity should
begin with the metal ion followed by the ligands, ideally with charged lig-
ands cited in alphabetical order using the first symbol of the ligand formula,
and these are then followed as a class by the neutral ligand formulae, simi-
larly ordered. The division into neutral and charged ligands can be some-
what arbitrary. Since a ligand is generally assumed to present a lone pair of
electrons to the central metal, groups such as CH3 are formally regarded as
anions rather than as radicals with unpaired electrons, even though they usu-
ally carry the names of radicals. Compounds that really do possess unpaired
electrons in the free state can cause problems, especially when calculating
oxidation states. For coordination nomenclature purposes, NO, nitrogen(II)
oxide, is considered to be a neutral ligand. Complicated ligands may be rep-
resented by abbreviations rather than formulae, and lists of recommended
abbreviations have been published in sources such as Nomenclature of Inor-
ganic Chemistry. Some examples of these usages are shown in Table 1. The
use of square brackets to indicate the coordination entity is fundamental and
is a particularly useful device.

Note the negative oxidation state and the � (hapto) connectivity sym-
bol in the last two examples. Where appropriate, stereochemical descrip-
tors, such as cis-, trans-, mer-, and fac-, polyhedral descriptors, and chirality
descriptors may be added to give structural information, but these are more
often used in names, except for the simplest formulae. Polynuclear species
may be described using the appropriate multiplicative suffixes, and bridging
ligands can also be shown. The bridging symbol �n is useful for this pur-
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ligand: molecule or ion capable of
donating one or more electron pairs to a
Lewis acid

organometallic compound: compound
containing both a metal (transition) and
one or more organic moieties

Table 1.

Compound formulae Complex ion formulae Showing oxidation state 

[Co(NH3)6]Cl3 [Co(NH3)6]3� [CoIII(NH3)6]3�

[CoCl(NH3)5]Cl2 [CoCl(NH3)5]2� [CoIIICl(NH3)5]2�

[CoCl(NO2)(NH3)4]Cl [CoCl(NO2)(NH3)4]� [CoIIICl(NO2)(NH3)4]�

[PtCl(NH2CH3)(NH3)2]Cl [PtCl(NH2CH3)(NH3)2]� [PtIICl(NH2CH3)(NH3)2]�

[CuCl2{O�C(NH2)2}2]  [CuIICl2{O�C(NH2)2}2]
K2[PdCl4] [PdCl4]2� [PdIICl4]2�

K2[OsCl5N] [OsCl5N]2� [OsVICl5N]2�

Na[PtBrCl(NO2)(NH3)] [PtBrCl(NO2)(NH3)]� [PtIIBrCl(NO2)(NH3)]�
[Co(en)3]Cl3 [Co(en)3]3� [CoIIII(en)3]3�

Na2[Fe(CO)4] [Fe(CO)4]2� [Fe�II(CO)4]2�

[Co(�5�C5H5)2]Cl [Co(�5�C5H5)2]� [CoII(�5�C5H5)2]�
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pose. The subscript may be omitted if a ligand bridges only two groups.
Polymeric materials can be indicated in an empirical formula using the in-
determinate subscript n. When there are different central metal ions pre-
sent in a polynuclear compound, the established priority sequence for metal
ions should be used to determine the order of citation.

[{Cr(NH3)5}(OH){Cr(NH3)5]5� or [{Cr(NH3)5}2(µ-OH)]5�

[Re2Br8]4� or [(ReBr4)2]4�

[[IrCl2(CO){P(C6H5)3}2](HgCl)]

[{PdCl2}n] or [{Pd(µ-Cl)2}n]

Names in Coordination Nomenclature

The names of coordination entities are assembled using principles similar,
but not identical, to those used for formulae. The central atom is always
cited last. Its name may be modified by an oxidation state symbol. The lig-
ands are presented in the alphabetical order of their initial letters, neglect-
ing for this purpose any multiplicative prefixes. It is not necessary to divide
the ligands into neutral and charged groups. However, the names of nega-
tively charged ligands are generally modified by adding the postfix suffix 
-o in place of the final -e where it occurs, to indicate that they are indeed
bound and not free. As an exception, this is not the case with hydrocarbon
ligands such as methyl and ethyl, which retain the names of radicals. The
names of neutral ligands are not modified. If the coordination entity itself
is negatively charged (but not when it is neutral or positively charged), then
the name of the central atom is modified by the ending -ate. These prac-
tices are illustrated below.

[Co(NH3)6]Cl3 hexaamminecobalt(III) trichloride

[Co(NH3)6]3� hexaamminecobalt(3�)

[CoCl(NH3)5]Cl2 pentaamminechlorocobalt(III) trichloride

[CoCl(NH3)5]2� pentaamminechlorocobalt(2�)

[CoCl(NO2)(NH3)4]Cl tetraamminechloronitritocobalt(III) 
chloride

[CoCl(NO2)(NH3)4]� tetraamminechloronitritocobalt(1�)

[PtCl(NH2CH3)(NH3)2]Cl bisamminechloromethylamineplat-
inum(II) chloride

[PtCl(NH2CH3)(NH3)2]� diamminechloromethylamineplatinum(�)

[CuCl2{O�C(NH2)2}2] dichlorobis(urea)copper(II)

K2[PdCl4] potassium tetrachloropalladate(II)

K2[OsCl5N] potassium pentachloronitrodoosmate(VI)

[Co(H2O)2(NH3)4]Cl tetraamminediaquacobalt(III) chloride

Note that in some cases it may be useful to introduce additional en-
closing marks to ensure clarity: for example, to avoid possible confusion be-
tween chloromethylamine, ClCH2NH2, and (chloro)methylamine, which
implies two separate ligands, Cl and CH3NH2. It is for the writer to decide
whether such a strategy is useful, depending on the particular case under
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review. Ammonia as a ligand has the name ammine. Similarly, water has the
coordination name aqua.

Na[PtBrCl(NO2)(NH3)] sodium amminebromochloronitrito-
platinate(II)

[Co(en)3]Cl3 tris(ethane-1,2-diamine)cobalt(II) trichloride

Na2[Fe(CO)4] sodium tetracarbonylferrate(-II)

[Co(�5-C5H5)2]Cl bis(cyclopentadienyl)cobalt(III) chloride or
bis(�5-cyclopentadienyl)cobalt(III) chloride.

The symbol � is used above and also quite generally throughout
organometallic coordination chemistry to indicate the number of carbon
atoms in a ligand that are coordinated to the metal. Other devices to indi-
cate connectivity are the italicized atomic symbols of the donor atoms (use-
ful for indicating structure in complexes containing chelating and polydentate
ligands), and for some complicated cases, the � symbolism may be useful.
Examples follow in Figure 3.

Further devices are used in coordination names to show polymeric struc-
tures, which may contain bridging groups and metal-metal bonds.

[{Pd(�-Cl)2}n] poly(di-�-chloropalladium)

[{Cr(NH3)5}(OH){Cr(NH3)5]5� �-hydroxo-bis[pentaam-
minechromium(III)](5�)

[(ReBr4)2]4� bis(tetrabromorhenate)(Re-Re)(2-)

[[IrCl2(CO){P(C6H5)3}2](HgCl)] carbonyl-1�C-trichloro-1�2,2�Cl-
bis(triphenylphosphine-1�P)iridium 
mercury(Hg-Ir)

Where different metals are present, priority rules must be applied to assign
metal locants.

For more information on this and other topics cited above, as well as
for descriptions of the use of geometrical and stereo descriptors, polyhedral
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coordination chemistry: chemistry
involving complexes of metal ions
surrounded by covalently bonded ligands

Figure 3.
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symbols, and configuration indices in names, the reader is referred to the
books cited in the bibliography. The international authority with the task
of formalizing nomenclature rules, assigning the names of new elements,
etc., is the International Union of Pure and Applied Chemistry (IUPAC).
All the publications cited in the bibliography carry the authority of IUPAC.
Some more specialized inorganic nomenclatures are described in Nomencla-
ture of Inorganic Chemistry II. Principles of Chemical Nomenclature and A Guide
to IUPAC Nomenclature of Organic Compounds offer more general treatments
suitable for those not requiring the most detailed information. SEE ALSO

Bonding.
G. J. Leigh
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Norepinephrine
Norepinephrine (noradrenaline) belongs to a family of biological com-
pounds called catecholamines. These compounds are synthesized in sympa-
thetic neurons and in the adrenal glands. Norepinephrine is produced from
the catecholamine dopamine by the action of the enzyme dopamine 
-hy-
droxylase. This enzyme is responsible for the addition of a hydroxyl (–OH)
group at the 
 carbon. (See Figure 1.) In certain cells of the adrenal glands,
norepinephrine is chemically transformed into epinephrine (adrenaline), the
hormone responsible for the fight-or-flight response. Epinephrine differs
from norepinephrine by the presence of a methyl (–CH3) group on the ni-
trogen atom.

Norepinephrine functions biologically as a neurotransmitter, transmit-
ting a signal from one neuron to another neuron or muscle cell. After re-
lease from a neuron, norepinephrine diffuses through the tiny space between
the cells (the synapse), where it can bind to a receptor protein on the sur-
face of a nearby cell. Nerve impulses are typically short-lasting because the
neurotransmitter dissociates from its receptor. Once this happens, the neu-
rotransmitter can quickly be chemically altered or transported into another
cell, either of these terminating the nerve impulse.

The family of receptors that responds to norepinephrine and related
compounds are called adrenergic receptors. Adrenergic receptors in the pe-
ripheral nervous system are important in the activity of smooth muscle and
cardiac muscle and in metabolism. The effect on most smooth muscle is
relaxation, whereas the effect on cardiac muscle is to increase the force and
rate of contraction. Drugs that mimic the action of norepinephrine are 
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receptor: area on or near a cell wall that
accepts another molecule to allow a
change in the cell

metabolism: the complete range of
biochemical processes that take place
within living organisms; comprises
processes that produce complex
substances from simpler components,
with a consequent use of energy
(anabolism), and those that break down
complex food molecules, thus liberating
energy (catabolism)

contraction: the shortening of a normal
trend of a quantity

HO
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Figure 1. The structure of norepinephrine.
Carbon atoms of the side chain are
labeled.
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often used to treat asthma because they relax bronchial smooth muscle, help-
ing the asthma patient to breathe more easily. Drugs called 
-blockers bind
to adrenergic receptors but block activation. Because this results in a 
decrease in blood pressure, 
-blockers are commonly prescribed to treat
high blood pressure. Adrenergic receptor activity is also important within
the central nervous system. Some drugs used to treat depression prolong
the adrenergic nerve impulse by allowing norepinephrine to remain in
synapses for longer periods. SEE ALSO Epinephrine; Inhibitors; Neuro-
transmitters.

Jennifer L. Powers
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Northrop, John
AMERICAN BIOCHEMIST
1891–1987

John Northrop shared the Nobel Prize in chemistry in 1946 with Wendell
Stanley, awarded to them “for their preparation of enzymes and virus pro-
teins in a pure form,” and with James Sumner, “for his discovery that en-
zymes can be crystallized.” Although Sumner had been the first, in 1926, to
crystallize an enzyme (urease) and to aver that enzymes were proteins,
Northrop did more than any other scientist to establish that pure enzymes
are indeed proteins.

About 1920 Northrop repeated the earlier claim of Cornelis Pekelhar-
ing that he had isolated a protein from gastric juice (the enzyme pepsin).
Neither Pekelharing nor Northrop was able to crystallize the protein. How-
ever, Sumner’s crystallization of urease encouraged Northrop to take up
the problem again. In 1930 Northrop isolated a crystalline substance from
a commercial pepsin preparation, and the crystallized substance appeared to
be the enzyme pepsin. Subsequently Northrop, together with Moses Ku-
nitz, isolated and crystallized trypsin, trypsinogen, chymotrypsin, and chy-
motrypsinogen.

Northrop carefully tested his enzyme preparations by means of solubil-
ity measurements, ultracentrifuge analysis, and electrophoresis, and con-
cluded that they were essentially pure proteins. From measurements of
diffusion, denaturation, hydrolysis, and the formation of active enzyme from
inactive precursor, he concluded that enzymatic activity was a property of
the protein molecule itself and was not due to a nonprotein impurity.

Northrop had long had an interest in viruses and bacteriophage—things
that occupied his attention increasingly in his later years. Though he was
more concerned with the protein component of bacteriophage than their
nucleic acid component, in 1951 he made the prophetic suggestion: “The
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crystallization: process of producing
crystals of a substance when a saturated
solution in an appropriate solvent is
either cooled or some solvent removed by
evaporation

electrophoresis: migration of charged
particles under the influence of an
electric field, usually in solution; cations,
positively charged species, will move
toward the negative pole and anions, the
negatively charged species, will move
toward the positive pole
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nucleic acid may be the essential autocatalytic self-reproducing part of the
molecule, and the protein portion may be necessary only to allow the en-
trance to the host cell.”

John Howard Northrop was born into an academic family in Yonkers,
New York, in 1891. He entered Columbia University in 1908, from which
institution he received his Ph.D. in chemistry in 1915. In 1916 he was ap-
pointed to the Rockefeller Institute, and he remained there for the rest of
his working life. In 1924 he transferred to the Princeton branch of the in-
stitute, where most of his significant work on proteins was performed. In
1949, when the institute closed its Princeton branch, Northrop moved to
the University of California at Berkeley as professor of bacteriology and bio-
physics, while remaining a member of the institute and continuing to re-
ceive its support for his work. He retired in 1959. He died in 1987, aged
ninety-five. SEE ALSO Hydrolysis; Proteins.
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Nuclear Chemistry
Nuclear chemistry is the study of the chemical and physical properties of
elements as influenced by changes in the structure of the atomic nucleus.
Modern nuclear chemistry, sometimes referred to as radiochemistry, has be-
come very interdisciplinary in its applications, ranging from the study of the
formation of the elements in the universe to the design of radioactive drugs
for diagnostic medicine. In fact, the chemical techniques pioneered by nu-
clear chemists have become so important that biologists, geologists, and
physicists use nuclear chemistry as ordinary tools of their disciplines. While
the common perception is that nuclear chemistry involves only the study of
radioactive nuclei, advances in modern mass spectrometry instrumentation
has made chemical studies using stable, nonradioactive isotopes increas-
ingly important.

There are essentially three sources of radioactive elements. Primordial
nuclides are radioactive elements whose half-lives are comparable to the age
of our solar system and were present at the formation of Earth. These nu-
clides are generally referred to as naturally occurring radioactivity and are
derived from the radioactive decay of thorium and uranium. Cosmogenic
nuclides are atoms that are constantly being synthesized from the bom-
bardment of planetary surfaces by cosmic particles (primarily protons ejected
from the Sun), and are also considered natural in their origin. The third
source of radioactive nuclides is termed anthropogenic and results from hu-
man activity in the production of nuclear power, nuclear weapons, or
through the use of particle accelerators.
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Marie Curie was the founder of the field of nuclear chemistry. She was
fascinated by Antoine-Henri Becquerel’s discovery that uranium minerals
can emit rays that are able to expose photographic film, even if the mineral
is wrapped in black paper. Using an electrometer invented by her husband
Pierre and his brother Jacques that measured the electrical conductivity of
air (a precursor to the Geiger counter), she was able to show that thorium
also produced these rays—a process that she called radioactivity. Through
tedious chemical separation procedures involving precipitation of different
chemical fractions, Marie was able to show that a separated fraction that had
the chemical properties of bismuth and another fraction that had the chem-
ical properties of barium were much more radioactive per unit mass than
the original uranium ore. She had separated and discovered the elements
polonium and radium, respectively. Further purification of radium from bar-
ium produced approximately 100 milligrams of radium from an initial sam-
ple of nearly 2,000 kilograms of uranium ore.

In 1911 Ernest Rutherford asked a student, George de Hevesy, to sep-
arate a lead impurity from a decay product of uranium, radium-D. De
Hevesy did not succeed in this task (we now know that radium-D is the ra-
dioactive isotope 210Pb), but this failure gave rise to the idea of using ra-
dioactive isotopes as tracers of chemical processes. With Friedrich Paneth
in Vienna in 1913, de Hevesy used 210Pb to measure the solubility of lead
salts—the first application of an isotopic tracer technique. De Hevesy went
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on to pioneer the application of isotopic tracers to study biological processes
and is generally considered to be the founder of a very important area in
which nuclear chemists work today, the field of nuclear medicine. De Hevesy
also is credited with discovering the technique of neutron activation analy-
sis, in which samples are bombarded by neutrons in a nuclear reactor or
from a neutron generator, and the resulting radioactive isotopes are mea-
sured, allowing the analysis of the elemental composition of the sample.

In Germany in 1938, Otto Hahn and Fritz Strassmann, skeptical of
claims by Enrico Fermi and Irène Joliot-Curie that bombardment of ura-
nium by neutrons produced new so-called transuranic elements (elements
beyond uranium), repeated these experiments and chemically isolated a ra-
dioactive isotope of barium. Unable to interpret these findings, Hahn asked
Lise Meitner, a physicist and former colleague, to propose an explanation
for his observations. Meitner and her nephew, Otto Frisch, showed that it
was possible for the uranium nucleus to be split into two smaller nuclei by
the neutrons, a process that they termed “fission.” The discovery of nuclear
fission eventually led to the development of nuclear weapons and, after
World War II, the advent of nuclear power to generate electricity. Nuclear
chemists were involved in the chemical purification of plutonium obtained
from uranium targets that had been irradiated in reactors. They also devel-
oped chemical separation techniques to isolate radioactive isotopes for in-
dustrial and medical uses from the fission products wastes associated with
plutonium production for weapons. Today, many of these same chemical
separation techniques are being used by nuclear chemists to clean up ra-
dioactive wastes resulting from the fifty-year production of nuclear weapons
and to treat wastes derived from the production of nuclear power.

In 1940, at the University of California in Berkeley, Edwin McMillan
and Philip Abelson produced the first manmade element, neptunium (Np),
by the bombardment of uranium with low energy neutrons from a nuclear
accelerator. Shortly thereafter, Glenn Seaborg, Joseph Kennedy, Arthur
Wahl, and McMillan made the element plutonium by bombarding uranium
targets with deuterons, particles derived from the heavy isotope of hydro-
gen, deuterium (2H). Both McMillan and Seaborg recognized that the chem-
ical properties of neptunium and plutonium did not resemble those of
rhenium and osmium, as many had predicted, but more closely resembled
the chemistry of uranium, a fact that led Seaborg in 1944 to propose that
the transuranic elements were part of a new group of elements called the
actinide series that should be placed below the lanthanide series on the pe-
riodic chart. Seaborg and coworkers went on to discover many more new
elements and radioactive isotopes and to study their chemical and physical
properties. At the present, nuclear chemists are involved in trying to dis-
cover new elements beyond the 112 that are presently confirmed and to
study the chemical properties of these new elements, even though they may
exist for only a few thousandths of a second.

As early as 1907 Bertram Boltwood had used the discovery of radioac-
tive decay laws by Ernest Rutherford and Frederick Soddy to ascribe an age
of over two billion years to a uranium mineral. In 1947 Willard Libby at
the University of Chicago used the decay of 14C to measure the age of dead
organic matter. The cosmogenic radionuclide, 14C, becomes part of all liv-
ing matter through photosynthesis and the consumption of plant matter.
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Once the living organism dies, the 14C decays at a known rate, enabling a
date for the carbon-containing relic to be calculated. Today, scientists rang-
ing from astrophysicists to marine biologists use the principles of radio-
metric dating to study problems as diverse as determining the age of the
universe to defining food chains in the oceans. In addition, newly developed
analytical techniques such as accelerator mass spectrometry (AMS) have al-
lowed nuclear chemists to extend the principles of radiometric dating to
nonradioactive isotopes in order to study modern and ancient processes that
are affected by isotopic fractionation. This isotopic fractionation results from
temperature differences in the environment in which the material was
formed (at a given temperature, the lighter isotope will be very slightly more
reactive than the heavier isotope), or from different chemical reaction se-
quences.

The newest area in which nuclear chemists play an important role is the
field of nuclear medicine. Nuclear medicine is a rapidly expanding branch of
health care that uses short-lived radioactive isotopes to diagnose illnesses and
to treat specific diseases. Nuclear chemists synthesize drugs from radionu-
clides produced in nuclear reactors or accelerators that are injected into the
patient and will then seek out specific organs or cancerous tumors. Diagno-
sis involves use of the radiopharmaceutical to generate an image of the tu-
mor or organ to identify problems that may be missed by x rays or physical
examinations. Treatment involves using radioactive compounds at carefully
controlled doses to destroy tumors. These nuclear medicine techniques hold
much promise for the future because they use biological chemistry to spec-
ify target cells much more precisely than traditional radiation therapy, which
uses radiation from external sources to kill tumor cells, killing nontarget cells
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as well. Additionally, the use of nuclear pharmaceuticals containing the short-
lived isotope 11C has allowed nuclear chemists and physicians to probe brain
activity to better understand the biochemical basis of illnesses ranging from
Parkinson’s disease to drug abuse. SEE ALSO Becquerel, Antoine-Henri;
Curie, Marie Sklodowska; Fermi, Enrico; Meitner, Lise; Neptunium;
Plutonium; Polonium; Radiation; Radioactivity; Radium; Rutherford,
Ernest; Seaborg, Glenn Theodore; Soddy, Frederck; Uranium.

W. Frank Kinard
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Nuclear Fission
Following the discovery of the neutron in the early 1930s, nuclear physi-
cists began bombarding a variety of elements with neutrons. Enrico Fermi
in Italy included uranium (atomic number 92) among the elements he bom-
barded which resulted in formation of nuclei that decayed by emission of
negative 
-rays. Such decay produces nuclei of higher atomic number, so
Fermi assumed that the bombardment of uranium led to a new element with
atomic number 93. By 1938 similar research had resulted in reports of the
discovery of four new elements with atomic numbers 93, 94, 95, and 96. In
1938 Otto Hahn and Fritz Strassmann in Berlin bombarded uranium with
neutrons to study the possibility of production of nuclides with atomic num-
bers less then 92 due to emission of protons and �-particles. To their sur-
prise, they found that they had made barium (z � 56). Hahn informed a
former colleague, Lise Meitner, who, with Otto Frisch, reviewed the data
and reached the conclusion that the uranium atom was splitting (fissioning)
into two new, smaller nuclei with the accompanying release of a large amount
of energy. Many laboratories quickly confirmed the occurrence of this
process of nuclear fission. Niels Bohr and John Wheeler, within a few
months, published a paper explaining many features of fission using a model
of nuclear behavior based on an analogy to a droplet of liquid, which, when
given extra energy, can elongate from a spherical shape and split into two
smaller droplets. Nuclei have two opposing energies: a disruptive energy re-
sulting from the mutual electrostatic repulsion of the positive protons in the
nucleus, and an attractive energy due to nuclear forces present between the
nuclear particles (both neutrons and protons). The repulsive electrostatic
energy of the protons increases as the number of protons increases and de-
creases as the average distance between them increases. The attractive nu-
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clear force energy increases with the total number of nucleons (protons and
neutrons) in the nucleus. The nuclear attractive force is at a maximum when
the nucleus has a spherical shape and at a minimum when the nucleus is dis-
torted into two roughly equal fragments.

Nuclei formed in fission, known as fission products, range in atomic
number (number of protons) from approximately 30 to 64. The original fis-
sioning nuclide has a neutron to proton ration of about 1.6, whereas stable
nuclei having the same range of atomic numbers as the fission products have
neutron to proton ratios of 1.3 to 1.4. This means that nuclei formed in fis-
sion have too great a number of neutrons for stability and undergo beta (
�)
decay to convert neutrons to protons. In general, fission is restricted to nu-
clei with atomic numbers above 82 (Pb), and the probability of fission in-
creases as the atomic number increases. Fission produces nuclei of atomic
masses from above 60 to about 150.

With very-low-energy neutrons, uranium of mass number 235 emits an
average of two to three neutrons per fission event. Because more neutrons
are released than absorbed, fission can result in a multiplication of succes-
sive fission events. This multiplication can reach very high numbers in about
10�14 to 10�17 seconds, resulting in the release of a great amount of energy
in that time. This was the basis of the development of nuclear weapons.
Soon after the discovery of fission it had been calculated that if a sufficient

Nuclear Fission

172

The interior of the containment building
at the Trojan Nuclear Plant near Rainier,
Oregon. The splitting, or fission, of atoms
is a source of energy.

67368_v3_001-270.qxd  1/26/04  2:00 PM  Page 172



quantity of the fissionable material was assembled under proper conditions,
a self-sustaining nuclear explosion could result. The critical mass of the fis-
sionable material necessary for explosion is obtained with a spherical shape
(minimum surface area per mass). The uranium isotope of mass 235 and the
plutonium isotope of mass 239 are incited to fission and release energy in
the use of nuclear weapons and in nuclear reactors. Nuclear reactors con-
trol the rate of fission and maintain it at a constant level, allowing the re-
leased energy to be used for power. Nuclear reactors are used in many
nations as a major component of their natural energy. In the United States,
approximately 20 percent of the electricity is provided by nuclear reactors,
whereas France uses reactors to produce almost 80 percent of its electric-
ity. Reactors used for power have four basic components: (1) fuel, either
natural uranium or uranium enriched in 235U or 239Pu; (2) a moderator to
reduce neutron energies, which increases the probability of fission; (3) con-
trol rods of cadmium and boron to control the rate of fission; and (4) coolants
to keep the temperature of the reactor at a reasonable level and to transfer
the energy for production of electricity. In power reactors the coolant is
commonly H2O or D2O, but air, graphite, or a molten mixture of sodium
and potassium can be used. Reactors are surrounded by a thick outer shield
of concrete to prevent release of radiation.

There have been two major accidents (Three Mile Island in the United
States and Chernobyl in the former Soviet Union) in which control was lost
in nuclear power plants, with subsequent rapid increases in fission rates that
resulted in steam explosions and releases of radioactivity. The protective
shield of reinforced concrete, which surrounded the Three Mile Island Re-
actor, prevented release of any radioactivity into the environment. In the
Russian accident there had been no containment shield, and, when the steam
explosion occurred, fission products plus uranium were released to the en-
vironment—in the immediate vicinity and then carried over the Northern
Hemisphere, in particular over large areas of Eastern Europe. Much was
learned from these accidents and the new generations of reactors are being
built to be “passive” safe. In such “passive” reactors, when the power level
increases toward an unsafe level, the reactor turns off automatically to pre-
vent the high-energy release that would cause the explosive release of ra-
dioactivity. Such a design is assumed to remove a major factor of safety
concern in reactor operation. SEE ALSO Bohr, Niels; Fermi, Enrico; Man-
hattan Project; Plutonium; Radioactivity; Uranium.

Gregory R. Choppin

Nuclear Fusion
Nuclear fusion is a reaction whereby two smaller nuclei are combined to
form a larger nucleus. It results in the release of energy for reactions that
form nuclei of mass number below 60, with the largest energy release oc-
curring with the lightest nuclides. This stands in contrast to the process of
nuclear fission in which a heavy nucleus is split into two smaller nuclei with
the release of energy. Since light nuclei have smaller repulsion energies (the
energy required to bring two like charges together), fusion is much more
likely to occur among these nuclei. Two deuterons, 2H, must have a total
kinetic energy of 0.02 million electron volts (MeV) to be able to collide and
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react. Temperatures of greater than 200 million°C (360 million°F) are 
required for such kinetic energies. Atoms with kinetic energies of 0.02 MeV
exist only as gases in which the atoms have lost their electrons. Such gases
of ions and electrons are known as plasmas.

Temperatures required for fusion reactions exist in stars where fusion
reactions are the principle components of energy release. In the Sun, ap-
proximately 90 percent of solar energy is a result of proton–proton inter-
actions in several steps to form helium of mass number 4. These steps all
involve binuclear collisions since multinuclei collisions are very improba-
ble events. Initially, two protons interact to form a deuterium nucleus (deu-
terium is an isotope of hydrogen with one proton and one neutron; the
nucleus is a deuteron) that collides with another proton to form a 3He (tri-
tium) nucleus. This nucleus collides with a neutron or another 3He nucleus
(with the emission of two protons) to form 4He. The net reaction can be
represented as four protons fusing to form a 4He nucleus releasing 26.7
MeV. When a sufficient number of the 3He and 4He nuclei are formed in
the star, they begin fusion reactions to form heavier nuclei such as 7Li and
7Be. The number of proton–proton fusion reactions in the Sun amounts to
1.8 � 1038 s�1. At present the Sun is 73 percent hydrogen, 25 percent he-
lium, 2 percent carbon, nitrogen, oxygen, and all the other elements in the
Periodic Table. Approximately 6 percent of the hydrogen originally in the
Sun’s stellar core has now been burnt.

Since the average mass of elements increases in stars, there is a transi-
tion from a proton cycle to a carbon cycle, as was proposed by American
physicist Hans Bethe and German physicist Carl F. von Weizsacker in the
1930s. In such stars, the temperature and pressure reach higher values and
the consumption of hydrogen accelerates. Since helium has a greater mass
then hydrogen, it accumulates in the stellar core, while most of the hydro-
gen burning fusion of its nuclei moves to a layer outside that core. With an
increased average mass in stars, reactions such as 8Be � 4He forming 12C
begin to occur. The formation of 12C in sufficient quantities leads to reac-
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tions with 4He to form oxygen, neon, and higher elements. Eventually, there
is sufficient carbon present in some stars for the fusion of a pair of 12C nu-
clei to begin.

In stars with very heavy average masses, helium burning may last for
only a few million years before it is replaced by carbon fusion. In time this
leads to the production of elements such as calcium, titanium, chromium,
iron, and nickel fusion partly by helium capture, partly by the direct fusion
of heavy nuclides. For example, two 28Si can combine to form 56Ni that can
decay to 56Co which then decays to stable 56Fe. These last steps of produc-
tion may occur rather rapidly in a few thousand years. When the nuclear
fuel for fusion is exhausted, the star collapses and a supernova results.

Nuclear fusion became important on Earth with the development of hy-
drogen bombs. A core of uranium or plutonium is used to initiate a fission
reaction that raises the core’s temperature to approximately 108 K, sufficient
to cause fusion reactions between deuterium and tritium. In fusion bombs,
LiD is used as 6Li reacts with fission neutrons to form tritium that then un-
dergoes fusion with deuterium. It is estimated that approximately half the
energy of a 50 megaton thermonuclear weapon comes from fusion and the
other half from fission. Fusion reactions in these weapons also produce sec-
ondary fission since the high energy neutrons released in the fusion reac-
tions make them very efficient in causing the fission of 238U.

The deuterium plus tritium and deuterium plus deuterium reactions are
of interest in the development of controlled fusion devices for producing
energy. A number of designs have been proposed for these fusion reactors,
with most attention given to inertial confinement and magnetic confine-
ment systems.

Inertial confinement is a pulsed system in which small pellets of D2 and
T2 are irradiated by intense beams of photons or electrons. The surface of
the pellet rapidly vaporizes, causing a temperature-pressure wave to move
through the pellet, increasing its central temperature to greater than 108 K
and causing fusion. If a fusion rate of approximately 100 pellets per second
can be achieved, the result is a power output between 1 and 10 gigawatts.

At temperatures equal or greater than 107 K, hydrogen atoms are com-
pletely dissociated into protons and free electrons (the plasma state). Since
construction material cannot withstand a plasma of this energy, the plasma
is kept away from the walls by magnetic fields. The plasma density is lim-
ited by heat transfer and other considerations to approximately 1020 to 1021

particles m�3. For a particle density of 3 � 1020 particles m�3, confined for
0.1 to 1 second, the power density is estimated to be tens of megawatts per
cubic meter. Several large machines based on magnetic confinement have
been built, and confinement times of 2 seconds with particle densities of 5
� 1019 achieved. However, it seems unlikely that controlled thermonuclear
reactors will be in operation for the purpose of power production before
the year 2050 as significant technical problems remain to be solved. The
availability of hydrogen and deuterium in the sea is so vast that nuclear fu-
sion would outlast other nonrenewable energy sources. For example, a liter
of seawater contains deuterium with an energy content equivalent to 300
liters (79.25 gallons) of gasoline. SEE ALSO Explosions; Nuclear Chem-
istry; Nuclear Fission.

Gregory R. Choppin
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Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) is one of the most useful analytical
methods in modern chemistry. It is used to determine the structure of new
natural and synthetic compounds, the purity of compounds, and the course
of a chemical reaction as well as the association of compounds in solution
that might lead to chemical reactions. Although many different kinds of nu-
clei will produce a spectrum, hydrogen (H) nuclei historically have been the
ones most studied. NMR spectroscopy is particularly useful in the study of
organic molecules because these usually incorporate a large number of hy-
drogen atoms.

NMR Spectrometers
While the original NMR spectrometers were built to scan either the fre-
quency or the magnetic field, the usual procedure is to use Fourier trans-
form spectroscopy (FT NMR). The protocol for obtaining a FT NMR
spectrum is to place a solution of the compound to be studied in a ho-
mogenous magnetic field and irradiate it with a short pulse of the appro-
priate radio-frequency. The shortness of the radio-frequency pulse results
in a band of frequencies that simultaneously radiate all of the nuclei of a
particular type to be studied. Each magnetic nucleus that absorbs this 
radio-frequency energy will then radiate radio-frequency energy at a very
specific frequency. The frequencies generated by the various nuclei are then
detected, Fourier transformed, and displayed as a plot of frequency versus
intensity. This plot is called an NMR spectrum. The frequency at which
magnetic resonance occurs depends on the strength of the magnetic field
used and on the nucleus to be studied. The stronger the magnetic field used
the higher the resonance frequency, the greater the dispersion (separation)
of the bands, and the greater the sensitivity of the experiment. Thus, the
higher the magnetic field the better the NMR spectrometer. Over the years
this has led to the development of spectrometers of ever increasing mag-
netic fields. Superconducting magnets can be built with much higher fields
than the usual electromagnets. Thus most NMR spectrometers used incor-
porate superconducting magnets. Although most of the elements in the Pe-
riodic Table have an isotope that is magnetic, the most common nucleus to
be observed by NMR is that of hydrogen. This has led to the common use
of the hydrogen resonant frequency for a given NMR spectrometer as a
measure of the magnetic field strength of that spectrometer. NMR spec-
trometers that use permanent or electromagnets range from 60 MHz up to
100 MHz, while spectrometers with superconducting magnets range from
200 MHz to many hundred megacycles.

Nuclear Magnetic Resonance

176

67368_v3_001-270.qxd  1/26/04  2:01 PM  Page 176



Data Analysis
In a hydrogen NMR spectrum, the presence of any resonance explains first
that the molecule of study contains hydrogen. Second, the number of bands
in the spectrum shows how many different positions there are on the mol-
ecule to which hydrogen is attached. The frequency of a particular reso-
nance in the NMR spectrum is referred to as the chemical shift. This is the
most important measurable part of the NMR spectrum and contains infor-
mation about the environment of each hydrogen atom and the structure of
the compound under study. The third bit of information that an NMR spec-
trum provides is the ratio of the areas of the different bands, thus explain-
ing the relative number of hydrogen atoms that exist at each position on a
given molecule. This ratio is direct evidence of the structure of molecular
structure and must correspond absolutely to any proposed structure before
that structure may be considered correct.

Finally, the complex structure of the bands may contain information
about the distance that separate the various hydrogen atoms through cova-
lent bonds and the spatial arrangement of the hydrogen atoms attached to
the molecule, including secondary structure. Secondary structure refers to
folding or self-assembly of a molecule due to long-range bonding, such as
in the spiral structure of DNA. The complex structure of the NMR bands
is due primarily to spin coupling between the various hydrogen atoms. This
coupling is, in turn, a function of the distance through the bonds and the
geometry of the molecule. In the case of small molecules, the band com-
plexity may be simulated exactly with quantum mechanical calculations or
approximated using quantum mechanically derived rules.

Fundamental to the use of NMR is the ready correlation of measurable
spectrum quantities with the structure of a molecule under study. Consider
the simple molecule ethanol. Ethanol has three bands in its hydrogen NMR
spectrum that correlate with the three distinct types of hydrogen atoms pre-
sent in the molecule. The area ratio of the three bands is 1:2:3 and this re-
flects the number ratio of the hydrogen atoms seen in the structure of
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ethanol. The fine structure of the bands in this spectrum may also be cor-
related with the structure of ethanol using simple rules. As more complex
molecules are considered, more complex rules must be used until finally
two-dimensional NMR (2D NMR) and even more complex spectroscopic
procedures must be used for complete analysis.

Discovery
Although NMR was thought to be possible for many years, it was first
demonstrated in 1946 simultaneously and independently by two physicists
working on the East Coast and the West Coast of the United States: Felix
Bloch at Stanford University and Edward Mills Purcell at Harvard Univer-
sity. For their work they shared the Nobel Prize in physics in 1952. The
first commercial spectrometers appeared later in the 1950s and quickly be-
came an indispensable tool for research chemists. The first commercial spec-
trometers were based on conventional electromagnets and permanent
magnets, but during the 1960s the superconducting magnetic had already
been largely adopted. In 1966 the chemist Richard Ernst demonstrated
Fourier transform nuclear magnetic resonance (FT NMR). This procedure
quickly replaced the older scanning techniques and earned Ernst the Nobel
Prize in chemistry in 1991. He continued to make contributions to many
areas of NMR but most notable are his contributions to 2D NMR and mag-
netic resonance imaging (MRI).
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A magnetic resonance imaging (MRI)
system is used to diagnose maladies in
the soft tissues of the body.
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Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a spin-off of NMR. The two tech-
niques differ in two important respects. First, in NMR spectrums the indi-
vidual resonance bands of different frequency are displayed in a spectrum
to reveal structural and purity information while in MRI all of the resonance
bands are grouped together as a single quantity. Second, in NMR the mag-
netic field is very homogeneous so that the different frequency bands may
be clearly separated; however, with MRI a linear magnetic gradient is su-
perimposed on the main magnetic field so that the frequency of the NMR
signal is a function of space instead of structure. The gradient is alternated
along different axes so that an image may be constructed. The resulting im-
age is a two-dimensional slice through the sample. Several slices may be ac-
cumulated so that a three-dimensional image may then be constructed if
needed. Since the 1980s, MRI has grown to be an indispensable tool in the
medical diagnosis of many maladies—especially of soft tissue, such as the
brain and the spine. In an MRI body scan, the image is constructed pri-
marily from the detected radiation of the hydrogen atoms in water and lipids
of the various tissues. While the varying concentration of water and lipids
in various tissues contribute to the formation of an MRI image, the domi-
nant factor is the variation in the length of time that the hydrogen atoms
found in different tissues will radiate. This difference in radiation time is
referred to as relaxation time. Contrast, and thus good images, may be
achieved by delaying the onset of radio-frequency detection until some tis-
sues have almost quit radiating while other tissues are still radiating strongly.
Particularly noteworthy is the difference in relaxation time of normal tissue
compared to malignant tissue. MRI may be optimized best for imaging spe-
cific tissues using a combination of radio-frequency pulse parameters, delay
times, and magnetic gradients. These same parameters may be used to mea-
sure the flow of fluids through tissues, such as the flow of blood through
muscle tissue. The contrast and thus the quality of the MRI for some spe-
cific tissues may be significantly increased by the use of specially engineered
compounds called MRI contrast reagents. These compounds have two re-
quired properties: They must associate specifically with a tissue under in-
vestigation and they must be magnetic. The presence of a contrast reagent
in a tissue changes the relaxation time of the water in this tissue in such a
way that the MRI image is enhanced. SEE ALSO Molecular Structure;
Organic Chemistry; Spectroscopy.

Ben Shoulders
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Nuclear Medicine
Nuclear medicine involves the injection of a radiopharmaceutical (radioac-
tive drug) into a patient for either the diagnosis or treatment of disease. The
history of nuclear medicine began with the discovery of radioactivity from
uranium by the French physicist Antoine-Henri Becquerel in 1896, followed
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lipids: a nonpolar organic molecule;
fatlike; one of a large variety of nonpolar
hydrophobic (water-hating) molecules that
are insoluable in water

reagent: chemical used to cause a
specific chemical reaction
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shortly thereafter by the discovery of radium and polonium by the renowned
French chemists Marie and Pierre Curie. During the 1920s and 1930s ra-
dioactive phosphorus was administered to animals, and for the first time it
was determined that a metabolic process could be studied in a living ani-
mal. The presence of phosphorus in the bones had been proven using ra-
dioactive material. Soon 32P was employed for the first time to treat a patient
with leukemia. Using radioactive iodine, thyroid physiology was studied in
the late 1930s. Strontium-89, another compound that localizes in the bones
and is currently used to treat pain in patients whose cancer has spread to
their bones, was first evaluated in 1939.

A nuclide consists of any configuration of protons and neutrons. There
are approximately 1,500 nuclides, most of which are unstable and sponta-
neously release energy or subatomic particles in an attempt to reach a more
stable state. This nuclear instability is the basis for the process of radioactive
decay, and unstable nuclides are termed radionuclides. During the 1940s and
1950s nuclear reactors, accelerators, and cyclotrons began to be widely used
for medical radionuclide production. Reactor-produced radionuclides are gen-
erally electron-rich and therefore decay by 
�-emission. The main applica-
tion of 
�-emitters is for cancer therapy, although some reactor-produced
radionuclides are used for nuclear medicine imaging. Cyclotron-produced ra-
dionuclides are generally prepared by bombarding a stable target (either a
solid, liquid, or gas) with protons and are therefore proton-rich, decaying by

�-emission. These radionuclides have applications for diagnostic imaging by
positron-emission tomography (PET). One of the most convenient methods
for producing a radionuclide is by a generator. Certain parent–daughter sys-
tems involve a long-lived parent radionuclide that decays to a short-lived
daughter. Since the parent and daughter nuclides are not isotopes of the same
element, chemical separation is possible. The long-lived parent produces a
continuous supply of the relatively short-lived daughter radionuclide and is
therefore called a generator.

Currently, the majority of radiopharmaceuticals are used for diagnostic
purposes. These involve the determination of a particular tissue’s function,
shape, or position from an image of the radioactivity distribution within that
tissue or at a specific location within the body. The radiopharmaceutical lo-
calizes within certain tissues due to its biological or physiological charac-
teristics. The diagnosis of disease states involves two imaging modalities:
Gamma (�) scintigraphy and PET. In the 1950s � scintigraphy was devel-
oped by Hal O. Anger, an electrical engineer at Lawrence Berkeley Labo-
ratory. It requires a radiopharmaceutical containing a radionuclide that emits
� radiation and a � camera or single photon emission computed tomogra-
phy (SPECT) camera capable of imaging the patient injected with the �-
emitting radiopharmaceutical. The energy of the �-photons is of great
importance, since most cameras are designed for particular windows of en-
ergy, generally in the range of 100 to 250 kilo-electron volts (keV). The
most widely used radionuclide for imaging by � scintigraphy is 99mTc (T�� �

6 hours), which is produced from the decay of 99Mo (T�� � 66 hours). In
1959 the Brookhaven National Laboratory (BNL) developed the
99Mo/99mTc generator, and in 1964 the first 99mTc radiotracers were devel-
oped at the University of Chicago. The low cost and convenience of the
99Mo/99mTc generator, as well as the ideal photon energy of 99mTc (140
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radioactive decay: process involving
emission of subatomic particles from the
nucleus, typically accompanied by
emission of very short wavelength
electromagnetic radiation

isotope: form of an atom that differs by
the number of neutrons in the nucleus

photon: a quatum of electromagnetic
energy

67368_v3_001-270.qxd  1/26/04  2:01 PM  Page 180



keV), are the key reasons for its widespread use. A wide variety of 99mTc ra-
diopharmaceuticals have been developed during the last forty years, most of
them coordination complexes. Many of these are currently used every day
in hospitals throughout the United States to aid in the diagnosis of heart
disease, cancer, and an assortment of other medical conditions.

PET was developed during the early 1970s by Michel Ter-Pogossian
and his team of researchers at Washington University. It requires a radio-
pharmaceutical labeled with a positron-emitting radionuclide (
�) and a
PET camera for imaging the patient. Positron-decay results in the emission
of two 511 keV photons 180° apart. PET scanners contain a circular array
of detectors with coincidence circuits designed to specifically detect the 511
keV photons emitted in opposite directions. The positron-emitting ra-
dionuclides most frequently used for PET imaging are 15O (T�� � 2 min-
utes), 13N (T�� � 10 minutes), 11C (T�� � 20 minutes), and 18F (T�� � 110
minutes). Of these, 18F is most widely used for producing PET radiophar-
maceuticals. The most frequently used 18F-labeled radiopharmaceutical is
2-deoxy-2- [18F]fluoro-D-glucose (FDG). This agent was approved by the
Food and Drug Administration (FDA) in the United States in 1999 and is
now routinely used to image various types of cancer as well as heart disease.

The use of radiopharmaceuticals for therapeutic applications (�- or 
�-
emitters) is increasing. The first FDA-approved radiopharmaceutical in 
the United States was, in fact, for therapeutic use. Sodium [131I] iodide was
approved in 1951 for treating thyroid patients. There are currently FDA-
approved radiopharmaceuticals for alleviating pain in patients whose cancer
has metastasized to their bones. These include sodium 32P-phosphate, 
89Sr-chloride, and 153Sm-EDTMP (where EDTMP stands for ethylenedi-
aminetetramethylphosphate). In February 2002 the first radiolabeled mon-
oclonal antibody was approved by the FDA for the radioimmunotherapy
treatment of cancer. Yttrium-90-labeled anti-CD20 monoclonal antibody is
used to treat patients with non-Hodgkin’s lymphoma.

Many branches of chemistry are involved in nuclear medicine. Nuclear
chemistry has developed accelerators and reactors for radionuclide production.
Inorganic chemistry has provided the expertise for the development of metal-
based radiopharmaceuticals, in particular, 99mTc radiopharmaceuticals, whereas
organic chemistry has provided the knowledge base for the development of
PET radiopharmaceuticals labeled with 18F, 13N, 11C, and 15O. Biochemistry
is involved in understanding the biological behavior of radiopharmaceuticals,
while medical doctors and pharmacists are involved in clinical studies. Nuclear
medicine, which benefits the lives of millions of people every day, is truly a
multidisciplinary effort, one in which chemistry plays a significant role. SEE

ALSO Becquerel, Antoine-Henri; Curie, Marie Sklodowska; Nuclear
Chemistry; Nuclear Fission; Radiation Exposure; Radioactivity.
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glucose: common hexose
monosaccharide; monomer of starch and
cellulose; also called grape sugar, blood
sugar, or dextrose

antibody: protein molecule that
recognizes external agents in the body
and binds to them as part of the immune
response of the body

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

Two positron-emission tomography (PET)
scans showing the brain of a depressed
person (top) and a healthy person
(bottom).
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Nucleic Acids
Nucleic acids are a family of macromolecules that includes deoxyribonucleic
acid (DNA) and multiple forms of ribonucleic acid (RNA). DNA, in hu-
mans and most organisms, is the genetic material and represents a collec-
tion of instructions (genes) for making the organism. This collection of
instructions is called the genome of the organism. The primary classes of
RNA molecules either provide information that is used to convert the ge-
netic information in DNA into functional proteins, or are important play-
ers in the translational process, in which the actual process of protein
synthesis (on ribosomes) occurs.

Discovery of and Evidence for DNA as the Genetic Material
DNA was first discovered in 1869 by a Swiss biochemist, Johann Friedrich
Miescher. He extracted a gelatinous material that contained organic phos-
phorus from cells in human pus that was obtained from the bandages of
wounded soldiers. He named this material nuclein. Ten years later Albrecht
Kossel explored the chemistry of nuclein (for which he received the Nobel
Prize) and discovered that it contained the organic bases adenine, thymine,
guanine, and cytosine. In 1889 Richard Altman removed the proteins from
the nuclein in yeast cells and named the deproteinized material nucleic acid.
It was not until about 1910 that it was realized that there were two types of
nucleic acid, DNA and RNA. A great deal of chemistry during the early part
of the twentieth century focused on characterizing the composition of and
the linkages in both DNA and RNA. A chemical test for deoxyribose, de-
veloped by Robert Feulgen during the 1920s, was the first test capable of
distinguishing DNA from RNA. Because of the simplicity of the composi-
tion of DNA, which has only four bases (and early reports indicated erro-
neously that there were equimolar quantities of each), it was originally
thought that DNA molecules functioned in chromosomal stability and main-
tenance. It was only after Erwin Chargaff, in 1950, showed that the molar
amounts of the bases varied widely in different organisms that the notion
that DNA might be the genetic material became an attractive idea.

The general consensus prior to the mid-1940s was that proteins (which
contain twenty different amino acids) were the most logical candidate for
the genetic material. Three later, however, findings pointed toward the con-
clusion that DNA was the genetic material. During the 1920s Frederick
Griffith examined the activity of cell extracts in an attempt to identify a
“transforming principle” (and a specific molecule related to this principle)
in experiments with the bacterium Streptococcus pneumoniae. Unfortunately,
his experiments failed to identify a specific molecule. In 1944 Oswald Av-
ery, Colin MacLeod, and Maclyn McCarty partially purified cell extracts
and presented evidence that the genetic component of these cells was DNA.
In 1952 Alfred Hershey and Martha Chase investigated the infection of 
Escherichia coli cells with phage T2 (a virus) and their results were further
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DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

RNA: ribonucleic acid—a natural polymer
used to translate genetic information in
the nucleus into a template for the
construction of proteins

translational process: transfer of
information from codon on m-RNA to
anticodon on t-RNA; used in protein
synthesis

synthesis: combination of starting
materials to form a desired product

ribosome: large complex of proteins used
to convert amino acids into proteins

adenine: one of the purine bases found
in nucleic acids, C5H5N5

thymine: one of the four bases that make
up a DNA molecule

guanine: heterocyclic, purine, amine base
found in DNA

cytosine: heterocyclic, pyrimidine, amine
base found in DNA

67368_v3_001-270.qxd  1/26/04  2:01 PM  Page 182



corroboration that DNA was the genetic material. Since that time, a large
body of evidence has confirmed the (nearly) universal truth that DNA is the
genetic, heritable material in organisms. (The only exception to this is the
case of RNA viruses, such as the AIDS virus, in which RNA is the only nu-
cleic acid present in the virus and the genetic material.)

Modern research took a giant step forward when James Watson and
Francis Crick, analyzing the collected findings of a number of laboratories,
proposed the double helix structure of DNA in 1953. Their announcements
motivated scientists to find corroboration for this proposal. During the 1980s
detailed x-ray crystallographic analyses of DNA became acknowledged as
proof of the structural arrangement that had been described by Watson and
Crick, including the Watson–Crick complementary base-pairing arrange-
ments. The elucidation of the structure of DNA led to an enormous and
rapid expansion of our understanding of DNA’s function in the living cell.

Types of Nucleic Acids: Composition and Structure
All nucleic acids are linear, nonbranching polymers of nucleotides, and are
therefore polynucleotides. DNA is double-stranded in virtually all organ-
isms. (It is single-stranded in some viruses.) DNA occurs in many, but not
all, small organisms as double-stranded and circular (without any ends).
Higher organisms (eukaryotes) have approximately ten million base pairs or
more, with the genetic material parceled out into multiple genetic pieces
called chromosomes. For example, humans have twenty-three pairs of chro-
mosomes in the nucleus of each somatic cell. Within the nucleus, the DNA
molecules are found in “looped arrangements” that mimic the circular DNA
observed in many prokaryotes.

All RNA molecules are single-stranded molecules. RNA molecules are
synthesized from DNA templates in a process known as transcription; these
molecules have a number of vital roles within cells. It is convenient to di-
vide RNA molecules into the three functional classes, all of which function
in the cytoplasm.

Messenger RNA (mRNA) contains the information (formerly residing
in DNA) that is decoded in a way that enables the manufacture of a pro-
tein, and migrates from the nucleus to ribosomes in the cytoplasm (where
proteins are assembled). A triplet of nucleotides within an RNA molecule
(called a codon) specifies the amino acid to be incorporated into a specific
site in the protein being assembled. A cell’s population of mRNA molecules
is very diverse, as these molecules are responsible for the synthesis of the
many different proteins found in the cell. However, mRNA makes up only
5 percent of total cellular RNA.

Ribosomal RNA (rRNA) is the most abundant intracellular RNA, mak-
ing up 80 percent of total RNA. The eukaryotic ribonucleoprotein particle
(ribosome) is composed of many proteins and four rRNA molecules (which
are classified according to size). Ribosomes reside in the cytoplasm and are
the “molecular platform” (the actual physical site of) for protein synthesis.

Transfer RNA (tRNA) molecules contain between seventy-four and
ninety-five nucleotides and all tRNAs have similar overall structures. There
are twenty individual tRNAs; each one binds to a specific amino acid in the
cytoplasm and brings its “activated amino acid” to a ribosome—part of the
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helix: form of a spiral or coil such as a
corkscrew

somatic cell: cells of the body with the
exception of germ cells

transcription: enzyme-catalyzed assembly
of an RNA molecule complementary to a
strand of DNA

eukaryotic: relating to organized cells of
the type found in animals and plants
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translational machinery that carries out protein synthesis. Transfer RNA
makes up the remaining 15 percent of cellular RNA.

All nucleic acids are polynucleotides, with each nucleotide being made
up of a base, a sugar unit, and a phosphate. The composition of DNA dif-
fers from that of RNA in two major ways (see Figure 1). Whereas DNA
contains the bases guanine (G), cytosine (C), adenine (A), and thymine (T),
RNA contains G, C, and A, but it contains uracil (U) in place of thymine.
Both DNA and RNA contain a five-membered cyclic sugar (a pentose). RNA
contains a ribose sugar. The sugar in DNA, however, is 2�-deoxyribose.

In DNA, each base is linked by a 
-glycosidic bond to the C1� position
of the 2�-deoxyribose, and each phosphate is linked to either the C3� or C5�

position. The linkages are essentially the same in RNA.

DNA is a right-handed, double-stranded helix, in which the bases es-
sentially occupy the interior of the helix, whereas the phosphodiester back-
bone (sugar-phosphate backbone) more or less comprises the exterior. The
bases on the individual strands form intermolecular hydrogen bonds with
each other (the complementary Watson–Crick base pairs). An adenine base
on one strand interacts specifically with a thymine base on the other, form-
ing two hydrogen bonds and an A–T base pair; while a G–C base pair con-
tains three hydrogen bonds. These interactions possess a specificity that is
pivotal to both DNA replication and transcription (see Figure 2).

DNA structure is also described in terms of primary, secondary, and
tertiary structures. The primary structure is simply the sequence of nu-
cleotides. The secondary structure refers to the hydrogen bonding between
A–T and G–C base pairs. The tertiary structure refers to the larger twists
and turns of the DNA molecule. Other features of DNA are the major and
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uracil: heterocyclic, pyrimidine, amine
base found in RNA

ester: organic species containing a carbon
atom attached to three moieties: an O via
a double bond, an O attached to another
carbon atom or chain, and a H atom or C
chain; the R(CŒO)OR functional group

hydrogen bond: interaction between H
atoms on one molecule and lone pair
electrons on another molecule that
constitutes hydrogen bonding

hydrogen bonding: intermolecular force
between the H of an N–H, O–H, or F–H
bond and a lone pair on O, N, or F of an
adjacent molecule

Figure 1.

HO
C5�

C1�

C2�

H(OH)

O

NH2

NN
2�O3P-O-H2C

N
N

Figure 2.

H3C O

O

H

Deoxyribose

Thymine (T) Adenine (A)

Deoxyribose

N N

N

N

NN

H

H

N

H2.85 Å

2.90 Å

1.11 Å(a)

H

H

O

H

Deoxyribose

Cytosine (C) Guanine (G)

Deoxyribose

N

N

N

NON H

H

NH

NH

H

N

2.83 Å

2.86 Å

10.8 Å(b)

H

2.84 Å

67368_v3_001-270.qxd  1/26/04  2:01 PM  Page 184



minor grooves that run along the helix that are the target sites for DNA
binding proteins involved in replication and transcription. Although DNA
can exist in several alternate structures, the B-form of DNA (see Figure 3)
is the biologically relevant form.

As stated previously, DNA is the genetic material in humans and in vir-
tually all organisms, including viruses—with the exception of a few viruses
that possess RNA as the genetic material.

In complex multicellular organisms (such as humans), DNA carries within
itself the instructions for the synthesis and assembly of virtually all the com-
ponents of the cell and (therefore) for the structure and function of tissues and
organs. Within the approximately 3.2 � 109 base pairs (3.2 Gbps) in human
DNA, the Human Genome Project has determined that there are a minimum
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of about 25,000 individual segments that correspond to individual genes. The
genes collectively make up only about 2 to 3 percent of the total DNA, but
encode the detailed genetic instructions for the synthesis of proteins. Proteins
are the “workhorses” of the cell, and in one way or another are responsible
for the functions that permit a cell to communicate with other cells and that
define the character of the individual cell. A kidney cell is very different from
a heart or eye cell. Although every cell contains the same DNA, different sub-
sets of the 25,000 genes are expressed in the different organs or tissues. The
expressed genes determine the type of cell that is produced and a cell’s ulti-
mate function in a multicellular organism.

Interestingly, there is only approximately a 0.1 percent difference in DNA
among humans. The nucleotide sequences of DNA differs between organ-
isms and is a fundamental difference between individuals and between species.
For example, our closest (species) relative, the chimpanzee, has DNA that is
98.5 percent identical to that of humans. SEE ALSO Deoxyribonucleic acid;
Double Helix; Watson, Francis Dewey.

William M. Scovell
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Nucleotides
Nucelotides are the repeating building blocks of nucleic acids (which are
polynucleotides or polymers of nucleotides). A nucleotide is made up of a het-
erocyclic base (a purine or pyrimidine), a cyclic sugar unit (ribose or deoxyri-
bose), and a phosphate group. A nucleotide is either a ribonucleotide, the
repeating unit in ribonucleic acid (RNA), or a deoxyribonucleotide, the re-
peating unit in deoxyribonucleic acid (DNA). Table 1 below lists the names
of purine and pyrimidine bases, the nucleosides (base � ribose), the corre-
sponding 5�-nucleotides (base � ribose � phosphate), and the abbreviations.

Nucleotides are sometimes abbreviated as 5�-NMP, in which N can
stand for any of the bases.

Figure 1 illustrates two nucleotides, in which the phosphate is attached
to the (ribose) sugar at either the 5�-carbon (5�-AMP) or the 3�-carbon (3�-
TMP). The numbering systems for both purine (guanine shown here) and
pyrimidine (thymine shown here) compounds are given, in addition to that
for the sugar (ribose or deoxyribose). Note that the linkage between the
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RNA: ribonucleic acid—a natural polymer
used to translate genetic information in
the nucleus into a template for the
construction of proteins

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

guanine: heterocyclic, purine, amine base
found in DNA

thymine: one of the four bases that make
up a DNA molecule

Table 1. Purine and pyrimidine bases,
the nucleosides, nucleotides, and
corresponding abbreviations.

Base Nucleoside Nucleotide Abbreviation

Adenine Adenosine Adenosine-5'-(mono)phosphate 5'-AMP
Guanine Guanosine Guanosine-5'-(mono)phosphate 5'-GMP
Cytosine Cytidine Cytidine-5'-(mono)phosphate 5'-CMP
Thymine Thymidine Thymidine-5'-(mono)phosphate 5'-TMP
Uracil Uridine Uridine-5'-(mono)phosphate 5'-UMP

(These nucleotides are generally abbreviated, 5'-NMP, where N can contain any of the bases.)
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(deoxy)ribose unit and the base, a 
-glycosidic bond, has a different con-
nectivity according to whether the link is to a purine or a pyrimidine. Al-
though the linkage involves a C1� carbon in both cases, the 
-glycosidic
bond in the case of a purine nucleotide is a link to the N-9 of the purine
base, but to the N-1 of the pyrimidine base.

Nucleotides are also found in which two or three phosphate groups are
linked together, the chain of phosphate groups bonded to the sugar’s 5�-
position. In these cases, they are nucleoside diphosphates (5�-NDP) and
nucleoside triphosphates (5�-NTP).

The bases have very limited solubilities in water, whereas the nucleo-
sides and nucleotides have greater solubilities, due to the presence of polar
sugars, or of both sugars and charged phosphate groups, respectively.

The nucleoside triphosphates are of special interest for at least two rea-
sons. First, they are the actual precursor molecules used in the biosynthesis
of nucleic acids. Second, ATP is a high-energy molecule, produced primar-
ily in mitochondria during oxidative phosphorylation. It stores energy, which
is released (dG° � �7.3 kcal/mol) during the hydrolysis of ATP to ADP and
phosphate (Pi), as shown, and then utilized to power cell reactions. 

ATP � H2O d ADP � Pi

SEE ALSO Deoxyribonucleic Acid (DNA); Restriction Enzymes.
William M. Scovell
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Nylon
In 1928 E. I. du Pont de Nemours & Company (Du Pont) launched one
of its first basic research programs and hired Wallace Hume Carothers to
run it. He was brought to Du Pont in part because his fellow researchers
at Harvard University and the University of Illinois had called him the best
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purine base: one of two types of nitrogen
bases found in nucleic acids

pyrimidine base: one of two types of
nitrogen bases found in nucleic acids

biosynthesis: formation of a chemical
substance by a living organism

phosphorylation: the process of addition
of phosphates into biological molecules

Figure 1.
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synthetic chemist they knew. The program he supervised was designed to
investigate the composition of natural polymers such as silk, cellulose, and
rubber. Many of Carothers’s efforts related to condensation polymers were
based on his deduction that if a monofunctional reactant reacted in a cer-
tain manner in forming a small molecule, then similar reactions that em-
ployed a comparable reactant, but with two reactive groups, would form
polymers. (See Figure 1.)

The amide unit (found in polyamides) shown in Figure 2 is the same
connective grouping that is found in proteins.

Although the Carothers group had worked with both polyesters and
polyamides, they initially emphasized their work on the polyesters, as poly-
esters were more soluble and easier to work with. Julian Hill, a member of
the Carothers team, noticed that he could form fibers if he separated a por-
tion of a soft polyester material using a glass stirring rod and pulled it away
from the clump. But because the polyesters had softening points that were
too low for their use as textiles, the group returned to its work with the
polyamides. The researchers found that fibers could also be formed from
the polyamides, similar to those formed from the polyesters. The strength
of these fibers approached, and in some cases surpassed, the strengths of
natural fibers. This new miracle fiber (nylon) was introduced at the 1939
New York World’s Fair, in an exhibit that announced the synthesis of a
wonder fiber from “coal, air, and water”—an exaggeration but nevertheless
eye-catching. When the nylon stockings were first offered for sale in New
York City, on May 15, 1940, over four million pairs were sold in the first
few hours. Nylon stocking sales took a large drop during World War II
when it became publicized that nylon was needed to make parachutes.

The polyamides (nylons) were given a special naming system. Nylons
made from diamines and dicarboxylic acids are designated by two numbers,
the first representing the number of carbons in the diamine chain (a) and the
second the number of carbons in the dicarboxylic acid (b). (See Figure 3.)

The nylon developed by Carothers at Du Pont was nylon 6,6. Because
of the importance of starting out with equal amounts of the two reactants,
salts of the diamine and of the diacid are made and then used in the com-
mercial synthesis of nylon 6,6. (See Figure 4.)

Nylon 6,6 (or simply nylon 66) is the largest volume nylon used as fiber,
film, and plastic. About 1,134 million kilograms (2,500 million pounds) of
nylon 66 were produced for fiber applications in 2000. Nylon 66 is used to
make tire cord, rope, clothing, thread, hose, undergarments, rug filament,
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synthesis: combination of starting
materials to form a desired product

diamine: compound, the molecules of
which incorporate two amino groups
(–NH2) in their structure, such as 1,2
diamino ethane (sometimes called
ethylenediamine) and the three diamine
benzene compounds

carboxylic acid: one of the characteristic
groups of atoms in organic compounds
that undergoes characteristic reactions,
generally irrespective of where it occurs in
the molecule; the –CO2H functional group

Figure 1.
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Figure 2. An amide unit.
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STEPHANIE KWOLEK
(1923– )

Stephanie Kwolek has seven-
teen patents, the first of which
is for Kevlar. After creating a
new polymer, she would spin
them into fibers for strength
and flexibility testing. Material
for fibers of Kevlar was cloudy
white instead of molasses
brown, the first indication that
she had uncovered an excep-
tional polymer.

—Valerie Borek
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socks, dresses, and more. Because of the presence of polar units in nylons,
similar to the presence of polar units in proteins, materials made from nylon
have a nice “feel” to them. Nylon materials also attract odors (many every-
day odors are polar in nature) and are easily stained. Most textile and fabric
products are treated to repel unwanted odors and stainmaking materials.

Nylon 66 was the first engineering thermoplastic, and up until 1953 rep-
resented all of engineering thermoplastic sales. The term “thermoplastic” de-
notes a material that can be melted through heating. The term “engineering
thermoplastics” describes a plastic material that can be cut, drilled, or ma-
chined. About 680.4 million kilograms (1,500 million pounds) of nylons were
produced in the United States in 2000 for thermoplastic use. Nylon 66 plas-
tic is tough and rigid. It has a relatively high use temperature (to about 270°C
or 518°F), and is used in the manufacture of products ranging from auto-
motive gears to hairbrush handles. Molded nylon 66 is used to make skate
wheels, motorcycle crank cases, bearings, tractor hood extensions, skis for
snowmobiles, lawnmower blades, bicycle wheels, and so on.

Most polymers, when heated, progress from a glasslike solid to a softer
solid, and then to a viscous “taffylike” material that is most amenable to
heat-associated fabrication. In the case of nylon 66, the transition from the
solid to the soft stage is abrupt, requiring that fabrication be closely watched.

The presence in nylons of polar groups results in materials that have a
relatively high glass transition temperature (Tg, the point at which segmental
mobility begins) and high melting point (the point at which entire poly-
mer chain mobility begins), so that, unlike many vinyl polymers such as
polyethylene and polypropylene (which must be at temperatures above their
glass transition temperatures to possess needed flexibility), nylons, and many
other condensation polymers, function best in contexts in which strength,
and not flexibility, is the desired attribute.
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melting point: temperature at which a
substance in the solid state undergoes a
phase change to the liquid state

Figure 3.

(     NH      (CH2    )a  NH      C      (CH2    )b�2 C )n

O O

Nylon a,b

Figure 4.

H2N

1,6-hexanediamine Adipoyl chloride

CH2 CH2 CH2 CH2 CH2 C

O

CH2 CH2 CH2 CH2 C OHCH2 NH2 � HO

O

�H3N

Salt

CH2 CH2 CH2 CH2 CH2 C

H

CH2 CH2 CH2 CH2 C O�CH2 NH3
�, 

�O

OO

N(

Nylon 6,6

CH2 CH2 CH2 CH2 CH2 C

H

CH2 CH2 CH2 CH2 C )n� � H2OCH2 N

OO        

67368_v3_001-270.qxd  1/26/04  2:01 PM  Page 189



Because they have these polar groups that also allow for hydrogen
bonding, nylons and most condensation polymers are also stronger, more
rigid and brittle, and tougher in comparison to most vinyl polymers. Ny-
lons are also “lubrication-free,” meaning they do not need lubricant for easy
mobility; thus they can be used to make mechanical bearings and gears that
do not need periodic lubrication.

During the early 1950s George deMestral, after walking in the Swiss
countryside, noticed that he had cockleburs caught in his jacket. He exam-
ined the cockleburs and noticed that they had tiny “hooks.” His cotton jacket
had loops that “held” the cockleburs. He began playing with his observa-
tions and making combinations of materials—one having rigid hooks and
the other having flexible loops or eyes. Today, Velcro, the name given to
the nylon-based hook-and-eye combination, uses nylon as both the hook
material and the eye material. Polyester is sometimes blended with the ny-
lon to make it stronger. (Polyesters have also been used to make hook-and-
eye material.) Velcro is used to fasten shoes, close space suits, and it has
many other applications.

Nylon 6, produced via the ring-opening reaction of the compound
caprolactam is structurally similar to nylon 66 and has similar properties and
uses. It is widely used in Europe in place of nylon 66, but not in the United
States. (See Figure 5.)

Nylon 6,10 and nylon 6,12 are also commercially available. Because of
the presence of the additional methylene (�CH2�) groups that are hy-
drophobic (water-hating), these nylons are more resistant to moisture and
more ductile than nylon 66.

DSM (once called Dutch State Mines) introduced nylon 4,6 (Stanyl) in
1990. It is produced via the condensation reaction between adipic acid and
1,4-diaminobutane, produced from renewable resources. Stanyl can with-
stand temperatures up to about 300°C (570°F), allowing it to occupy a niche
position—between conventional nylons and high-performance materials.
(See Figure 6.)
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hydrogen bonding: intermolecular force
between the H of an N–H, O–H, or F–H
bond and a lone pair on O, N, or F of an
adjacent molecule

hydrophobic: part of a molecule that
repels water

ductile: property of a substance that
permits it to be drawn into wires

Figure 5.

NH(

Nylon 6

CH2 CH2 CH2 CH2 CH2 C )n

O

Figure 6.

O

NH

NH

R

OR

n

Nylon 4, 6

67368_v3_001-270.qxd  1/26/04  2:01 PM  Page 190



Several new commercial ventures are based on using natural, renewable
starting materials (instead of petrochemicals). These products are known as
“green” products because they are made from renewable resources and can
be composted. The compound 1,4-butanediamine, used to produce nylon
4,6 from natural material, is such a green product.

In general, more crystalline nylons are fibrous whereas less crystalline
nylon materials are more plastic in behavior.

Several aromatic polyamides, called aramids, have been produced.
These materials are strong, are stable at high temperatures, and have good
flame-resistance properties. Nomex (made from m-diaminobenzene and
isophthalic acid) is used to make flame-resistant clothing and the thin pads
used in space shuttles to protect sintered silica-fiber mats from stress and
vibration during flight. Kevlar (made from p-diaminobenzene and tere-
phthalic acid) is structurally similar to Nomex and by weight is stronger
than steel. It is used in the manufacture of so-called bullet-resistant cloth-
ing. Because of its outstanding strength to weight ratio, it was used as the
skin covering of the human-powered Gossamer Albatross, flown over the
English Channel.

Aramids are also widely used as the fibers that are part of space-age com-
posites and in the manufacture of tire cord and tread. (See Figure 7.) SEE

ALSO Carothers, Wallace; Materials Science; Polymers, Synthetic.
Charles E. Carraher Jr.
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Oppenheimer, Robert
AMERICAN PHYSICIST
1904–1967

The son of a wealthy New York City textile importer (Julius) and a painter
(Elle Friedman), Julius Robert Oppenheimer enjoyed an affluent childhood.
He graduated from the Ethical Culture School of New York at the top of
his class in 1921 and summa cum laude from Harvard in 1925. He then
studied at the Cavendish Laboratory in Cambridge, England, and with Max
Born at the University of Göttingen, in Germany, where he earned a doc-
torate in 1927. Although a rising star, he often was plagued by deep self-
doubts and dark moods.

In 1929 Oppenheimer moved to California and for many years taught
at both the California Institute of Technology (Caltech) and the University
of California, Berkeley. He made several contributions to subatomic physics,
including (with his former mentor) the Born–Oppenheimer approximation,
which posited that the spin and vibration of protons could be ignored in
theoretical calculations. Thin, wiry, enigmatic, and charismatic, Oppen-
heimer was associated with several leftist groups, which he helped fund. In
1940 he married biologist Katherine Harrison, a former member of the
Communist Party.

Oppenheimer declared his leftist ties severed soon after he joined a se-
cret group of elite scientists working with Ernest O. Lawrence at Berkeley’s
radiation laboratory to develop an atomic bomb. In spite of continuing sus-
picions about his loyalty, the U.S. Army appointed him director of the bomb
design unit in October 1942. Oppenheimer’s team of hundreds of gifted
young scientists was secluded at a facility in Los Alamos, New Mexico. One
of the brightest, Edward Teller, became a disaffected rival of Oppenheimer,
but most found him a brilliant and inspiring leader.

Pushing the boundaries of theoretical physics, Oppenheimer’s Los
Alamos scientists followed two technological paths simultaneously. One was
a “gun assembly” designed to fire two masses of uranium at each other to
initiate a chain reaction. But because fissionable uranium was exceedingly
difficult to refine, other scientists worked on a design using more readily
available but less stable plutonium, imploding a hollow sphere of the fuel
with high explosives. Both designs worked, and they were used against
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theoretical physics: branch of physics
dealing with the theories and concepts of
matter, especially at the atomic and
subatomic levels

fissionable: of or pertaining to unstable
nuclei that decay to produce smaller
nuclei

oo

American physicist Robert Oppenheimer,
scientific director of the Manhattan
Project in which the atomic bomb was
developed.
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Japan—a uranium bomb was dropped over Hiroshima, a plutonium one over
Nagasaki—in early August 1945 to end World War II.

Initially, Oppenheimer was elated over these technical achievements,
but he quickly be came regretful and despondent about a nuclear future. As
director of the prestigious Center for Advanced Study at Princeton
(1947–1952) and chair of the General Advisory Committee of the Atomic
Energy Commission (AEC), he was an outspoken advocate for the interna-
tional sharing of nuclear technology and for international arms control, and
he opposed further development of the hydrogen bomb. After a 1954 hear-
ing, the AEC security board affirmed his loyalty but revoked his security
clearance. Although there is little hard evidence that Oppenheimer ever
passed atomic secrets to the former Soviet Union, the controversy sur-
rounding this claim continues. Oppenheimer spent his final years sailing in
the Virgin Islands and writing about science and Western culture. He died
in Princeton, New Jersey, on February 18, 1967. SEE ALSO Lawrence,
Ernest; Manhattan Project.

David B. Sicilia
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Organic Chemistry
Organic chemistry is the chemistry of carbon compounds. All organic com-
pounds contain carbon; however, there are some compounds of carbon that
are not classified as organic. For example, salts such as carbonates (e.g.,
Na2CO3, CaCO3) and cyanides (e.g., NaCN, KCN) are usually designated
as inorganic. Perhaps a more useful description might be: Organic com-
pounds are compounds of carbon that usually contain hydrogen and that
may also contain other elements such as oxygen, nitrogen, sulfur, phospho-
rus, or halogen (F, Cl, Br, or I). In any case, there are very few carbon com-
pounds that are not organic, while there are millions that are.

History
Prehistoric civilizations obtained many useful chemicals from plants and an-
imals. They were familiar with sugar, which they learned to ferment to make
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halogen: element in the periodic family
numbered VIIA (or 17 in the modern
nomenclature) that includes fluorine,
chlorine, bromine, iodine, and astatine

EDWARD TELLER (1908–2003)

Edward Teller was a physical chemist and an
important, if controversial, voice in the politics
of nuclear science. His work contributed to an
understanding of both fusion and fission
bombs. Regarded as the “father of the 
H-bomb,” he was an ardent anticommunist

and cold war warrior and he staunchly advo-
cated the development and stockpiling of nu-
clear weapons. He opposed treaties limiting
nuclear arsenals and testing, and he supported
the development of space-based weapons.

—Valerie Borek

67368_v3_001-270.qxd  1/26/04  2:01 PM  Page 193



wine. Then they found that the wine could turn into vinegar. Ancient Egyp-
tians used blue dye made from the indigo in madder root, and a royal pur-
ple dye extracted from a rare kind of mollusk. Soap was made by heating
animal fat with base from wood ashes.

During the Middle Ages dry distillation of wood yielded mixtures of
methyl alcohol, acetone, and acetic acid. Alchemists isolated cholesterol from
gallstones, morphine from opium, and drugs such as quinine, strychnine, and
brucine from various plants. Two hundred years ago chemists such as An-
toine Lavoisier determined the elemental composition of many of these sub-
stances and noted that they all contained carbon and hydrogen, and that many
also contained oxygen and nitrogen. It also appeared that there were two
classes of materials: the mineral type (generally hard, high-melting, and non-
combustible), and the organic type (often soft, liquid or low melting solids,
and frequently easily combustible materials). Most organic chemicals could
be burned to produce carbon dioxide; and any hydrogen present was con-
verted to water (H2O). Because organic compounds had for centuries been
isolated only from plants and animals, it was commonly believed that some
“vital force” in living things was necessary to produce them. This belief per-
sisted until 1828, when Friedrich Wöhler was able to make urea, a chemical
found in the urine of animals, from the inorganic salt ammonium cyanate.

Since that time organic chemistry has grown into a vast and ever expand-
ing field that encompasses millions of chemical compounds.

Scope of Organic Chemistry
The field of organic chemistry includes more than twenty million com-
pounds for which properties have been determined and recorded in the lit-
erature. Many hundreds of new compounds are added every day. Much more
than half of the world’s chemists are organic chemists. Some new organic
compounds are simply isolated from plants or animals; some are made by
modifying naturally occurring chemicals; but most new organic compounds
are actually synthesized in the laboratory from other (usually smaller) or-
ganic molecules. Over the years organic chemists have developed a broad
array of reactions that allow them to make all kinds of complex products
from simpler starting materials.

Singular Attributes of Carbon
When one considers the millions of chemical compounds that are known
and notes that more than 95 percent of them are compounds of carbon,
one realizes that carbon is unique. Why are there so many carbon com-
pounds? It turns out that atoms of carbon are quite remarkable in a num-
ber of ways.

Carbon atoms form very strong bonds with other carbon atoms. The
bonds are so strong that carbon can form long chains, some containing

H2N NH2

O

heat
NH4

�OCN�

urea
(organic)

(inorganic)

C
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thousands of carbon atoms. (Carbon is the only element that can do
this.)

A carbon atom forms four bonds, therefore carbon not only can form
long chains, but it also forms chains that have branches. It is a major
reason why carbon compounds exhibit so much isomerism. The simple
compound decane (C10H22), for example, has 75 different isomers.

Carbon atoms can be bonded by double or triple bonds as well as sin-
gle bonds. This multiple bonding is much more prevalent with carbon
than with any other element.

Carbon atoms can form rings of various sizes. The rings may be satu-
rated or unsaturated. The unsaturated 6-membered ring known as the
benzene ring is the basis for an entire subfield of “aromatic” organic
chemistry.

Carbon atoms form strong bonds not only with other carbon atoms but
also with atoms of other elements. In addition to hydrogen, many car-
bon compounds also contain oxygen. Nitrogen, sulfur, phosphorus, and
the halogens also frequently occur in carbon compounds.

Various kinds of functional groups occur widely among carbon com-
pounds, and many different kinds of isomers are possible.

Hydrocarbons
Compounds of carbon and hydrogen only are called hydrocarbons. These are
the simplest compounds of organic chemistry. The most basic group of hy-
drocarbons are the alkanes, which contain only single bonds. The simplest
member of the alkane series is methane, CH4, the main component of natural
gas. The names of some alkanes are listed in Table 1. Alkanes sometimes
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isomer: molecules with identical
compositions but different structural
formulas

functional group: portion of a compound
with characteristic atoms acting as a
group

Table 1.

ALKANES

Formula  Name 

CH4 CH4 methane  
C2H6 CH3CH3 ethane gases
C3H8 CH3CH2CH3 propane
C4H10 CH3CH2CH2CH3 butane

C5H12 CH3(CH2)3CH3 pentane
C6H14 CH3(CH2)4CH3 hexane
C7H16 CH3(CH2)5CH3 heptane
C8H18 CH3(CH2)6CH3 octane
C9H20 CH3(CH2)7CH3 nonane
C10H22 CH3(CH2)8CH3 decane
C11H24 CH3(CH2)9CH3 undecane liquids

C12H26 CH3(CH2)10CH3 dodecane
C13H28 CH3(CH2)11CH3 tridecane
C14H30 CH3(CH2)12CH3 tetradecane
C15H32 CH3(CH2)13CH3 pentadecane
C16H34 CH3(CH2)14CH3 hexadecane
C17H36 CH3(CH2)15CH3 heptadecane

C18H38 CH3(CH2)16CH3 octadecane
C19H40 CH3(CH2)17CH3 nonadecane solids
C20H42 CH3(CH2)18CH3 eicosane
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have ring structures. Since a 4-carbon chain of the alkane series is called bu-
tane, a ring of 4 carbon atoms is called cyclobutane.

Simple hydrocarbons that contain one or more double bonds are called
alkenes. They are named like alkanes, but their names end in “�ene.” The
simplest alkene has two carbon atoms and is called ethene. A 3-carbon chain
that has a double bond is called propene.

H2CŒCH2 H2CŒCHCH3 CH3CHŒCHCH2CH2CH3
ethene (C2H4) propene (C3H6) 2-pentene (C5H10)

A 5-carbon hydrocarbon chain with a double bond is called pentene, and if
the double bond links the second and third carbons, it is 2-pentene. Like cy-
cloalkanes, alkenes have the general formula CnH2n. Alkenes having ring
structures are called cycloalkenes. A 5-carbon ring with a double bond is called
cyclopentene.

Hydrocarbons that contain one or more triple bonds are called alkynes,
and is the name ending is “�yne.” A 2-carbon alkyne is therefore named
ethyne. (However, the compound is often referred to by its common name,
which is acetylene.)

Compounds that contain double or triple bonds are said to be 
“unsaturated”—because they are not “saturated” with hydrogen atoms. Un-
saturated compounds are reactive materials that readily add hydrogen when
heated over a catalyst such as nickel. The reverse reaction also occurs.
Heating ethane with steam is an important commercial process for making
ethene (or ethylene). This is an important commercial process called “steam
cracking.”

When a 6-carbon ring contains 2 double bonds, it is called cyclohexadiene,
but when it has 3 double bonds, it is not called cyclohexatriene; this is be-
cause a 6-carbon ring with three double bonds takes on a special kind of sta-
bility. The double bonds become completely conjugated and no longer behave
as double bonds. The ring, known as a “benzene ring,” is said to be aromatic.

The removal of a hydrogen atom from a hydrocarbon molecule leaves an
alkyl group that readily attaches to a functional group, or forms a branch on
a hydrocarbon chain. The groups are named after the corresponding 
hydrocarbons. For example, CH3� is named methyl; CH3CH2�, ethyl;
CH2�CH�, ethenyl; CH3CH2CH2�, propyl; and so on. A benzene ring from
which a hydrogen atom has been removed is often referred to as a phenyl. The
branched molecules shown here would be given names as follows

2-methyl-3-hexene

CH3CHCH CHCH2CH3

CH3

CH3CH2CHCH2CHCH2CH2CH3

CH3 CH2CH2CH3

3-methyl-5-propyloctane

H2C CH2 � H2
heat

H2O
H3C CH3

butane  (C4H10)

H2C

H2C H2

CH2

cyclobutane  (C4H8)

CH3CH2CH2CH3 C
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catalyst: substance that aids in a reaction
while retaining its own chemical identity
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Theoretically there is no limit to the length of hydrocarbon chains. Very
large hydrocarbon molecules (polymers) have been made containing as many
as 100,000 carbon atoms. However, such molecules are hard to make and
very difficult to melt and to shape into useful products.

Hydrocarbons are obtained primarily from fossil fuels—especially pe-
troleum and natural gas. Natural gas is a mixture that is largely methane
mixed with varying amounts of ethane and other light hydrocarbons, while
petroleum is a complex mixture of many different hydrocarbons. Coal, the
other fossil fuel, is a much more complicated material from which many
kinds of organic compounds, some of them hydrocarbons, can be obtained.

Functional Groups
Alkane molecules are rather unreactive (except for being very flammable),
but alkenes react with many other substances. When a drop of bromine is
added to an alkene, for example, the deep orange color of the bromine im-
mediately disappears as the bromine adds across the double bond to form a
dibromo derivative. The double bond is called a “functional group” because
its presence in a molecule causes reactivity at that particular site. There are
a dozen or so functional groups that appear frequently in organic compounds.
Some of the most common ones are listed in Table 2. The same molecule
may contain several functional groups. Aspirin, for example, is both a car-
boxylic acid and an ester, and cholesterol is an alkene as well as an alcohol.

Isomerism
Isomers are molecules with the same molecular formula but different struc-
tures. There is only one structure for methane, ethane, or propane; but bu-
tane, C4H10, can have either of two different structure:

The linear molecule (1) is called butane, or normal butane (n-butane),
whereas the branched molecule (2) is methylpropane (rather than 2-methyl-
propane, as the methyl group has to be in a 2-position). If the methyl group
of (2) were attached to a terminal carbon, the resultant molecule would be
the same as (1). Methylpropane (2) is also called isobutane.

Pentane has 3 isomers: pentane (or n-pentane), methylbutane (or iso-
pentane), and dimethyl propane (or neopentane). Hexane has 5 isomers: 

(1) (2)

orCH3CH2CH2CH3 CH3CHCH3

CH3
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carboxylic acid: one of the characteristic
groups of atoms in organic compounds
that undergoes characteristic reactions,
generally irrespective of where it occurs
in the molecule; the –CO2H functional
group

ester: organic species containing a
carbon atom attached to three moieties:
an O via a double bond, an O attached to
another carbon atom or chain, and a H
atom or C chain; the R(CŒO)OR
functional group

In a conjugated system, there are alternating
double and single bonds, allowing electrons to
flow back and forth. Molecules that contain such
conjugated systems are said to be stabilized by
“resonance.” In the benzene ring every other
bond is a double bond, all the way around the

ring. This results in a special kind of stabiliza-
tion called “aromaticity,” in which the electrons
are delocalized and free to travel all around the
ring. Certain ring compounds, like benzene, that
contain such a conjugated system of double and
single bonds are described as “aromatic.”
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hexane, 2-methylpentane, 3-methylpentane, 2,2-dimethylbutane, and 2,3-
dimethylbutane. Heptane has 9 different isomers, octane has 18, nonane
has 35, and decane has 75. An increase in the number of carbon atoms
greatly increases the possibilities for isomerism. There are more than 4,000
isomers of C15H32 and more than 366,000 isomers of C20H42. The for-
mula C30H62 has more than 4 billion. Of course, most of them have never
been isolated as pure compounds (but could be, if there were any point in
doing it).

For molecules other than hydrocarbons, still other kinds of isomers are
possible. The simple formula C2H6O can represent ethyl alcohol or dimethyl
ether; and C3H6O could stand for an alcohol, an ether, an aldehyde, or a
ketone (among other things). The larger a molecule is, and the greater the
variety of atoms and functional groups it contains, the more numerous its
isomers.

There is still another kind of isomerism that stems from the existence
of “right-” and “left-handed” molecules. It is sometimes referred to as opti-
cal isomerism because the molecules that make up a pair of these isomers
usually differ only in the way they rotate plane polarized light.

Nomenclature
There are so many millions of organic compounds that simply finding names
for them all is a major challenge. It was not until the late nineteenth cen-
tury that chemists developed a logical system for naming organic com-
pounds. Compounds had often been named according to their sources. The
1-carbon carboxylic acid, for example, was first obtained from ants, and 
so it was called formic acid, from the Latin word for ants (formicae). The 
2-carbon acid was obtained from vinegar (acetum in Latin), and was called
acetic acid.

To bring some order to the naming process an international meeting
was held in 1892 at Geneva, Switzerland. The group later became known
as the International Union of Pure and Applied Chemistry (IUPAC). Its ob-
jective was to establish a naming process that would provide each compound
with a unique and systematic name. An initial set of rules was adopted at
that first meeting in Geneva, and IUPAC has continued that work. Its sys-
tematic naming rules are used by organic chemists all over the world. The
names of the alkanes form the basis for the system, with functional groups
usually being indicated with appropriate suffixes. Some examples are given
in Table 2.

Organic Reactions
Organic chemistry is concerned with the many compounds of carbon, their
names, their isomers, and their properties, but it is mostly concerned with
their reactions. Organic chemists have developed a huge array of chemical
reactions that can convert one organic compound to another. Some reac-
tions involve addition of one molecule to another; some involve decompo-
sition of molecules; some involve substitution of one atom or group by
another; and some even involve the rearrangement of molecules, with some
atoms moving into new positions. Some reactions require energy in the form
of heat or radiation; and some require a special kind of catalyst or some sort

Organic Chemistry

198

aldehyde: one of the characteristic groups
of atoms in organic compounds that
undergoes characteristic reactions,
generally irrespective of where it occurs
in the molecule; the RC(O)H functional
group

ketone: one of the characteristic groups
of atoms in organic compounds that
undergoes characteristic reactions,
generally irrespective of where it occurs
in the molecule; the FC(O)R functional
group
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of solvent. Of course, not all organic reactions are highly successful. One
reaction might be a very simple one giving essentially 100 percent of the
desired product; but another might be a complex multistep process yielding
less than 5 percent overall of the wanted product.

Organic reactions can often give remarkable control as to what prod-
ucts should be formed. Adding water to propene for example, produces 2-
propanol in the presence of acid, but it yields 1-propanol if treated first with
B2H6 and then H2O2 in the presence of base.

Future Sources of Organic Chemicals

Fossil fuels have been our primary natural source for many organic chemi-
cals for more than a century, but our fossil fuel resources are finite, and they
are being rapidly depleted (especially oil and gas). What will be our sources
of organic materials in the future? Since fossil fuels are nonrenewable re-
sources, it is believed that the twenty-first century will see a shift toward
greater dependence on renewable raw materials. The largest U.S. chemical
company has a goal of becoming 25 percent based on renewable resources
by 2010. It is already producing 1,3-propanediol from cornstarch using a
gene-tailored E. coli bacterium. This diol is used in Du Pont’s fiber Sorona,
which is said to combine the best features of both polyester and nylon fibers.
Succinic acid and polyhydroxybutyrate are also obtainable from renewable
crops, and the list of such renewable raw materials is destined to grow. For
example, ethylene (or ethene), CH2�CH2, which is a highly important com-
mercial chemical used in making many industrial chemicals and polymers, is
presently made by steam cracking of ethane obtained from oil or natural gas;
but ethylene can also be made by dehydration of ethyl alcohol made by fer-
mentation of sugar. Efforts are even being made to use biowaste materials,
such as corn husks, nutshells, and wood chips as industrial raw materials.

Analytical Tools

Organic chemists often need to examine products for identification, purity
analysis, or structure determination. There are some marvelous tools available
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Table 2.

NAMING ORGANIC COMPOUNDS

 Functional Group Type Compound Example IUPAC Name Common Name

C   C double bond alkene H2C   CH2 ethene ethylene
C   C triple bond alkyne HC   CH ethyne acetylene
   OH hydroxyl alcohol CH3OH methanol methyl alcohol
   O oxy ether H3COCH3 methoxymethane methyl ether 

   C   O carbonyl aldehyde H2C   O methanal formaldehyde

   C   O carbonyl ketone CH3COCH3 propanone acetone

   C   OH carboxyl carboxylic acid HCOOH methanoic acid formic acid

   C   O  carboxyl ester HCOOCH2CH3 ethyl methanoate ethyl formate
   NH2 amino amine CH3NH2 aminomethane methylamine
   CN cyano nitrile CH3CN ethanenitrile acetonitrile
   X halogen haloalkane CH3Cl chloromethane methyl chloride

H

O

O
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to help them do these things. Chromatography, spectroscopy, and crys-
tallography are especially widely used in organic chemistry.

Column chromatography, gas chromatography, and liquid chromatogra-
phy are all important methods for separating mixtures of organic compounds.
Spectroscopic tools include ultraviolet (UV), infrared (IR), nuclear magnetic
resonance (NMR), and mass spectroscopy (MS), each capable of providing a
different kind of information about an organic compound. Although it is lim-
ited to substances that can be prepared as pure crystals, x-ray crystallography
is probably the ultimate tool for determining molecular structure.

Careers in Organic Chemistry
Some organic chemists are involved in basic research at government or aca-
demic institutions, but most have careers in industry. The industries vary
from oil and chemical companies to industries producing food, pharmaceu-
ticals, cosmetics, detergents, paints, plastics, pesticides, textiles, or other
kinds of products. Many organic chemists work in laboratories, where they
do various kinds of analysis or research, but many others do not. Some are
teachers, or writers, or science librarians. Some study law and become patent
attorneys; some study medicine and become medical researchers; and some
study business and become administrators of companies, colleges, or other
institutions. Organic chemistry is an enormous field full of many kinds of
career possibilities. SEE ALSO Fossil Fuels; Lavoisier, Antoine; Organic
Halogen Compounds; Wöhler, Friedrich.

Kenneth E. Kolb
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Organic Halogen Compounds
Organic halogen compounds are a large class of natural and synthetic chem-
icals that contain one or more halogens (fluorine, chlorine, bromine, or 
iodine) combined with carbon and other elements. The simplest organochlo-
rine compound is chloromethane, also called methyl chloride (CH3Cl).
Other simple organohalogens include bromomethane (CH3Br), chloroform
(CHCl3), and carbon tetrachloride (CCl4). Some examples of organohalo-
gens are shown in Figure 1.

Synthesis
Organohalogens can be made in various ways. Direct halogenation of hydro-
carbons with chlorine gives organochlorines; with bromine, organobromines.
Alcohols can be converted into organohalogens by reaction with hydrogen
halides.
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chromatography: the separation of the
components of a mixture in one phase
(the mobile phase) by passing it through
another phase (the stationary phase)
making use of the extent to which the
components are absorbed by the
stationary phase

spectroscopy: use of electromagnetic
radiation to analyze the chemical
composition of materials

halogen: element in the periodic family
numbered VIIA (or 17 in the modern
nomenclature) that includes fluorine,
chlorine, bromine, iodine, and astatine

tetrachloride: term that implies a
molecule has four chlorine atoms present
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Aromatic organohalogens such as chlorobenzene are synthesized by
treatment of benzene with halogen and a Lewis acid catalyst such as alu-
minum chloride.

Organohalogen compounds are also produced by adding halogen or hy-
drogen halide to alkenes and alkynes.

Organic Halogen Compounds
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catalyst: substance that aids in a reaction
while retaining its own chemical identity

inert: incapable of reacting with another
substance

Figure 1. Four representative
organohalogens: (a) a thyroid 
hormone; (b) “dioxin” (2,3,7,8-
tetrachlorodibenzo-p-dioxin); (c) a
polychlorinated biphenyl (PCB); (d) 
DDT (dichlorodiphenyltrichloroethane).

NH2
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O

O
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Cl Cl
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ClCl

Cl Cl

CCl3

(a)

(d)

(b)

(c)

Cl

� HCl

CH2 CH2 � Br2 BrCH2CH2Br

HC CH � 2Cl2 Cl2CHCHCl2

(1)

(2)

(3)

N2 Cl I

� Kl � KCl � N2 (5)

CH3CH2Br � KF CH3CH2F � KBr (4)

� �

Organoiodines and organofluorines are prepared by displacement reac-
tions.

Reactivity
The reactivity of organohalogens varies enormously. The war gases phosgene
(ClCOCl) and mustard (ClCH2CH2SCH2CH2Cl) are very reactive and highly
toxic, whereas most other organohalogen compounds are relatively inert.
Nevertheless, organohalogens undergo many chemical transformations. One
common reaction is elimination, induced by the action of a strong base.
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Toxicity
As with all chemicals, “the dose makes the poison.” The chlorine-containing
insecticide dichlorodiphenyltrichloroethane (DDT) is highly effective in
killing disease-ridden mosquitoes, ticks, and fleas, but it is virtually non-
toxic to mammals. The fluorine-containing pesticide “1080,” or fluoroacetic
acid (FCH2CO2H), is highly toxic and often lethal to all mammals. The in-
dustrial and combustion by-product dioxin is highly toxic to some animals
but not to others; in humans, dioxin causes the skin disease chloracne.

Use
Organohalogens are widely used in industry and society. Chloromethane is
used as a solvent in rubber polymerization. Bromomethane is an important
fumigant; the related halons (CBrClF2 and CBrF3) are better fire extin-
guishants than carbon dioxide.

Eighty-five percent of all pharmaceutical agents and vitamins in-
volve chlorine chemistry; many drugs require chlorine, fluorine, or bromine
to be effective. Ceclor and Lorabid are used to treat ear infections,
Toremifene is a breast-cancer drug, and the natural antibiotic vancomycin
is used to fight penicillin-resistant infections. Benzyl chloride is used to syn-
thesize the drugs phenobarbital, benzedrine, and demerol. Inhalation anes-
thetics include the organofluorines desflurane, sevoflurane, and enflurane
(CHClFCF2OCHF2). Perfluorocarbons, such as perfluorotributylamine
([CF3CF2CF2CF2]3N), are used as blood substitutes or blood extenders (“ar-
tificial blood”) and are used for coronary angioplasty. The insecticide DDD
(mitotane), related to DDT, is used to treat inoperable adrenal cancer. The
chemical advantages to some of these halogenated drugs are shown in Fig-
ure 2.

Vinyl chloride (CH2�CHCl), a carcinogenic gas, is polymerized to
polyvinyl chloride (PVC), a plastic of great versatility and safety. PVC is an
invaluable component of building materials, consumer goods, medical equip-
ment, and many other everyday products. More than 2.2 billion kilograms (5
billion pounds) of PVC are used annually for wire, cable, and other electrical
applications. The chlorine in PVC makes this plastic flame retardant and ideal
for construction and furnishing applications. Polytetrafluoroethylene (Teflon)
is the polymer of tetrafluoroethylene (CF2�CF2). Because of its chemical sta-
bility (very strong carbon-fluorine bonds), it has many diverse applications in
our society; best known perhaps are the coatings used to make “nonstick” cook-
ware. Trichloroethylene (CHCl�CCl2) and tetrachloroethylene (CCl2�CCl2,
“Perc”) are widely used solvents in the dry cleaning industry.

Organohalogens are essential for crop production and protection as 
herbicides and insecticides. Ninety percent of grain farms utilize these 
chemicals in food production. The chemical structures of some of these
organohalogens are shown in Figure 3.

Polychlorinated biphenyls (PCBs) were introduced in 1929 as insulators
in capacitors and transformers in the electric power industry, as lubricants
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combustion: burning, the reaction with
oxygen

vitamins: organic moleculs needed in
small amounts for the normal function of
the body; often used as part of an
enzyme catalyzed reaction

Br
KOH

� KBr �  H2O (6)
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and coolants in vacuum pumps, as paint additives, and in food packaging.
The manufacture and use of PCBs were discontinued in 1977 because of
their adverse effects on the environment. Their effect on humans is still un-
known. An example of a PCB is shown in Figure 1.

Chlorofluorocarbons (CFCs or freons) are strongly implicated in caus-
ing the ozone hole, and are being phased out of use as refrigerants, dry
cleaning solvents, propellants, fire extinguishants, and foam-blowing agents.
These chemicals include CFC-11 (CCl3F), CFC-13 (CClF3), and CFC-112
(CCl2FCCl2F). Replacements for CFCs are the hydrochlorofluorocarbons
(HCFCs) and the hydrofluorocarbons (HFCs), both of which have no im-
pact on stratospheric ozone and have low global warming potential. Exam-
ples include HCFC-21 (CHCl2F) and HFC-152 (FCH2CH2F).
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chlorofluorocarbon (CFC): compound that
contains carbon, chlorine, and fluorine
atoms, which remove ozone in the upper
atmosphere

Figure 2. Organohalogens as drugs: (a)
Lorabid, antibiotic; (b) toremifene, a
breast cancer drug; (c) mitotane, a
cancer drug.
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Figure 3. Organohalogens used as
pesticides: (a) Dursban, an insecticide;
(b) Daconil, a fungicide; (c) Bromoxynil,
an herbicide; (d) 2,4-D, an herbicide.
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Natural Occurrence
The number of known natural organohalogens has grown from thirty in
1968 to nearly 3,900 during the early 2000s. Many are the same as synthetic
chemicals. They are biosynthesized by marine organisms, bacteria, fungi,
plants, insects, and some mammals, including humans. Algae, wood-rotting
fungi, mushrooms, several trees, phytoplankton, and even potatoes produce
chloromethane. Termites are a major producer of chloroform, and several
vegetables produce bromomethane. One hundred organohalogens have been
found in the favorite edible seaweed of native Hawaiians.

Chloride and bromide salts are normally present in plants, wood, soil,
and minerals; as a result, forest fires and volcanoes produce organohalogens.
Meteorites contain organochlorines. Global emissions of chloromethane
from the biomass are 5 million tons per year, whereas synthetic emissions
are only 26,000 tons per year. Volcanoes also emit hydrogen chloride (3
million tons/year) and hydrogen fluoride (11 million tons/year), both of
which can react with organic compounds to produce organohalogens. Chlo-
rofluorocarbons have been detected in volcanic emissions in Guatemala and
Siberia, but a study of volcanoes in Italy and Japan indicates that they may
not be a major source of environmental CFCs.

Seaweeds contain hundreds of organohalogens (see Figure 4). Telfairine,
like the synthetic insecticide lindane, is a powerful insecticide. These
organohalogens are used by marine life in chemical defense (natural 
pesticides). The “smell” of the ocean is likely due to the myriad volatile
organohalogens produced by seaweeds.

Organohalogens also serve as hormones. Vegetables such as lentils,
beans, and peas synthesize the growth hormone 4-chloro-3-indoleacetic
acid. A cockroach produces two chlorine-containing steroids as aggregation
pheromones. Female ticks use 2,6-dichlorophenol as a sex attractant. Thy-
roid hormones (see Figure 1) contain iodine, and an organobromine is in-
volved in the mammalian sleep phenomenon.

Just as iodine is used to treat cuts and chlorine (bleach) to disinfect bath-
rooms, our white blood cells generate chlorine and bromine to kill germs
and fight infection. The sponge metabolite spongistatin and the blue-green
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biomass: collection of living matter

volatile: low boiling, readily vaporized

metabolites: products of biological activity
that are important in metabolism

Figure 4. Three of the halogenated
terpenes found in red algae, including (at
top right) the natural insecticide
telfairine.
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alga cryptophycin, both of which contain a chlorine atom essential for bio-
logical activity, are powerful anticancer drugs. Ambigol, found in terrestrial
blue-green alga, is active against human immunodeficiency virus (HIV). An
Ecuadorian frog produces an organochlorine that is 500 times more potent
than morphine; a synthetic analog is under development as a new anesthetic.

Although some synthetic organohalogens are toxic contaminants that
need to be removed from the environment, the vast majority of organohalo-
gens have little or no toxicity. Organic halogen compounds continue to play
an essential role in human health and well being as chemists pursue the study
of these fascinating chemicals. SEE ALSO Organic Chemistry.

Gordon W. Gribble
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Organometallic Compounds
Organometallic compounds have at least one carbon to metal bond, ac-
cording to most definitions. This bond can be either a direct carbon to metal
bond ( bond or sigma bond) or a metal complex bond (� bond or pi bond).
Compounds containing metal to hydrogen bonds as well as some com-
pounds containing nonmetallic (metalloid) elements bonded to carbon are
sometimes included in this class of compounds. Some common properties
of organometallic compounds are relatively low melting points, insolubility
in water, solubility in ether and related solvents, toxicity, oxidizability, and
high reactivity.

An example of an organometallic compound of importance years ago is
tetraethyllead (Et44Pb) which is an antiknock agent for gasoline. It is
presently banned from use in the United States.

The first metal complex identified as an organometallic compound was
a salt, K(C2H4)PtCl3, obtained from reaction of ethylene with platinum (II)
chloride by William Zeise in 1825. It was not until much later (1951–1952)
that the correct structure of Zeise’s compound (see Figure 1) was reported
in connection with the structure of a metallocene compound known as fer-
rocene (see Figure 2).
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hydrogen bond: interaction between H
atoms on one molecule and lone pair
electrons on another molecule that
constitutes hydrogen bonding

metalloid: elements that exhibit
properties that are between those of
metals and nonmetals; generally
considered to include boron, silicon,
germanium, arsensic, antimony,
tellurium, and polonium

Figure 1. Anion of Zeise’s compound
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Preparation of ferrocene was reported at about the same time by 
two research groups, and a sandwich structure was proposed, based on 
ferrocene’s physical properties (Kauffman, pp. 185–186). The sandwich
structure was confirmed by x-ray diffraction studies. Since then, other met-
allocenes composed of other metals and other carbon ring molecules, such
as dibenzenechromium (see Figure 3) and uranocene (see Figure 4), have
been prepared.

Possibly the first scientist to synthesize an organometallic compound
was Edward Frankland, who prepared diethylzinc by reaction of ethyl io-
dide with zinc metal in 1849 (Thayer 1969b, pp. 764–765).

2 CH3CH2I � 2 Zn * CH3CH2ZnCH2CH3 � ZnI2

In organometallic compounds, most p-electrons of transition metals con-
form to an empirical rule called the 18-electron rule. This rule assumes that
the metal atom accepts from its ligands the number of electrons needed in
order for it to attain the electronic configuration of the next noble gas. It
assumes that the valence shells of the metal atom will contain 18 electrons.
Thus, the sum of the number of d electrons plus the number of electrons
supplied by the ligands will be 18. Ferrocene, for example, has 6 d electrons
from Fe(II), plus 2 � 6 electrons from the two 5-membered rings, for a to-
tal of 18. (There are exceptions to this rule, however.)

Possibly the earliest biomedical application of an organometallic com-
pound was the discovery, by Paul Ehrlich, of the organoarsenical Salvarsan,
the first antisyphilitic agent. Salvarsan and other organoarsenicals are some-
times listed as organometallics even though arsenic is not a true metal. Vi-
tamin B12 is an organocobalt complex essential to the diet of human beings.
Absence of or deficiency of B12 in the diet (or a body’s inability to absorb
it) is the cause of pernicious anemia.

Use as Reagents or Catalysts
Organometallic compounds are very useful as catalysts or reagents in the
synthesis of organic compounds, such as pharmaceutical products. One of
the major advantages of organometallic compounds, as compared with or-
ganic or inorganic compounds, is their high reactivity. Reactions that can-
not be carried out with the usual types of organic reagents can sometimes
be easily carried out using one of a wide variety of available organometallics.
A second advantage is the high reaction selectivity that is often achieved via
the use of organometallic catalysts. For example, ordinary free-radical poly-
merization of ethylene yields a waxy low-density polyethylene, but use of a
special organometallic catalyst produces a more ordered linear polyethyl-
ene with a higher density, a higher melting point, and a greater strength.
A third advantage is that many in this wide range of compounds are stable,
and many of these have found uses as medicinals and pesticides. A fourth
advantage is the case of recovery of pure metals. Isolation of a pure sample
of an organometallic compound containing a desired metal can be readily
accomplished, and the pure metal can then be easily obtained from the com-
pound. (This is generally done via preparation of a pure metal carbonyl,
such as Fe[CO]5 or Ni[CO]4, followed by thermal decomposition.) Other
commonly used organometallic compounds are organolithium, organozinc,
and organocuprates (sometimes called Gilman reagents).
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transition metals: elements with valence
electrons in d-sublevels; frequently
characterized as metals having the ability
to form more than one cation

ligand: molecule or ion capable of
donating one or more electron pairs to a
Lewis acid

Figure 3. Dibenzenechromium

Cr

The name “ferrocene” was
coined by one of Harvard Uni-
versity professor R. B. Wood-
ward’s postdoctoral students,
Mark Whiting. The entire class
of transitional metal dicy-
clopentadienyl compounds
quickly became known as
“metallocenes” and this has
since been expanded for com-
pounds [(H5-C5H5) 2M] in
general. G. Wilkinson and
Woodward published their re-
sults on ferrocene in 1952.

Figure 2. Ferrocene

Fe
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Grignard Reagents
One of the most commonly used classes of organometallic compounds is the
organomagnesium halides, or Grignard reagents (generally RMgX or ArMgX,
where R and Ar are alkyl and aryl groups, respectively, and X is a halogen
atom), used extensively in synthetic organic chemistry. Organomagnesium
halides were discovered by Philippe Barbier in 1899 and subsequently devel-
oped by Victor Grignard. They are usually prepared by reaction of magne-
sium metal with alkyl or aryl halides. Other commonly used organometallic
compounds are the organolithium and organozinc compounds.

Carbenes
Carbenes are the electrons of free carbenes that have two spin states, singlet
and triplet. The electrons are paired as a sp2 lone pair in the singlet (:CH2);
there is one electron in each of the sp2 and p orbitals in the triplet (�CH2).
Carbenes are generally unstable in the free state, but are stable when bonded
to metal atoms. Metal-carbene complexes have the general structure
LnM�CXY, where LnM is the metal fragment with n ligands, and X and Y
are alkyl groups, aryl groups, hydrogen atoms, or heteroatoms (O, N, S, or
halogens). The first carbene complex [(CO)5W�CPh(OMe)] was reported
by E. O. Fischer and A. Maasbol in 1964 (Dunitz, Orgel, and Rich, pp.
373–375). In 1974 Richard R. Schrock prepared compounds in which the
substituents attached to carbon were hydrogen atoms or alkyl groups; these
complexes are known as Schrock-type carbene complexes. The two types of
carbene complexes differ in their reactivities. Fischer-type complexes tend to
undergo attack at carbon atoms by nucleophiles (negatively charged species)
and are electrophilic (electron-attracting). Schrock-type complexes undergo
attack at carbon atoms by electrophiles and are considered to be nucleophilic
species. SEE ALSO Catalysis and Catalysts; Chirality; Ehrlich, Paul.

A. G. Pinkus
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noble gas: element characterized by inert
nature; located in the rightmost column
in the Periodic Table

valence: combining capacity

arsenic: toxic element of the phosphorus
group

vitamins: organic molecules needed in
small amounts for the normal function of
the body; often used as part of an
enzyme catalyzed reaction

synthesis: combination of starting
materials to form a desired product

catalyst: substance that aids in a reaction
while retaining its own chemical identity

melting point: temperature at which a
substance in the solid state undergoes a
phase change to the liquid state

halogen: element in the periodic family
numbered VIIA (or 17 in the modern
nomenclature) that includes fluorine,
chlorine, bromine, iodine, and astatine

Figure 4. Uranocene

U
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Opiate Peptides See Endorphins.

Osmium
MELTING POINT: 3,127°C
BOILING POINT: 5,303°C
DENSITY: 22.590 g/cm3

MOST COMMON IONS: OsCl63�, OsCl62�

The element osmium was discovered in 1804 by English chemist Smithson
Tennant (1761–1815) in the black residue that remained after crude plat-
inum was dissolved in aqua regia. The average abundance in Earth’s crust
is very low, about 0.005 grams (0.00018 ounces) per metric ton, and only
four osmium-containing minerals, all extremely rare, are known: erlich-
manite, OsS2; omeiite, (Os,Ru)As2; and osarsite and anduoite, (Os,Ru)AsS.
Osmium also occurs in natural alloys with iridium and/or ruthenium (e.g.,
iridosmium). Osmium is obtained as a by-product of refining nickel and the
more common platinum group metals. Worldwide production is very small,
approximately 500 kilograms (1,102 pounds) per year (versus 2,500,000 kilo-
grams, or 5,512,000 pounds, per year for gold). Despite its rarity, osmium
is only 30 percent more expensive than gold because it has few commercial
uses. Osmium metal is lustrous, bluish-white, hard, and brittle; it melts at
3,127°C (5,661°F) and boils at 5,303°C (9,577°F). It is the densest element
known: Its density is 22.59 grams (0.8 ounces) per cubic centimeter (twice
that of lead). Osmium is combined with other platinum group elements to
yield extremely hard alloys, which find limited use as electrical contacts,
wear-resistant instrument pivots and bearings, and tips for high-priced ink
pens. Osmium forms compounds in all of its oxidation states, from �8 to
�2. Its chemistry closely resembles that of ruthenium. The most important
compound is osmium tetroxide, OsO4, a pale yellow solid used as a stain in
microscopy, in fingerprint detection, and as a catalyst in the production of
some pharmaceuticals. Osmium tetroxide has an unpleasant chlorinelike
odor, which prompted Tennant to name the element using the Greek word
osme, “a smell.”

Gregory S. Girolami
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Ostwald, Friedrich Wilhelm
COFOUNDER OF MODERN PHYSICAL CHEMISTRY
1853–1932

Friedrich Wilhelm Ostwald, born in Riga, Latvia, Russia, almost single-
handedly established physical chemistry as an acknowledged academic dis-

Opiate Peptides
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alloy: mixture of two or more elements, at
least one of which is a metal

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

catalyst: substance that aids in a reaction
while retaining its own chemical identity
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cipline. In 1909 he was awarded the Nobel Prize in chemistry for his work
on catalysis, chemical equilibria, and reaction velocities.

Ostwald graduated with a degree in chemistry from the University of
Dorpat (now Tartu, Estonia) and was appointed professor of chemistry at
Riga in 1881, before he moved from Russia to Germany to become chair
of the physical chemistry department at the University of Leipzig in 1887.
For about twenty years he made Leipzig an international center of physical
chemistry: by establishing an instruction and research laboratory that at-
tracted virtually the entire next generation of physical chemists; by editing
the first journal in the field (Zeitschrift für physikalische Chemie); and by writ-
ing numerous textbooks. In 1906 he retired from the university and devoted
the rest of his life to various topics, including the history and philosophy of
science, color theory, painting, the writing of textbooks and popular books
about science, the international organization of science, and the formation
of an artificial language for the international exchange of ideas.

Throughout his career as a chemist Ostwald followed the general ap-
proach of applying physical measurements and mathematical reasoning to
chemical issues. One of his major research topics was the chemical affini-
ties of acids and bases. To that end, he studied the points of equilibria in
reaction systems where two acids in an aqueous solution compete with each
other for a reaction with one base and vice versa. Because chemical analy-
sis would have changed the equilibria, he skillfully adapted the measurement
of physical properties, such as volume, refractive index, and electrical con-
ductivity, to that problem. From his extensive data he derived for each acid
and base a characteristic affinity coefficient independent of the particular
acid–base reactions.

To understand different chemical affinities, Ostwald drew on a new, but
then hardly accepted and not yet fully developed, theory advanced by the
Swedish physical chemist Svante Arrhenius. According to this theory of elec-
trolytic dissociation, electrolytes such as acids, bases, and salts dissociated in
solution into oppositely charged ions to a certain degree, such that at infi-
nite dilution dissociation was complete. Ostwald recognized that if all acids
contained the same active ion, their specific chemical affinities must corre-
spond to the number of these active ions in solution, which depended on
their specific degree of dissociation at each concentration, and which could
be measured through electric conductivity studies. By applying the law of
mass action to the dissociation reaction, a simple mathematical relation was
derived between the degree of dissociation �, the concentration of the acid
c, and an equilibrium constant specific for each acid K:

K � �
(1 �

�2

�)c
�

This is Ostwald’s famous dilution law from 1888, which he proved by mea-
suring the electric conductivities of more than 200 organic acids at various
concentrations. He substantiated the dissociation theory not only to explain
the different activity of acids, but also as a general theory of electrolytes 
in solution. The theory gained further support from the Dutch physical
chemist Jacobus Hendricus van’t Hoff who, at the same time, advanced it on
a general thermodynamic basis to explain his law of osmotic pressure of so-
lutions as well as Raoult’s laws of vapor pressure lowering and freezing point

Ostwald, Friedrich Wilhelm
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catalysis: the action or effect of a
substance in increasing the rate of a
reaction without itself being converted

aqueous solution: homogenous mixture in
which water is the solvent (primary
component)

equilibrium: condition in which two
opposite reactions are occurring at the
same speed, so that concentrations of
products and reactants do not change

German chemist Friedrich Ostwald,
recipient of the 1909 Nobel Prize in
chemistry, “in recognition of his work on
catalysis and for his investigations into
the fundamental principles governing
chemical equilibria and rates of
reaction.”
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depression. Thus, the new physical chemistry grew to a comprehensive the-
ory of solutions, based on both thermodynamics and dissociation theory.

Ostwald was particularly successful in systematizing and propagating
these new ideas, applying them to other fields, and organizing a school of
physical chemistry. Many chemists rejected the dissociation theory because
it predicted wrong values at high concentrations and for strong electrolytes.
Despite his concessions about its restricted validity, Ostwald provided nu-
merous proofs of its broad usefulness in his textbooks on general, inorganic,
and, particularly, analytical chemistry.

Originally, and incorrectly, Ostwald studied reaction velocities as a mea-
sure of chemical affinity. Later, he broadly investigated the time (or kinetic)
aspects of chemical reactions and provided a system for the study of chem-
ical kinetics. He first recognized catalysis as the change of reaction velocity
by a foreign compound, which allowed him to measure catalytic activities.
He distinguished catalysis from triggering and from autocatalysis, which he
considered essential to biological systems. His most famous contribution to
applied chemistry was on the catalytic oxidation of ammonia to nitric acid,
which became widely used in the industrial production of fertilizers. SEE

ALSO Acid-Base Chemistry; Arrhenius, Svante; Equilibrium; Physical
Chemistry; van’t Hoff, Jacobus.

Joachim Schummer
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Oxygen
MELTING POINT: �218.4°C
BOILING POINT: �182.96°C
DENSITY: 1.429 g/L
MOST COMMON IONS: OH�, OH2

�, O2�

Joseph Priestley and Carl Scheele (each working independently) are cred-
ited with the isolation and “discovery” in 1774 of the element oxygen. A
few years later Antoine Lavoisier showed that oxygen is a component of the
atmosphere. Oxygen is the most abundant element on Earth, constituting
about half of the total material of its surface (47 percent by weight of the
lithosphere and 89 percent by weight of the ocean) and about 21 percent
by volume of the air. Under ordinary conditions (STP) on Earth, oxygen is
a colorless, odorless, tasteless gas that is only slightly soluble in water. Oxy-
gen has a pale blue color in the liquid and the solid phases. Ordinary oxy-
gen gas (O2) exists as diatomic molecules. It also exists in another allotropic
form, the triatomic molecule ozone (O3). Although eight isotopes of oxy-
gen are known, atmospheric oxygen is a mixture of only three: those hav-
ing mass numbers 16, 17, and 18.

Oxygen
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propagating: reproducing; disseminating;
increasing; extending

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

8

O
OXYGEN

15.9994

isotope: form of an atom that differs by
the number of neutrons in the nucleus

67368_v3_001-270.qxd  1/26/04  2:01 PM  Page 210



Oxygen is very reactive. Its reaction with another substance to form an ox-
ide is called oxidation. It is a constituent of a number of compound groups, such
as acids, hydroxides, carbonates, chlorates, nitrates and nitrites, and phosphates
and phosphites—as well as carbohydrates, proteins, fats, and oils. The respiration
of animals and plants is actually a form of oxidation, essential to the production
of energy within these organisms. The burning of substances in air is a rapid form
of oxidation called combustion. In the eighteenth century the idea of combus-
tion replaced the idea (phlogiston theory) that a colorless, odorless, tasteless, and
weightless substance named phlogiston was given off during the burning of a sub-
stance. SEE ALSO Lavoisier, Antoine; Priestley, Joseph; Scheele, Carl.

Ágúst Kvaran

Oxygen

211

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

combustion: burning, the reaction with
oxygen

A patient is undergoing hyperbaric oxygen
therapy.
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Ozone
Earth’s ozone layer plays a critical role in protecting Earth’s surface from
the Sun’s harmful ultraviolet (UV) radiation. Every ozone molecule, which
consists of three oxygen atoms, has the ability to absorb a certain amount
of UV radiation. Under normal circumstances, the ozone layer, which is lo-
cated in the stratosphere between 15 and 50 kilometers (9 and 31 miles)
above Earth, remains in a continuous balance between natural processes that
both produce and destroy ozone.

Ozone is produced in the upper atmosphere through a two-step chem-
ical process that involves oxygen and UV radiation.

O � UV radiation * O � O

O � O2 * O3

The process begins with UV radiation breaking apart molecular oxygen (O2),
thus producing two oxygen (O) atoms. In the second step, an oxygen atom
(O) recombines with an oxygen molecule (O2) to form an ozone (O3) mol-
ecule.

Ozone can also be naturally destroyed through reactions with chlorine,
nitrogen, and hydrogen. For example, chlorine can be a very effective de-
stroyer of ozone via the following set of reactions.

Cl � O3 * ClO � O2

ClO � O * Cl � O2

In this process, a chlorine atom (Cl) reacts with ozone (O3) to produce chlo-
rine monoxide (ClO) and an oxygen molecule (O2). ClO can then combine
with an oxygen atom (O) to reform Cl and O2. In this reaction set, because
chlorine is reformed after destroying ozone, the cycle can repeat itself very
quickly.

In recent years global chlorine levels have increased due to the use of
chlorofluorocarbons (CFCs), a large class of chemicals useful in a variety
of industries. Under certain circumstances, even a single chlorine atom re-
leased from a CFC’s molecule can destroy many thousands of ozone mole-
cules through a chemical chain reaction. Current declines in global ozone
levels and the development of the Antarctic ozone hole have both been linked
to CFC use.

Although ozone concentrations in the upper atmosphere play an im-
portant role in protecting Earth’s surface from harmful UV radiation, ozone
at its surface is a pollutant harmful to human health. Enhanced levels of sur-
face ozone are often the result of automobile exhaust and pose a serious
health risk. Fortunately, current levels of surface ozone (also known as smog)
over most major cities have declined to healthier levels due in part to do-
mestic and international governmental regulations. SEE ALSO Atmospheric
Chemistry.

Eugene C. Cordero

Ozone
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stratosphere: layer of the atmosphere
where ozone is found; starts about 10 km
(6.2 mi) above ground

chlorofluorocarbon (CFC): compound that
contains carbon, chlorine, and fluorine
atoms, which remove ozone in the upper
atmosphere
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Palladium
MELTING POINT: 1,552°C
BOILING POINT: 3,760°C
DENSITY: 12.0 g/cm3

MOST COMMON IONS: Pd2�

The element palladium was isolated and identified by William Wollaston in
1803. Its name comes from the asteroid Pallas. (Pallas was another name for
Athena, the Greek goddess of wisdom.) Palladium in pure form is not found
in nature. The preparation of the element is via a series of reactions. Plat-
inum metal ore concentrates (65% of which come from the Merensky Reef
in South Africa) are treated with aqua regia (giving copper and nickel as by-
products). The solutions, containing H2PdCl4 with platinum and gold com-
plexes, are treated with FeCl2 (which precipitates gold) and then with excess
of NH4OH followed by HCl to precipitate the impure [Pd(NH3)2Cl2]. This
compound is purified by dissolution in NH4OH and precipitation with HCl.
The pure [Pd(NH3)2Cl2] is ignited to palladium metal.

Palladium metal, like platinum metal, is silvery-white and lustrous and
has malleable and ductile properties. It has the face-centered cubic crystal
structure. It forms a fluoride, PdF4 (brick-red), and other halides: PdF2 (pale
violet), �-PdCl2 (dark red), PbBr2 (red black), and PdI2 (black). Pd metal can
absorb up to 935 times its own volume of hydrogen molecules. When the
composition reaches about PdH0.5, the substance becomes a semiconductor.

Palladium can form complexes in a variety of oxidation states. Table 1
contains some examples.

Palladium has extensive use as a catalyst in hydrogenation and dehy-
drogenation reactions, due to its capacity of combination with hydrogen.
Palladium films are used as electrical contacts in connectors. Palladium-silver
and palladium-nickel alloys are used to substitute for gold in jewelry.

Lea B. Zinner
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Paracelsus
GERMAN PHYSICIAN, ALCHEMIST, AND SCIENTIST
1493–1541

Paracelsus was born Theophrastus Bombastus von Hohenheim. He was a
contemporary of Martin Luther and Nicolaus Copernicus. He adopted his

Paracelsus
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metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

ductile: property of a substance that
permits it to be drawn into wires

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

catalyst: substance that aids in a reaction
while retaining its own chemical identity

alloy: mixture of two or more elements, at
least one of which is a metal

pp
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Pd
PALLADIUM

106.42

Oxidation states Complexes 

(0) K4[Pd(CN)4] (yellow)
(I) [PdCl(CO)]x (reddish-violet)
(II) Na2[PdCl4]
(IV) K2[PdF6] (bright yellow)

Table 1. Some palladium complexes.
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pseudonym based on his assertion that he was a better physician than Cel-
sus, the first century C.E. Roman author on medicine acclaimed in Renais-
sance Europe (he was “Para-Celsus,” or beyond Celsus). His self-promotion
as “The Most Highly Experienced and Illustrious Physician . . . ” has given
us the word “bombastic,” derived from his birth name.

Paracelsus gained his early medical knowledge from his father, who was
a physician. He followed this education with formal medical training at the
University of Ferrara in Italy. Finding his formal training disappointing,
Paracelsus embarked on a life of travel and study combined with medical

Paracelsus

214

A woodcut from Works of the German
alchemist Paracelsus.
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practice. According to Paracelsus, he collected medical knowledge anywhere
he could find it without regard to academic authority. He acknowledged his
consultations with peasants, barbers, chemists, old women, quacks, and ma-
gicians. Paracelsus developed his notions of disease and treatment away from
any established medical faculty and promoted the idea that academic med-
ical training had reached a state deeply in need of reform.

Paracelsus believed in the four “Aristotelian” elements of earth, air, fire,
and water. His medical theory was based on the notion that earth is the fun-
damental element of existence for humans and other living things. Paracel-
sus believed that earth generated all living things under the rule of three
“principles”: salt, sulfur, and mercury. He therefore believed these sub-
stances to be very potent as chemical reactants, as poisons, and as medical
treatments. (Indeed, salt and sulfur can yield strong mineral acids, for ex-
ample, hydrochloric acid and sulfuric acid, and mercury is a strong poison.)
Finally, Paracelsus believed in the “Philosopher’s Stone.” The Philosopher’s
Stone (which he sometimes claimed to possess) was supposed to cure all ills
and to enable the transformation of any metal into gold. Such a stone, it
was believed, would be the strongest chemical reactant and the strongest
medicine possible.

Paracelsus advocated the direct observation of a patient’s medical con-
dition and the assessment of his or her surroundings. He was one of the first
physicians to describe occupational diseases. He described several lung dis-
eases of miners and recommended improved ventilation as a means of their
prevention. He emphasized that the legitimacy of a treatment was whether
or not it worked, not its recommendation by an ancient authority in an an-
cient text. Paracelsus promoted the use of mineral treatments. Because small
amounts of mercury salts were effective against some illnesses, these medi-
cines were judged to be very strong.

Paracelsus’s exalted claims for himself and his abrasive personality of-
ten brought him into conflict with civil authorities. His methods of trial and
error and observation led him to reject the use of sacred relics as medical
treatment. It brought him into conflict with religious authorities. His calls
for reformation of the medical profession offended medical authorities. As
a consequence he was on the move often. Paracelsus held an academic post
only once, and it lasted only a year. Although he wrote a great deal, only
one of his manuscripts was published in his lifetime. Most of his manuscripts
were left in a variety of cities and were published several years after his death.
Within these manuscripts are inconsistencies and contradictions. Paracelsus
never established any one strong school of thought or medical practice. He
did, however, influence future generations of iatrochemists (physician-
chemists, iatro being Greek for “physician”), who continued to apply chem-
istry to questions of medical practice. SEE ALSO Alchemy.

David A. Bassett
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metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities
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Particles, Fundamental
Fundamental particles are the elementary entities from which all matter is
made. They have no known smaller parts. As recently as 1900 most people
believed that atoms were the tiniest particles in the universe.

By the 1930s, however, it was clear that atoms were made up of even
smaller particles—protons, neutrons, and electrons, then considered to be
the fundamental particles of matter. (A proton is a positively charged par-
ticle that weighs about one atomic mass unit [1.0073 AMU]; a neutron has
about the same mass [1.0087 AMU] but no charge; and an electron has a
much smaller mass [0.0005 AMU] and a negative charge.) Protons and neu-
trons make up the tiny nucleus of an atom, while electrons exist outside the
atomic nucleus in discrete energy levels within an electron “cloud.”

By 1970 it began to appear that matter might contain even smaller par-
ticles, an idea suggested in 1963 by American physicist Murray Gell-Mann
(who called the particles quarks) and independently by American physicist
George Zweig (who called them aces). There are in actuality hundreds of
subatomic particles that have been observed, but many of them are unsta-
ble.

Fermions

At the start of the twenty-first century, scientists believe that all matter is
made up of tiny particles called fermions (named after American physicist
Enrico Fermi). Fermions include quarks and leptons. Leptons include elec-
trons (along with muons and neutrinos); they have no measurable size, and
they are not affected by the strong nuclear force. Quarks, on the other hand,
are influenced by the strong nuclear force. They are the fundamental par-
ticles that make up protons and neutrons (as well as mesons and some other
particles). Both protons and neutrons are classified as baryons, composite
particles each made up of three quarks.

Quarks come in six different types, or “flavors”: up and down, top and
bottom, and charm and strange. Protons and neutrons are made of up (u)
quarks (which have a charge of ���) and down (d) quarks (which have a charge
of ���). A proton is made from two u quarks (���)(���) and one d quark 
(� ��), giving a total charge of �1. A neutron contains one u quark (���) and
two d quarks (���)(���) for a total charge of zero.

Fundamental Forces

There are also fundamental forces acting on matter; these have their own
sets of fundamental particles. The forces are the strong nuclear force (or
strong interaction), the weak nuclear force (or weak interaction), and elec-
tromagnetism (which includes light, x rays, and all the other electromag-
netic forces). All these forces are transmitted by particles called fundamental
bosons (named after Indian physicist S. N. Bose).

Fundamental bosons differ from fermions in spin and the number of
quarks they contain. Fermions have spins measured in half numbers, and
they contain an odd number of quarks. Bosons have whole integer spins,
and they contain an even number of quarks. The bosons that transmit the
strong nuclear force are called gluons, those that transmit electromagnetic

Particles, Fundamental
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forces are photons, and those transmitting the weak force are known as weak
bosons. A fourth force, the gravitational force, is believed to be transmitted
by particles called gravitons; however, the particles have not yet been ob-
served. Still another kind of boson, called a Higgs boson, is thought to be the
source of mass in other particles, but this particle also has not actually been
observed.

Particle Accelerators
The study of fundamental particles often involves speeding up charged par-
ticles, such as protons or electrons, and then letting them collide with tar-
gets so as to produce other particles for further study. The particle
accelerators used to do this are devices that force the charged particles to
jump over longer and longer space gaps per unit of time, until the particles
are moving at speeds approaching the speed of light.

The earliest of such devices were the linear Cockcroft-Walton acceler-
ator (1929), the circular cyclotron (1930), and the Van de Graaff generator
(1931). Modern synchrotrons are large machines that have both linear and
curved sections. The most powerful synchrotron is the Tevatron proton ac-
celerator at the Fermilab located near Batavia, Illinois (just outside of
Chicago); it lies inside an underground circular tunnel that measures almost
6.4 kilometers (4.0 miles) around. The longest accelerator is the collider at
the CERN research center in Geneva, Switzerland—it has a circumference
of about 27.3 kilometers (17.0 miles).

Particle Detectors
Detection of fundamental particles is difficult because the particles are so
extremely tiny. The earliest detector was just photographic film, since par-
ticles passing through would expose the film and become evident when it
was developed. The first device designed for the purpose of detecting tiny
particles was the “cloud chamber” (invented by Scottish physicist Charles
Wilson in 1911). It was a glass container filled with air saturated with wa-
ter (or alcohol) vapor. Charged particles passing through the chamber
formed ions leaving fog tracks—the heavier the particles, the wider their
tracks.

The “bubble chamber” (invented by American physicist Donald Glaser
in 1952) was similar to a cloud chamber, except that it was filled with a liq-
uid (usually liquefied helium or hydrogen) held at a temperature just below
its boiling point. Moving particles would disturb the liquid, causing bubbles
to form along their paths. There was also a “spark chamber” (invented in
Japan in 1959) that contained a series of parallel metal plates and produced
an electrical discharge along the ion trail left by a charged particle. Although
all of these devices were once important for detecting subatomic particles,
they have largely been replaced by more modern detectors.

In the twenty-first century fundamental particles are studied using de-
tectors such as tracking chambers (which trace the path of a particle with
electrical signals), sampling calorimeters (which track the particle’s path by
its energy of motion), scintillators (which give off light when particles strike
them), or magnetic detectors (which cause charged particles to move in
curved paths). Many instruments use combinations of these various kinds of
detectors.

Particles, Fundamental
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C. T. R. WILSON
(1869–1959)

The inspiration for C. T. R.
Wilson’s expansion, or cloud,
chamber came from his inter-
est in meteorological sciences.
His initial intention was to re-
create cloud formations. This
led to an interest in studying
atmospheric electric fields and
the vapor trail of ions. For his
work he shared the Nobel
Prize in 1927.

—Valerie Borek
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Antimatter
To further complicate the subject of subatomic particles, each kind of par-
ticle has an antiparticle. For example, for each kind of quark there is an an-
tiquark of the same mass and spin, but of opposite charge. The first
antiparticle to be observed was the positron, an electron with a positive
charge. An antiproton is like a proton, but it has a negative charge. An-
tiparticles can be observed, and molecules of antimatter can even be gener-
ated. A positron orbiting an antiproton, for example, is an antihydrogen
atom.

Many scientists believe that there must be some areas of the universe
that are completely made up of antimatter, the exact opposite of the kind
of matter found on Earth. If that is true, such areas would not be very com-
patible with areas made of matter—when a particle and its antiparticle make
contact, they destroy each other and are converted into energy. According
to Einstein’s special theory, E � mc2, which means that energy is equiva-
lent to mass times the speed of light, squared. In other words, a tiny speck
of matter can be converted to a considerable amount of energy.

The conversion can also go the other way. Large releases of energy that
occur when high-energy particles collide can produce new particles and an-
tiparticles of matter. Much modern research in particle physics involves
high-energy collisions between beams of particles, such as protons, so as to
generate other kinds of particles. Some collisions involve interactions of par-
ticles with antiparticles (e.g., electrons with positrons). Particle accelerators
have been turned into giant colliders in which beams of particles moving at
speeds approaching the speed of light collide with each other, producing
other kinds of particles.

By the early 2000s several hundred subatomic particles were known, al-
most all of them being made of quarks. The few remaining ones are the lep-
tons, the electron being the best known. The other leptons are still rather
mysterious. The muons and tau particles are negatively charged like the

Particles, Fundamental

218

As high-energy particles pass through a
bubble chamber, bubbles are formed,
which leave tracks as they move. This is
important in the study of subatomic
collisions, which normally are not visible
to the naked eye.
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electron, while the neutrinos (which have no detectable mass but often pair
up with the heavier leptons) have no charge. The electron was discovered
in 1897, but there is still much to learn about other fundamental particles.
SEE ALSO Atomic Structure; Fermi, Enrico.

Doris K. Kolb
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Pasteur, Louis
FRENCH CHEMIST AND MICROBIOLOGIST
1822–1895

Louis Pasteur was born in 1882 in Dole, France. Many people are unaware
of the fact that he was a chemist. Pasteur received his schooling at the École
Normale Supérieure in Paris—a school specifically designed to foster the
development of students in the sciences and letters. He was, perhaps, the
most accomplished of these students.

Pasteur’s first major contribution to chemistry occurred when he was
only 26 years old, working with French Chemist Antione Balard (1802–1876)
in the new field of crystallography. Organic molecules—at the time thought
to be made exclusively by living beings—were a particularly important area
of study and Pasteur was both fortunate and perceptive when working with
a compound called tartaric acid—a chemical found in the sediments of fer-
menting wine.

Pasteur, as well as other scientists of his time, used the rotation of plane-
polarized light as one means for studying crystals. Polarized light can be
thought of as occupying a single plane in space. If such light is passed through
a solution with dissolved tartaric acid, the angle of the plane of light is ro-
tated. Many organic acids display this feature. What made Pastuer’s work
with tartaric acid and polarized light so important was his careful observa-
tion of crystals.

In addition to tartaric acid another compound named paratartaric acid
was found in wine sediments. Chemical analysis showed this compound to
have the same composition as tartaric acid, so most scientists assumed the
two compounds were identical. Strangely enough, however, paratartaric acid
did not rotate plane-polarized light. Pasteur would not accept the idea that
such an experimental result could be an accident or unimportant. He guessed
that even though the two compounds had the same chemical composition,
they must somehow have different structures—and he set out to find evi-
dence to prove his hypothesis.

Pasteur, Louis
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First, Pasteur carefully observed the paratartaric acid under a micro-
scope. Looking at the tiny crystals, he noticed two different types. While
almost identical, they were actually mirror images of each other as depicted
in Figure 1. Pasteur’s next step required incredibly meticulous work. Again,
working with the microscope, he separated the two types of crystals into
two piles. After separating the crystals, Pasteur made two solutions—one
with each of the piles—and tested how they interacted with polarized light.
He found that both solutions rotated the light—but in opposite directions.
When the two types of crystals were together in the solution of paratartaric
acid the effect of rotation of the light was canceled.

Most importantly for the development of chemistry, these experiments
by Pasteur established that composition alone does not provide all the in-
formation needed to understand how a chemical behaves. His work allowed
chemists to start thinking about the structure of molecules in terms of their
stereochemistry, a field that remains important in chemistry research.

The discovery of stereochemistry was not the last chemical work car-
ried out by Pasteur. Seven years after he first started working in crystallog-
raphy (in 1854) he was became a professor of chemistry in Lille, France.
Among the main commercial interests in Lille was the production of alco-
hol in distilleries. One of Pasteur’s students was the son of a distillery owner

Pasteur, Louis
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French chemist Louis Pasteur.

Figure 1. Structure of paratartaric
crystals.

stereochemistry: the study of the three
dimensional shape of molecules and the
effects of shape upon the properties of
molecules
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who was encountering troubles with his factory. Too often the product of
their efforts was lactic acid rather than alcohol. Once again, Pasteur would
need to contradict current scientific beliefs to answer a chemical question.

At the time of his work in Lille, the scientific community knew that the
alcohol produced by fermentation came from the breakdown of sugars
(found in grapes for wine-making). However, they believed that the break-
down was caused by something in the sugar itself that they called unstabi-
lizing vibrations. These unstabilizing vibrations could be transferred from
one vat to a new batch of freshly squeezed grapes to make more wine. What
this notion did not explain, however, was why some batches of grapes pro-
duced lactic acid rather than alcohol.

Pasteur approached this problem much like the earlier crystallography
dilemma—by using his microscope to make careful observations. He ob-
served microbes in the wines and noticed that different shaped microbes
were present when lactic acid was formed versus when alcohol was formed.
He also observed that some of the compounds rotated plane-polarized light,
so Pasteur concluded that the microbes were living (because it was thought
that stereochemistry was related to living systems only.) Ultimately he was
able to help isolate the yeast that was responsible for good fermentation and
he solved the chemical problem of lactic acid formation and at the same
time invented the field of microbiology.

Pasteur went on to make many more advances in microbiology. He also
realized the importance of making science an international endeavor and
advocated for a scientific approach to the betterment of the human condi-
tion. He once remarked, “Do not put forward anything that you cannot
prove by experimentation.” Pasteur died in 1893, two years after the first
international Pasteur Institute was established in Saigon in what was then
French Indochina (now Ho Chi Min City in Vietnam). SEE ALSO Chiral-
ity; Coordination Chemistry; Isomerism; Organic Chemistry.

Thomas A. Holme
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Pauli, Wolfgang
AMERICAN THEORETICAL PHYSICIST
1900–1958

Wolfgang Ernst Pauli was born in Vienna, Austria, where his father, re-
garded as one of the founders of colloid chemistry, was employed at the
University of Vienna. His godfather was Ernst Mach, a famous physicist,
philosopher, and one of the founders of logical positivism; he had a signif-
icant influence on Pauli’s thinking. In high school Pauli was an outstanding
student with a special talent for mathematics and physics. His parents fos-
tered Pauli’s appetite for science by hiring a private tutor. The tutor was so
successful that within twelve months of beginning his studies at the Uni-
versity of Munich in 1918, Pauli had submitted three original papers on the
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theory of relativity to a leading physics periodical; all were published before
his twentieth birthday.

Pauli received his doctorate in 1921 for theoretical work on the hydro-
gen molecule ion. He then became an assistant to Max Born at Göttingen.
While at Göttingen, Pauli met Niels Bohr, who invited him to work for a
year with his group in Copenhagen, Denmark. Once there, Pauli began work
on the problem of the anomalous Zeeman effect (how the energy levels of
a multielectron atom are split in a magnetic field), work that he continued
when in 1923 he moved to a new position at the University of Hamburg.
By 1924 he had decided that the current model of atomic structure used by
Bohr, which assumed only two numbers and which allowed many electrons
to have identical quantum numbers, needed to be modified. He also found
that the currently accepted idea that it was the magnetic moment of the core
of the atom that was responsible for the splitting of the electron energy lev-
els of the outer electrons, was incorrect. Instead, Pauli proposed a new model
that had as its consequence his famous exclusion principle.

The new model had its origins in a new classification of electron levels
published in 1924 by Edmond C. Stoner, an English physicist at the Uni-
versity of Leeds who was an expert on the magnetic properties of matter.
This classification divides the electrons of an atom into electronic shells us-
ing three quantum numbers (n, k1, k2). The first two number are the same
as those used by Bohr, and the third one, the inner quantum number k2,
was chosen so that twice the sum of the individual k2 numbers became the
number of electrons in a subgroup. It was Pauli’s genius that allowed him
to extend this classification by adding a fourth quantum number (m1), which
could have only two values (�1/2 and �1/2). As a result, Pauli was able in
1925 to arrive at the first statement of his exclusion principle, that stated
that there cannot be two or more equivalent electrons in an atom for which
in strong fields the values of all quantum numbers n, k1, k2, and m1 are the
same. Initially, Pauli rejected the notion that the two-valuedness of m1 was
due to spin, but after discussing the matter of electron spin with fellow physi-
cists Samuel Goudsmit and George Uhlenbeck, he accepted the idea. The
term “exclusion principle” had its origin in Pauli’s insistence on each elec-
tron having a unique set of quantum numbers. This requirement immedi-
ately solved many problems in the interpretation of observed atomic spectra,
because it prevented many lines that, according to prior theories, should be
seen but never were, to become forbidden.

In 1928 Pauli became professor of theoretical physics at the Federal
Institute of Technology, Zurich; largely through his efforts it became a lead-
ing center for research in theoretical physics. In 1931 he observed that when
an electron was emitted from a nucleus, a loss of energy occurred that could
not be explained by then-current theories. He proposed that it was due to
the existence of another particle which carried no charge and had very low
mass. The American physicist Enrico Fermi named this particle the “neu-
trino”; it was eventually discovered some twenty-five years later.

During World War II Pauli worked at the Institute for Advanced Stud-
ies at Princeton in New Jersey; he then returned to Zurich, where he died
in 1958. SEE ALSO Bohr, Niels; Fermi, Enrico.

John E. Bloor
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exclusion principle: principle that states
that no two electrons can have the same
four quantum numbers

theoretical physics: branch of physics
dealing with the theories and concepts of
matter, especially at the atomic and
subatomic levels
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Pauling, Linus
AMERICAN CHEMIST
1901–1994

Linus Carl Pauling was born in Portland, Oregon, on February 28, 1901,
the first of three children of pharmacist Herman W. Pauling and Lucy Is-
abelle Pauling (née Darling). An internationally acclaimed scientist, educa-
tor, humanitarian, and political activist, the only person to have received
two unshared Nobel Prizes (for chemistry in 1954; for peace in 1962), Paul-
ing was once characterized by New Scientist as one of the twenty greatest
scientists of all time, on a par with Isaac Newton, Charles Darwin, and Al-
bert Einstein. His magnum opus, The Nature of the Chemical Bond (1939),
was one of the most influential and frequently cited scientific books of the
twentieth century. His advocacy of megadoses of vitamin C for the com-
mon cold, cancer, and AIDS is still controversial, and the work for which
he is best known. His life and career were characterized by controversy, and
almost everything about him was larger than life.

Pauling majored in chemical engineering at Oregon Agricultural Col-
lege (now Oregon State University), where he developed the belief that
would guide his lifetime of research: Atomic arrangements must be re-
sponsible for the chemical and physical properties of material substances.
He received his B.S. degree in 1922 and entered the California Institute of
Technology (Caltech) at Pasadena, where he worked with Roscoe G. Dick-
inson and adopted the relatively new technique of x-ray crystallography to
explore the structure of crystals. In 1925 Pauling received his Ph.D. and was
awarded a Guggenheim fellowship to pursue postgraduate research in Eu-
rope with the seminal atomic theorists Arnold Sommerfeld, Niels Bohr, and
Erwin Schrödinger. The first to realize the ramifications of the new quan-
tum mechanics within chemistry, he used this body of ideas to explain and
predict the properties of atoms and ions, and thus to revolutionize chem-
istry. In 1927 Pauling returned to Pasadena to join the faculty of Caltech,
where he stayed until 1963. There he used x-ray diffraction to measure the
lengths and angles of atomic bonds in the three-dimensional structures of,
first, inorganic crystals and, later, organic compounds.

One of the key concepts of Pauling’s quantum theory of chemical bond-
ing, introduced in 1931, was resonance: In many cases an ion or molecule
could not be represented, conceptually or on paper, as one classical struc-
ture, but required what he called a “hybridization” of two or more of these
structures. The single classical structure simply did not describe the chem-
ical bond(s). In less than a decade he had transformed the earlier, somewhat
simplistic theory of the chemical bond into a powerful, highly sophisticated
theory and research tool.

Pauling, Linus
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vitamins: organic molecules needed in
small amounts for the normal function of
the body; often used as part of an
enzyme catalyzed reaction

American chemist Linus Carl Pauling,
recipient of the 1954 Nobel Prize in
chemistry, “for his research into the
nature of the chemical bond and its
application to the elucidation of the
structure of complex substances,” and
the 1962 Nobel Peace Prize.
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During the mid-1930s Pauling turned his attention to molecules pre-
sent in living things. His interest in the binding of oxygen to hemoglobin
(the protein molecule that carries oxygen via the bloodstream to cells
throughout the body) provoked a more general interest in proteins, the 
nitrogen-containing organic compounds required in all of animal metabo-
lism. In 1948, while in bed with influenza, Pauling occupied himself with
making a paper model of linked amino acids, the basic building blocks of
proteins. In this way he received the inspiration that led to his discovery of
the �-helix—a crucial concept that helped James Watson and Francis Crick
to determine the structure of DNA, one of the discoveries of the century.
And this landmark discovery of Watson and Crick led, ultimately, to the
Human Genome Project and the current revolution in genetic engineering.

After World War II Pauling studied sickle cell anemia, and theorized
that it was the result of a genetically based defect in the patient’s hemoglo-
bin molecules. In 1949 he and Harvey Itano confirmed this theory; they had
identified what they called a “molecular disease,” one that could be defined
by a molecular abnormality. In 1954 Pauling received the Nobel Prize in
chemistry “for his research on the chemical bond and its application to the
elucidation of the structure of complex substances.”

Less well-known is the record of Pauling’s evolution from ivory tower
scientist to ardent and articulate advocate of nuclear disarmament and of
the social responsibility of scientists. His eventual clashes with political and
ideological adversaries, including the U.S. government, which denied him
research grants and a passport, consumed much of his time and energy. His
being chosen for the 1962 Nobel Peace Prize was criticized by many, and
the American Chemical Society, which he had served as president in 1949,
at around this time chose to slight him.

In 1963 Pauling left Caltech to become research professor at the Cen-
ter for the Study of Democratic Institutions at Santa Barbara, California, at
which time he began to divide his time between chemistry and world peace.
In Santa Barbara he became greatly interested in what he called “ortho-
molecular medicine”—a biochemical approach to human health that in-
cluded the central idea that large amounts of some chemical compounds
normally present in the body could be used to treat or prevent disease. In
1973, following professorships at the University of California, San Diego
(1967–1969) and Stanford University (1969–1974), he founded the Institute
of Orthomolecular Medicine (later named the Linus Pauling Institute of
Science and Medicine), an organization of which he was director of research
at the time of his death. He died of cancer at his Deer Flat Ranch near Big
Sur, California, on August 19, 1994, at the age of ninety-three.

Pauling has been called one of the two greatest scientists of the twen-
tieth century (the other being Einstein) and the greatest chemist since 
Antoine-Laurent Lavoisier, the eighteenth-century founder of modern
chemistry. Pauling’s multifaceted life and activities, scientific and personal,
spanned almost the entire twentieth century. SEE ALSO Bohr, Niels; Ein-
stein, Albert; Hemoglobin; Lavoisier, Antoine; Newton, Isaac; Pro-
teins; Schrödinger, Erwin; Watson, James Dewey.

George B. Kauffman
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metabolism: the complete range of
biochemical processes that take place
within living organisms; comprises
processes that produce complex
substances from simpler components,
with a consequent use of energy
(anabolism), and those that break down
complex food molecules, thus liberating
energy (catabolism)

helix: form of a spiral or coil such as a
corkscrew

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell
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Penicillin
Penicillin was discovered accidentally in 1929 when Sir Alexander Fleming
observed bacterial cultures contaminated with a mold that inhibited bacte-
rial growth. The antibiotic penicillin was subsequently isolated from cul-
tures of the Penicillium mold. In 1938 two other British scientists, Howard
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culture: living material developed in
prepared nutrient media

Penicillin is a mold used to treat
bacterial infections.
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Florey and Ernst Chain, first used purified preparations of penicillin to treat
bacterial infections. Penicillin may have been present in folk remedies used
as early as 600 B.C.E., at around which time molded soybean curd was used
by the Chinese to treat boils and carbuncles, and moldy cheese was used by
Chinese and Ukrainian peasants to treat infected wounds.

Initially it was thought that penicillin was a pure substance, but further
studies revealed that a number of closely related compounds were present
in Penicillium cultures. Naturally occurring penicillins, such as penicillin G,
are most effective against gram-positive bacteria, but much less effective
against gram-negative bacteria. A further limitation to the use of Penicillin
G is that it is not well absorbed when administered orally. Research pro-
grams to produce chemically modified penicillins with improved properties
have resulted in a large number of clinically useful penicillin derivatives. Ex-
amples of such penicillin derivatives include ampicillin and amoxicillin,
which have much greater efficacy against gram-negative bacteria than peni-
cillin, retain good activity against gram-positive bacteria, and are well ab-
sorbed when administered orally. The principal adverse reaction associated
with the penicillins is the occurrence of allergic response.

The molecular targets for the antibacterial activity of the penicillin and
related 
-lactam antibiotics such as the cephalosporins are a group of bac-
terial enzymes known as penicillin-binding proteins (PBPs). The PBPs are es-
sential to the final stages of bacterial cell wall biosynthesis. Penicillin and
other 
-lactam antibiotics inhibit PBPs, thereby inhibiting bacterial cell wall
biosynthesis, which eventually results in bacterial cell lysis. (Vancomycin
and cycloserine are nonpenicillin antibiotics that also inhibit bacterial cell
wall biosynthesis through other mechanisms.)

The penicillins and related antibiotics have been among the most widely
used therapeutic agents since their introduction into clinical practice in the
1940s. However, the widespread use of these antibiotics has resulted in the
emergence and spread of bacteria that are resistant to these agents. A ma-
jor mechanism of resistance to the penicillin and other 
-lactam antibiotics
is the bacterial production of 
-lactamases, enzymes that cleave the 
-lac-
tam antibiotics and render them inactive before they can inhibit their PBP
targets. Significant efforts have been made to develop 
-lactam antibiotics
resistant to the 
-lactamases, and toward finding inhibitors of the 
-lacta-
mases to allow 
-lactam antibiotics to be useful antibacterial agents against

-lactamase producing bacteria. SEE ALSO Antibiotics; Enzymes; Fleming,
Alexander; Inhibitors.

William G. Gutheil
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biosynthesis: formation of a chemical
substance by a living organism

lysis: breakdown of cells; also the
favorable termination of a disease

cleave: split

GRAM-POSITIVE AND GRAM-NEGATIVE BACTERIA

Bacteria can be broadly classified into two
groups; the gram-positive bacteria, which are
stained purple after the gram staining proce-
dure, and the gram-negative bacteria, which
are stained red. The difference in staining re-
flects differences in the structure of the cell

walls between gram-positive and gram-negative
bacteria. Pathogenic gram-positive bacteria in-
clude Staphylococcus aureus and Bacillus an-
thracis, and pathogenic gram-negative bacteria
include Escherichia coli and Neisseria gonor-
rhoeae.
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Peptide Bond
A peptide bond is a linkage between the building blocks of proteins called
amino acids (shorter strings of linked amino acids are known as peptides). A
peptide bond forms when the carboxylic acid group (R-C[O]OH) of one
amino acid reacts with the amine group (R-NH2) of another. The resulting
molecule is an amide with a C–N bond (R-C(O)-NH-R).

While drawn as a single bond, the peptide bond has partial double bond
character that enforces a well-defined flat structure. The O atom of the
amide has a partial negative charge and is a good hydrogen bond acceptor,
while the NH is partially positive and a good hydrogen bond donor. Hy-
drogen bonds between amides are critical to protein folding, as well as to
the structure of deoxyribonucleic acid (DNA).

The synthesis of proteins involves the formation of many peptide bonds.
Cleavage of peptide bonds, involved in digestion of proteins and in many
regulatory processes, is carried out by enzymes known as proteases. One
such protease is subtilisin, the enzyme frequently added to laundry deter-
gent to cleave many protein contaminants. Angiotensin-converting enzyme
(ACE) is an enzyme that targets a specific peptide bond, forming a chemi-
cal signal that increases blood pressure. Some blood pressure medications
act by blocking ACE. SEE ALSO Primary Structure; Proteins.

Alan Schwabacher

Periodicity See Meyer, Lothar; Periodic Table.

Periodic Table
The Periodic Table places the symbols of chemical elements, sequenced by
atomic number, in rows and columns that align similar properties.

Antiquity through the Renaissance

A few thousand years ago, primitive chemistry focused mostly on convert-
ing one substance into another. The word “chemistry” itself is arguably
traced to the name of a region of ancient Egypt where such transformation
attempts were practiced. Over the centuries, philosophers tried to come to
terms with the growing variety of known substances. They postulated the
role of fundamental entities that could not be broken down further but
formed simple materials when combined. By the time of ancient Greece,
Democritus, Leucippus, and Empedocles expounded the nature of matter
in terms of constituent elements, the simple substances—earth, air, fire, and
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carboxylic acid: one of the characteristic
groups of atoms in organic compounds
that undergoes characteristic reactions,
generally irrespective of where it occurs
in the molecule; the –CO2H functional
group

hydrogen bond: interaction between H
atoms on one molecule and lone pair
electrons on another molecule that
constitutes hydrogen bonding

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

synthesis: combination of starting
materials to form a desired product

cleave: split

angiotensin: chemical that causes a
narrowing of blood vessels

atomic number: the number assigned to
an atom of an element that indicates the
number of protons in the nucleus of that
atom
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water—of which all materials were compounded. The term “atom” first ap-
pears in this context.

A millennium or so later, Arab civilizations made great strides in labo-
ratory techniques. Subsequently, during the Renaissance period, these tech-
niques were adopted in trying to transform one element into another, most
notably into gold from less costly substances like lead. This gave the Ara-
bic term “alchemy” its modern mystical connotation.

Post-Renaissance

By the mid-1700s about twenty elements were known. Science was begin-
ning to get more sophisticated as measurements and instrumentation im-
proved rapidly and theories based on observation grew more advanced and
more compelling. Chemists, however, continued to anguish over the in-
ability to easily categorize the elements.

What was likely the first attempt at sorting the elements was a table of
simple substances, prepared in 1772 by French chemist Louis-Bernard Guy-
ton de Morveau. French chemist Antoine-Laurent Lavoisier was most in-
fluential in developing an experimental approach, which is acknowledged to
have laid the foundation for modern chemistry. In 1789, Lavoisier published
a list of pure substances that included the known elements but also some
compounds and light and heat. By the early 1800s, following the introduc-
tion of English chemist John Dalton’s atomic theory and the concept of
atomic weights, the number of known elements had grown. Although prop-
erties were carefully measured, confusion held sway when it came to agree-
ing on the composition of compound substances and the related assignment
of atomic weights.

In 1829 German chemist Johann Döbereiner noted that there were
triplets of elements in which the central species’ properties were almost ex-
actly midway between the outer two. The first example of such a triplet in-
cluded chlorine, bromine, and iodine. Properties such as atomic weights,
color, and reactivity followed this “law of triads” for several such groupings,
but not for the entire collection of known elements.

In 1860 Italian chemist Stanislao Cannizzaro presented analyses at an
international chemistry meeting that, when merged with previously ridiculed
hypotheses by fellow Italian Amedeo Avogadro, yielded unambiguous atomic
weights. These eliminated most of the disharmony among property deter-
minations. In attendance were German chemist Lothar Meyer and Russian
chemist Dimitri Mendeleev, both of whom were inspired to give the pre-
sentation further thought.

Industrial Age

In 1862 French geologist Alexandre-Émile Beguyer de Chancourtois
arranged the elements in order of increasing atomic weights, wrapping the
series around a cylinder in a helical display. He noted that elements with
similar properties lined up, one over the other. His idea was obscured by its
publication in a nonchemistry journal, the inclusion of compounds and al-
loys in the discussion, and the publisher’s decision not to include an essen-
tial diagram.
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alchemy: medieval chemical philosophy
having among its asserted aims the
transmutation of base metals into gold 

atomic theory: physical concept that
asserts that matter is composed of
microscopically tiny particles called
atoms and that various elements differ
from each other by having different
atoms

alloy: mixture of two or more elements, at
least one of which is a metal

JOHN NEWLANDS
(1837–1898)

John Newlands compared ele-
ments to musical notes with
his law of octaves. As on a
scale, every eighth element
would share similar properties
when arranged by increasing
atomic weight. Newlands did
not account for exceptions,
however, and it was only upon
establishment of the Periodic
Table that his theory gained
credibility.

—Valerie Borek
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A few years later, British chemist John Newlands also arranged the el-
ements in order of increasing atomic weights. He was apparently the first
to assign hydrogen the weight of “1.” Newlands noted that properties re-
peated when the sequence was broken into periods of seven and referred to
his system as the “law of octaves.”

During the mid-1860s Meyer took the newly established atomic weights
of many elements and arranged them into families that bore similarities in
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The first Mendeleev periodic table, 1869.
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properties, including the ability of an atom to combine with other atoms
(valency).

In 1869 Mendeleev presented his table of the elements (sixty-three by
now) arrayed in periods of seven for the lighter elements and opening up
to seventeen for the heavier elements. Furthermore, Mendeleev had the
foresight and confidence to break the atomic weight sequence by occa-
sionally forcing elements out of order so as to fall in an appropriate loca-
tion as determined by their properties. He left gaps in the arrangement at
several places and used implied trends to predict characteristics of undis-
covered elements needed to complete the table.

Mendeleev’s Periodic Table was not well received at first, but was shortly
helped by the discovery of the element gallium, which filled such a gap and
had nearly exactly the atomic weight, density, and valency predicted. Other
affirmations followed. It is for these reasons that Mendeleev is given most
of the credit for the invention of the Periodic Table.

In 1892 Scottish chemist William Ramsay discovered two more ele-
ments, argon and helium. These unreactive gases did not fit into the Peri-
odic Table. In short order, Ramsay also discovered three more unreactive
gases. These gases represented a new family of elements that had to be in-
serted as an eighth main column in Mendeleev’s table.

The Modern Periodic Table
As the twentieth century approached, elements of similar properties were
arranged in eight main vertical columns referred to as chemical families.
The first such family, or Group I, is collectively termed the “alkali metals,”
commencing with lithium. The next column, Group II, is designated the
“alkaline earths,” commencing with beryllium. Groups III through V are
commonly referred to as the boron, carbon, and nitrogen families, respec-
tively. The next group, the oxygen family, is technically called the “chalco-
gens.” Group VII, the “halogens,” begins with fluorine. Finally, the
elements of Group VIII, starting with helium, are called the “noble gases.”
Because of their relative unreactivity, they had once also been termed inert
gases, a label no longer acceptable.

In the absence of any understanding as to why the periodic arrangement
appeared as it did, or whether or not there were yet more surprises, the sci-
ence of chemistry remained incomplete, although very important and prac-
tical. At almost exactly this time, just before the start of the twentieth
century, three findings were announced that changed the course of science:
x rays were discovered by German physicist Wilhelm Röntgen in 1895, ra-
dioactivity by French physicist Antoine-Henri Becquerel in 1896, and the
electron by British physicist Joseph John Thomson in 1897.

First Model
What soon emerged was a nuclear model of the atom, first proposed by
New Zealand-born physicist Ernest Rutherford. In this view, an element’s
identity was determined by its atomic number, the amount of positive charge
in the very small core nucleus that also contained almost all of the atom’s
mass. The light electrons were held in orbits by electrostatic attraction to
the positive core.
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atomic weight: weight of a single atom of
an element in atom ic mass units (AMU)

halogen: element in the periodic family
numbered VIIA (or 17 in the modern
nomenclature) that includes fluorine,
chlorine, bromine, iodine, and astatine

noble gas: element characterized by inert
nature; located in the rightmost column
in the Periodic Table

inert: incapable of reacting with another
substance

attraction: force that brings two bodies
together, such as two oppositely charged
bodies
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Rutherford’s view was extended by Danish physicist Niels Bohr in 1913.
Bohr modeled that electrons moved in fixed orbits around the nucleus, much
as planets orbit the Sun. Furthermore, not only were the locations of these
orbits fixed, but so were the speeds of the electrons in each orbit and the
number of electrons that could be accommodated in each orbit, a descrip-
tion called the electron configuration. By explaining the quota of electrons
allowed in each fixed orbit, Bohr resorted to a new physical idea called quan-
tization. As a consequence, Bohr was able to reproduce the Periodic Table,
adding one electron at a time as one stepped to the next higher element.
Bohr argued that orbits of increasing radius could accommodate up to a
maximum number of electron numbers that, when reached, corresponded
to observed horizontal periods of two, eight, eight, eighteen, eighteen, and
thirty-two. Bohr acknowledged the unattractiveness of this approach in that
it was merely mimicking an observed pattern rather than addressing the un-
derlying science.

Modern Theory

The mid-1920s witnessed a necessary breakthrough. The revolutionary wave
concept of matter was incorporated into a mathematical framework, a new
quantum theory, that explained all the properties of a bound electron: its
energy, the description of where it could be found, and configuration re-
straints.

An electron could have only certain energies determined by the value
of an integer (a whole number), traditionally symbolized by n with values
1, 2, 3, and so on. Electron energy with n � 1 is the lowest possible, n � 2
being the next lowest, and so on. The region of space where the electron
might be found—called an orbital because it replaced Bohr’s planetary fixed
orbit idea—could be characterized by its size, shape, and orientation (how
the shape might be tilted). For each n, there was a determined set of shapes
and orientations with letters used to indicate the shapes. For n � 1, only a
spherical shape is allowed, symbolized by s; since a sphere has no orienta-
tion, that is the only n � 1 orbital. It is abbreviated as 1s. For n � 2, there
are larger orbitals: another s, the 2s, and also dumbbell-shaped orbitals with
opposing lobes. These are symbolized as p orbitals and have three possible
orientations for the 2p and all other p orbitals. By the time n � 3 is con-
sidered, there is a third shape, d, with five orientations. For n � 4 there is
a fourth shape, f, with seven orientations in addition to the 4s, 4p and 4d.
The sequence of filling follows a relatively simple pattern shown by arrows
in Figure 1.

Very early in the development of modern quantum mechanics, German
physicist Wolfgang Pauli realized that each of the substates characterized by
n, shape, and orientation was permitted to have no more than two electrons,
a feature sometimes pictured as if the electron were spinning and where only
two spin orientations were allowed: clockwise and counterclockwise.

The predicted sequence of electron filling might be best illustrated by
looking at some examples. Hydrogen is 1s1, the superscript referring to the
number of electrons in the 1s substate. Lithium (three electrons) and sodium
(eleven electrons) are 1s22s1 and 1s22s22p63s1, respectively. The latter con-
figuration, for example, corresponds to one pair of 1s-electrons, one pair of
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Figure 1. The sequence of substates,
indicated by arrows, normally followed in
determining electron configurations of the
elements. Example: 1s then 2s then 2p
then 3s, etc.

7s 7p 7d 7f 7g 7h 7i

6s 6p 6d 6f 6g 6h

5s 5p 5d 5f 5g

4s 4p 4d 4f

3s 3p 3d

2s 2p

1s
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2s-electrons, three pairs of 2p-electrons (six total), and a final 3s-electron.
Neon and argon are 1s22s22p6 and 1s22s22p63s23p6, respectively. They com-
plete the horizontal periods of length eight.

The periods in which the d substates are filling are known as the d-block
elements or transition metals. These ten elements increase the period
length to eighteen elements. Some new Periodic Tables have adopted the
convention of numbering the columns one through eighteen as a result.

The f-block, whose existence was recognized by American chemist Glenn
Seaborg, has two rows containing nearly one-quarter of all the elements. The
first row is known as the rare earth elements or lanthanides. The second
f-block row is referred to as the actinides. The most common form of the
Periodic Table, the Mendeleev-Seaborg form, has the f-elements at the bot-
tom. Fourteen f-block elements increase the period length to thirty-two.

For nearly three centuries, a new element has been discovered every two-
and-one-half years, on average. Undoubtedly, more will be found. Although
their names and their discoveries will likely involve controversies, their place
at the table is already set. SEE ALSO Alchemy; Avogadro, Amedeo; Bec-
querel, Antoine-Henri; Bohr, Niels; Cannizzaro, Stanislao; Dalton,
John; Lavoisier, Antoine; Mendeleev, Dimitri; Meyer, Lothar; Pauli,
Wolfgang; Ramsay, William; Röntgen, Wilhelm; Rutherford, Ernest;
Seaborg, Glenn Theodore; Thomson, Joseph John.

Paul J. Karol
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Perkin, William Henry
ENGLISH CHEMIST AND CHEMICALS MANUFACTURER
1838–1907

William Henry Perkin was an entrepreneur and a self-made millionaire at
an early age, long before the era of personal computers and dot-coms. His
serendipitous synthesis of the purple dye mauve (also known as mauveine
or aniline purple) in 1856 brought brightly colored clothing to the masses
and laid the foundation for today’s chemical and pharmaceutical industries.

Perkin was born on March 12, 1838, in London, England. He was a cu-
rious boy who liked to play with instruments, tools, and paint. Perkin saw
something wonderful in chemistry and dropped his other pursuits after a friend
performed for him chemical experiments that yielded crystalline products. A
few years later he enrolled at the City of London School and attended chem-
istry lectures given by Thomas Hall, an instructor at the school. Hall recog-
nized Perkin’s ability and arranged for him to enroll at the Royal College of
Science, where the German chemist August von Hofmann was a teacher.

Perkin, William Henry
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transition metals: elements with valence
electrons in d-sublevels; frequently
characterized as metals having the ability
to form more than one cation

rare earth elements: older name for the
lanthanide series of elements, from
lanthanum to lutetium

lanthanides: a family of elements (atomic
number 57 through 70) from lanthanum
to lutetium having from 1 to 14 4f
electrons

synthesis: combination of starting
materials to form a desired product
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Hofmann appointed the seventeen-year-old Perkin as his personal as-
sistant and guided him to work on the synthesis of the antimalarial drug
quinine. Perkin had his own ideas for the synthesis of quinine and pursued
them in his lab at his parents’ home. During Easter break 1856 Perkin ran
a reaction with aniline (a compound derived from coal tar) and potassium
dichromate that produced a black sludge. Dissolving the sludge in ethyl al-
cohol, Perkin found that the solution took on an intense purple color. In-
stead of synthesizing quinine, Perkin had made the first synthetic dye derived
from coal tar: mauve.

Perkin undoubtedly appreciated the significance of his discovery, as the
worldwide dye and textile industry was the largest chemical industry at that
time. Most dyes were derived from natural sources (plants or insects), and
chemists were only just beginning to investigate synthetic dyes. Purple was
an especially desired color, as expensive natural purple dyes made purple-
dyed cloth too expensive for most people. Perkin’s discovery was also espe-
cially timely, as mauve mania had hit the world a year earlier. Demand for
the natural purple dye derived from lichen hit manic proportions (and a
cheap, synthetic substitute would be worth vast sums of money).

Perkin left school after patenting his discovery, but promised himself
that he would return to research one day. He and members of his family
soon formed a company to mass-produce mauve from coal tar, and in 1859
the Perkin and Sons factory commenced production. Mauve mania, how-
ever, was short-lived, and within a few years the red dyes fuchsia (or ma-
genta) and alizarin were the craze. Perkin was quick to capitalize on these
manias, and made an immense fortune in the process.

But Perkin was not alone: Dye companies quickly sprang up in Austria,
England, France, Germany, and Switzerland, and competition became in-
tense. Companies created research subsidiaries that employed hundreds of
chemists and found new uses for the flood of compounds being synthesized
in their labs. Some of the subsidiaries eventually manufactured pharmaceu-
ticals and explosives.

In 1874 Perkin retired from manufacturing and returned to chemical
research. He discovered a reaction (the Perkin reaction) for producing un-
saturated carboxylic acids. He also synthesized coumarin, an accomplish-
ment that laid the foundation for the synthetic perfume industry. Perkin
died on July 14, 1907, at the age of sixty-nine. SEE ALSO Dyes.

Thomas M. Zydowsky
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Pesticides
Pesticides are chemicals that kill pests, and are categorized by the types of
pests they kill. For example, insecticides kill insects, herbicides kill weeds,
bactericides kill bacteria, fungicides kill fungi, and algicides kill algae. 
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Approximately 90 percent of all pesticides used worldwide are used in agri-
culture, food storage, or shipping. Because of a growing world population,
there is pressure to increase and preserve the food supply by using pesti-
cides and other agricultural chemicals.

History of Pesticides

Throughout history, various types of pests, such as insects, weeds, bacteria,
rodents, and other biological organisms, have bothered humans or threat-
ened human health. People have been using pesticides for thousands of years
to try to control these pests. The Sumerians used sulfur to control insects
and mites 5,000 years ago. The Chinese used mercury and arsenic compounds
to control body lice and other pests. The Greeks and Romans used oil, ash,
sulfur, and other materials to protect themselves, their livestock, and their
crops from various pests. And people in various cultures have used smoke,
salt, spices, and insect-repelling plants to preserve food and keep pests away.

Classes of Pesticides

Although the use of pesticides is not new, the types of substances people
have used as pesticides have changed over time. The earliest pesticides were
inorganic substances such as sulfur, mercury, lead, arsenic, and ash. Some
of these inorganic pesticides are still used today. For example, sulfur is still
used as a fungicide, copper is used as an algicide, lead and arsenic were used
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A worker is spraying pesticides on ferns
in order to eradicate insects and other
pests.
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as insecticides until World War II, and chromium, copper, and arsenic have
been used as wood preservatives to prevent microorganisms from causing
wood decay. Even though many of these substances are effective pesticides,
the use of some of these materials has been banned or restricted because of
health and environmental concerns. Lead and arsenic are no longer used as
insecticides, the use of mercury as a fungicide has been restricted, and the
U.S. Environmental Protection Agency (EPA) is phasing out the use of ar-
senic as a wood preservative.

The modern era of chemical pest control began around the time of
World War II, when the synthetic organic chemical industry began to de-
velop. The first synthetic organic pesticides were organochlorine com-
pounds, such as dichlorodiphenyltrichloroethane (DDT). Commercial
production of DDT began in 1943. At that time, DDT was considered to
be a wonderful invention. It was cheap to produce, very toxic to insects, and
much less toxic to mammals. DDT and other organochlorine insecticides
were used for many years to control mosquitoes and as a broad-spectrum
insecticide against insect pests that damaged food and crops. Unfortunately,
scientists learned later that many organochlorine insecticides were persis-
tent in the environment (they did not degrade readily) and were bioaccu-
mulating in birds, humans, and other animals. In 1962 Rachel Carson wrote
the book Silent Spring, in which she reported that DDT was causing eggshell
thinning in bird eggs and thus was leading to the near extinction of bird
species such as peregrine falcons and bald eagles. Today most of the
organochlorine pesticides have been banned in the United States by the EPA
because of the tendency of these compounds to persist in the environment
and bioaccumulate in animals.

Other classes of insecticides include the organophosphates, carbamates,
pyrethroids, and biopesticides. These other classes of pesticides are not as
persistent in the environment as the organochlorine pesticides. The
organophosphate and carbamate pesticides affect the nervous system by dis-
rupting the enzyme that regulates acetylcholine, a neurotransmitter. How-
ever, carbamate pesticides are less toxic to humans because their interactions
with important enzymes are reversible. As a group, the organophosphate
and carbamate pesticides are probably the most widely used insecticides, al-
though many are being restricted by the EPA because of their toxicity.

Pyrethroid pesticides were developed as synthetic versions of the natu-
rally occurring pesticide pyrethrin, which is found in chrysanthemums. Most
pyrethroids are safer than the organochlorines, organophosphates, and car-
bamates, although some synthetic pyrethroids are toxic to the nervous sys-
tem. Pyrethroids have been modified to increase their stability in the
environment, and many different pyrethroids are being used today.

Biopesticides are substances that are derived from such natural materi-
als as animals, plants, bacteria, and certain minerals. For example, canola oil
and baking soda have pesticidal applications and are considered biopesti-
cides. Biopesticides fall into three major classes, including microbial pesti-
cides, plant-incorporated protectants, and biochemical pesticides. Microbial
pesticides contain microorganisms, such as bacteria, fungi, and viruses, as
their active ingredient. The most widely used microbial pesticides are strains
of Bacillus thuringiensis, or Bt. Plant-incorporated protectants are pesticidal
substances that plants produce from genetic material that has been added
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degrade: to decompose or reduce to
complexity of a chemical

acetylcholine: neurotransmitter with the
chemical forumula C7H17NO3; it assists
in communication between nerve cells in
the brain and central nervous system

RACHEL CARSON
(1907–1964)

The role of chemistry became
irreversibly intertwined with
the environment in 1962
when the term “ecosystem”
was introduced in Rachel Car-
son’s Silent Spring. One of
four works written by Carson,
it targeted the now banned
pesticide dichlorodiphenyl-
trichloroethane (DDT), spawn-
ing a movement that resulted
in the formation of the U.S.
Environmental Protection
Agency (EPA).

—Valerie Borek
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to the plant. Biochemical pesticides are naturally occurring substances that
control pests by nontoxic mechanisms. Conventional pesticides, by contrast,
are generally synthetic materials that directly kill or inactivate the pest. Bio-
chemical pesticides include substances, such as insect sex pheromones, that
interfere with mating, as well as various scented plant extracts that attract
insect pests to traps. Because it is sometimes difficult to determine whether
a substance meets the criteria for classification as a biochemical pesticide,
the EPA has established a special committee to make such decisions.

Pesticide Residues
Pesticide residues are the materials that remain on plants and food when a
crop is treated with a pesticide. The U.S. government establishes safe residue
levels, called tolerances or maximum residue levels, for each food com-
modity. However, the presence of pesticide residues in food has been a pub-
lic concern. There has also been a concern about pesticide residues in water,
air, and soil. In response to this concern, the U.S. Congress passed the Food
Quality Protection Act in 1996, which has had an impact on safety stan-
dards for pesticides.

Approaches to pest management have changed significantly since the
1950s and will continue to change as scientists learn more about the toxic-
ity and environmental behavior of pesticides. Scientists will continue to de-
velop newer approaches to insect pest management that are considered to
be safer than the use of broad-spectrum pesticides. The most effective strat-
egy for controlling pests may be to combine methods in an approach known
as integrated pest management (IPM), which emphasizes preventing pest
damage. In IPM information about pests and available pest control meth-
ods is used to manage pest damage by the most economical means and caus-
ing the least possible hazard to people, property, and the environment.
Methods for pest management will continue to evolve as scientists conduct
research and develop new information. SEE ALSO Herbicides; Insecticides.

Cynthia Atterholt
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Petroleum
Petroleum is a naturally occurring complex mixture made up predominantly
of carbon and hydrogen compounds, but also frequently containing signif-
icant amounts of nitrogen, sulfur, and oxygen together with smaller amounts
of nickel, vanadium, and other elements. Solid petroleum is called asphalt;
liquid, crude oil; and gas, natural gas. Its source is biological. Organic mat-
ter buried in an oxygen-deficient environment and subject to elevated tem-
perature and pressure for millions of years generates petroleum as an
intermediate in the transformation that ultimately leads to methane and
graphite. The first successful drilled oil well came in 1859 in Pennsylvania.
This is considered to be the beginning of the modern oil industry. Contin-
uous distillation of crude oil began in Russia in 1875.

Occurrence

Oil is the largest segment of our energy raw materials use, being 40 percent,
while coal use accounts for 27 percent, gas 21 percent, and hydroelectric/
nuclear 12 percent. Although there are 20,000 petroleum fields known world-
wide, more than half of the known reserves are contained in the 51 largest
fields. The Middle East has 66 percent of the known world reserves. The
United States has only 2 percent of the known world reserves. Hence the
need for imports. The Organization of Petroleum Exporting Countries
(OPEC) is important to the international trade and distribution of this crude
oil. There is a growing dependence of the United States on imports. Al-
though U.S. domestic production has not grown since the 1950s, imports
have grown dramatically, from 0.3 billion barrels of oil in 1955 to 3.0 bil-
lion barrels in 1997. The United States has increased its percentage of im-
ports, from approximately 13 percent in 1970 to 55 percent in 2000. It uses
approximately 18 million barrels of oil per day. Worldwide production is
about 56 million barrels per day. With known reserves, this level of world-
wide production could remain constant for only 43 years. But there are large
volumes of unconventional petroleum reserves, such as heavy oil, tar sands,
and oil shale. These are located in the Western Hemisphere. Improvements
in recovery methods must be made, and the cost of production must de-
crease, for these sources to become more important providers of energy.
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intermediate: molecule, often short-lived,
that occurs while a chemical reaction
progresses but is not present when the
reaction is complete
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Composition

Crude oils vary dramatically in color, odor, and flow properties. There are
light and heavy crude oils; they are sweet or sour (i.e., have high or low sul-
fur content, with an average of 0.65%). Several thousand compounds are
present in petroleum. The number of carbon atoms in these compounds can
vary from one to over a hundred. Few are separated as pure substances.
Many of the demands for petroleum can be served by certain fractions 
obtained from the distillation of crude oil. Typical distillation fractions and
their uses are given in Table 1. The complexity of the molecules, their mol-
ecular weights, and their carbon numbers increase with the boiling point.
The higher-boiling fractions are usually distilled in vacuo at temperatures
lower than their atmospheric boiling points to avoid excessive decomposi-
tion to tars.

Each fraction of distilled petroleum is a complex mixture of chemicals,
but these mixtures can be somewhat categorized. A certain sample of
straight-run gasoline (light naphtha) might contain nearly 30 aliphatic (con-
taining no benzene ring), noncyclic hydrocarbons; nearly 20 cycloaliphatic
hydrocarbons (mainly cyclopentanes and cyclohexanes), sometimes called
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The world’s first oil well, near Titusville,
Pennsylvania, 1863.
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naphthenes; and 20 aromatic compounds (such as benzene, toluene, and xy-
lene). Examples of compounds found or used in petroleum and mentioned
in this article are given in Figure 1.

When any fraction of petroleum is used as a source of energy and burned
to CO2 and H2O, the sulfur is converted into SO2 in the air. The SO2 is a
major air contaminant, especially in larger cities. With air moisture it can
form H2SO4 and H2SO3. Much of the sulfur-containing material must be
taken out of petroleum before it can be used as fuel. The current maximum
percentage allowable in gasoline is 0.10 percent S.

Octane Number
One cannot talk about the chemistry of gasoline without understanding oc-
tane numbers. When gasoline is burned in an internal combustion engine
to CO2 and H2O, there is a tendency for many gasoline mixtures to burn
unevenly. Such nonconstant and unsmooth combustion creates a “knock-
ing” noise in the engine. Knocking signifies that the engine is not running
as efficiently as it could. It has been found that certain hydrocarbons burn
more smoothly than others in a gasoline mixture. In 1927 a scale that at-
tempted to define the “antiknock” properties of gasolines was created. At
that time, 2,2,4-trimethylpentane (commonly called “isooctane”) was the hy-
drocarbon that, when burned pure in an engine, gave the best antiknock
properties (caused the least knocking). This compound was assigned the
number 100, meaning it was the best hydrocarbon to use. The worst hy-
drocarbon researchers could find in gasoline (which when burned pure gave
the most knocking) was n-heptane, assigned the number 0. When isooctane
and heptane were mixed, they gave different amounts of knocking depend-
ing on their ratio: The higher the percentage of isooctane in the mixture,
the lower was the amount of knocking. Gasoline mixtures obtained from
petroleum were burned for comparison. If a certain gasoline has the same
amount of knocking as a 90 percent isooctane, 10 percent heptane (by vol-
ume) mixture, we now say that its “octane number” is 90. Hence, the oc-
tane number of a gasoline is the percent isooctane in an isooctane-heptane
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combustion: burning, the reaction with
oxygen

Table 1.

Approximate bp (˚C) 

Gases Similar to natural gas and useful for fuel and 
chemicals.

Fuel and chemicals, especially gasoline.

Fuel and chemicals.

Jet, tractor, and heating fuel.

Diesel and heating fuel. Catalytically cracked 
to naphtha and steam-cracked to alkenes.

Lubricating oil Lubrication. May be catalytically cracked 
to lighter fractions.

Heavy fuel oil Boiler fuel. May be catalytically cracked to 
lighter fractions.

Asphalt Paving, coating, and structural uses.

FRACTIONS OF PETROLEUM

<20˚C 

20–150˚C 

150–200˚C 

175–275˚C 

200–400˚C 

>350˚C 

>350˚C 

Light naphtha
(C5–C6) 

Heavy naphtha 
(C7–C9) 
Kerosene
(C9–C16) 
Gas oil 
(C15–C25) 

Name Uses 

SOURCE: Wittcoff, Harold A., and Reuben, Bryan G. (1996). Industrial Organic Chemicals. New York: John Wiley.
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mixture that gives the same amount of knocking as the gasoline being mea-
sured. Thus, a high octane number means a low amount of knocking.

Presently there are two octane scales, a research octane number (RON)
and a motor octane number (MON). RON values reflect performance at 600
rpm, 148.8°C (125°F), and low speed. MON is a performance index of dri-
ving with 900 rpm, 51°C (300°F), and high speed. The station pumps now
give the (R � M)/2 value. Regular is usually 87 to 89 and premium about
92 on this scale.

Certain rules have been developed for predicting the octane number of
different types of gasoline, depending on the ratio of different types of hy-
drocarbons in the mixtures:

1. The octane number increases as the amount of branching or the num-
ber of rings increases.

2. The octane number increases as the number of double and triple bonds
increases.

Additives

In 1922 two chemists working at General Motors, Midgley and Boyd, were
looking at different substances that would aid the combustion of gasoline
and help the knocking problems of engines. In other words, they were seek-
ing methods of increasing the octane rating of gasoline without altering the
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Figure 1. Some compounds found or
used in petroleum.
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hydrocarbon makeup. They were also interested in cleaning up the exhaust
of automobiles by eliminating pollutants such as unburned hydrocarbons
and carbon monoxide through more complete combustion. By far the best
substance that they found was tetraethyllead. Lead in this form aids in break-
ing carbon-carbon and carbon-hydrogen bonds. But the lead oxide formed
in the combustion is not volatile and would accumulate in the engine if di-
bromoethane and dichloroethane were not added. In the environment the
lead dihalide formed undergoes reaction by sunlight to elemental lead and
halogen, both of which are serious pollutants.

For the past several years other additives have been tried. Ethyl alcohol
has become popular. When 10 percent ethyl alcohol is mixed with gasoline
it is called gasohol and it is popular in states with good corn crops, as the al-
cohol can be made from corn fermentation. An attractive alternative to
tetraethyllead is now methyl t-butyl ether (MTBE). MTBE has been ap-
proved at the 7 percent level since 1979. From 1984 to 1995 its production
grew by 25 percent per year, the largest increase of any of the top chemicals.
The Clean Air Act of 1991 specifies that the gasoline must be at the 2.0 per-
cent oxygen level. Thus, MTBE, ethyl t-butyl ether (ETBE), ethanol,
methanol, and other ethers and alcohols had to be added to gasoline at higher
levels. The product is called reformulated gasoline (RFG), and it may cut car-
bon monoxide levels and may help to alleviate ozone depletion. But improved
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hydrogen bond: interaction between H
atoms on one molecule and lone pair
electrons on another molecule that
constitutes hydrogen bonding

volatile: low boiling, readily vaporized

halogen: element in the periodic family
numbered VIIA (or 17 in the modern
nomenclature) that includes fluorine,
chlorine, bromine, iodine, and astatine

An oil refinery at Cap Bon, Tunisia.
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emission control systems may make this high-level input unnecessary. Cur-
rently MTBE accounts for 85 percent of the additive market, with 7 percent
being ethanol and the remaining 8 percent split by other chemicals. In 1999
California took steps toward banning MTBE. In 2000 some factions called
for a U.S. ban on MTBE and for increased use of ethanol to meet the oxy-
genate requirement. MTBE has been found in drinking water. But ethanol
cannot be blended into gasoline at the refinery because it is hygroscopic and
picks up traces of water in pipelines and storage tanks. Also, ethanol shipped
away from the Midwest, where it is made by corn fermentation, would add
to the cost of gasoline. Gasohol may increase air pollution because gasoline
containing ethanol evaporates more quickly. Studies and debate continue.

Refinery Processes
There are processes that are used to refine petroleum into useful products.
These are important processes for the gasoline fraction because they in-
crease the octane rating. Some of these processes are used to increase the
percentage of crude oil that can be used for gasoline. They were developed
in the 1930s when the need for gasoline became great with the growing au-
tomobile industry. These processes are also keys in the production of or-
ganic chemicals. An example of each of these processes is given in Figure 2.
One process is cracking. In catalytic cracking, as the name implies, petro-
leum fractions of higher molecular weight than gasoline can be heated with
a catalyst and cracked into smaller molecules. This material can then be
blended into the refinery gasoline feed.

Catalytic reforming leaves the number of carbon atoms in the feedstock
molecules usually unchanged, but the resultant mixture contains a higher
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catalysis: the action or effect of a
substance in increasing the rate of a
reaction without itself being converted

catalyst: substance that aids in a reaction
while retaining its own chemical identity

feedstock: mixture of raw materials
necessary to carry out chemical reactions

Figure 2. Petroleum refining processes.
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number of double bonds and aromatic rings. Reforming has become the
principal process for upgrading gasoline. High temperatures with typical
catalysts of platinum and/or rhenium on alumina and short contact times
are used. A typical example is the reforming of dimethylcyclopentane to
toluene. Straight-run gasoline can be reformed to as high as 40 to 50 per-
cent aromatic hydrocarbons, of which 15 to 20 percent is toluene.

Although cracking and reforming are by far the most important refin-
ery processes, especially for the production of petrochemicals, two other
processes deserve mention. In alkylation, alkanes (hydrocarbons with no
double or triple bonds) react with alkenes (hydrocarbons with double bonds)
in the presence of an acid catalyst to give highly branched alkanes. In poly-
merization an alkene can react with another alkene to generate dimers,
trimers, and tetramers of the alkene. As an example, isobutylene (C4) reacts
to give a highly branched C8 alkene dimer.

Natural Gas

Natural gas can be as high as 97 percent methane, the remainder being hy-
drogen, ethane, propane, butane, nitrogen, hydrogen sulfide, and heavier
hydrocarbons. A typical mixture contains 85 percent methane, 9 percent
ethane, 3 percent propane, 1 percent butanes, and 1 percent nitrogen. Uses
of natural gas by all industry include fuel (72%) and the manufacture of: in-
organic chemicals including ammonia (15%), organic chemicals (12%), and
carbon black (1%). The ethane and propane are converted to ethylene and
propylene. The methane is purified and used to make a number of other
chemicals. SEE ALSO Energy Sources and Production; Fire, Fuels, Power
Plants; Fossil Fuels; Gasoline; Industrial Chemistry, Organic.
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Pharmaceutical Chemistry
Pharmaceutical chemists are involved in the development and assessment of
therapeutic compounds. Pharmaceutical chemistry encompasses drug de-
sign, drug synthesis, and the evaluation of drug efficacy (how effective it is
in treating a condition) and drug safety. Prior to the nineteenth century,
schools of pharmacy trained pharmacists and physicians how to prepare med-
icinal remedies from natural organic products or inorganic materials. Herbal
medications and folk remedies dating back to ancient Egyptian, Greek, Ro-
man, and Asian societies were administered without any knowledge of their
biological mechanism of action. It was not until the early 1800s that scien-
tists began extracting chemicals from plants with purported therapeutic
properties to isolate the active components and identify them. By discover-
ing and structurally characterizing compounds with medicinal activity,
chemists are able to design new drugs with enhanced potency and decreased
adverse side effects.

Pharmaceutical Chemistry

243

synthesis: combination of starting
materials to form a desired product
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Drug discovery is the core of pharmaceutical chemistry. The drug dis-
covery process includes all the stages of drug development, from targeting
a disease or medical condition to toxicity studies in animals, or even, by
some definitions, testing the drug on human subjects. Typically, conditions
that affect a larger percentage of the population receive more attention and
more research funding. Antiulcer drugs and cholesterol-reducing agents
are currently the therapeutic areas of greatest emphasis. To develop a drug
to target a specific disease, researchers try to understand the biological mech-
anism responsible for that condition. If the biochemical pathways leading
up to the disease are understood, scientists attempt to design drugs that will
block one or several of the steps of the disease’s progress. Alternatively,
drugs that boost the body’s own defense mechanism may be appropriate.

How do chemists “discover” drugs? Often there is an existing remedy
for a condition, and scientists will evaluate how that drug exerts its actions.
Once the drug’s structure is known, the drug can serve as a prototype or
“lead compound” for designing more effective therapeutic agents of similar
chemical structure. Lead compounds are molecules that have some biolog-
ical activity with respect to the condition under investigation. However, the
lead compound may not be effective in combating the disease, or it may
produce undesirable side effects. Lead optimization involves chemical mod-
ifications to the lead compound to produce a more potent drug, or one with
fewer or decreased adverse effects.

Computers have transformed the drug discovery process. Rational drug
design involves computer-assisted approaches to designing molecules with de-
sired chemical properties. Rational drug design is based on a molecular un-
derstanding of the interactions between the drug and its target in biological
systems. Molecular modeling software depicts three-dimensional images of a
chemical. Mathematical operations adjust the positions of the atoms in the
molecule in an attempt to accurately portray the size and shape of the drug,
and the location of any charged groups. Chemists can vary the atoms or groups
within the model and predict the effect the transformation has on the mole-
cular properties of the drug. In this way, new compounds can be designed.

Advances in technology have made it possible for medicinal chemists to
synthesize a vast number of compounds in a relatively short time, a process
referred to as combinatorial chemistry. In this technique, one part of a mole-
cule is maintained, as different chemical groups are attached to its molecular
framework to produce a series of similar molecules with distinct structural vari-
ations. Combinatorial libraries of these molecular variants are thus created.

Every chemical that is synthesized must be tested for biological activ-
ity. In vitro testing involves biological assays outside a living system. For
example, if the desired effect of a drug is to inhibit a particular enzyme, the
enzyme can be isolated from an organ and studied in a test tube. New tech-
nologies have made it possible to assay large numbers of compounds in a
short period. High-throughput drug screening allows pharmaceutical
chemists to test between 1,000 and 100,000 chemicals in a single day! A
compound that demonstrates some biological activity will undergo further
tests, or it may be chemically modified to enhance its activity. As a conse-
quence, chemical libraries consisting of potentially therapeutic compounds
are developed. Each of these compounds can then serve as leads for the de-
velopment of new drugs to be screened.
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reducing agent: substance that causes
reduction, a process during which
electrons are lost (or hydrogen atoms
gained)

in vitro: Latin, meaning “in glass” and
applied to experiments done under
artificial conditions, that is, in a test
tube
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Once a drug shows promise in vitro as a therapeutic agent, it must also
be screened for toxic properties. Adverse drug side effects are often due to
the interaction of the drug with biological molecules other than the desired
target. It is very rare that a drug interacts with only one type of molecule
in a living system. Drug selectivity refers to the ability of the compound to
interact with its target, not with other proteins or enzymes in the system.
To investigate drug toxicity, animal studies are performed. These studies
also estimate mutagenicity, that is, whether the compound under investiga-
tion damages genetic material.

Rarely does a drug pass through a biological system unchanged. Most
drugs undergo chemical transformations (in a process known as drug me-
tabolism) before they are excreted from the body. The drug transforma-
tion products (metabolites) must be identified so that their toxicological
profiles can be determined.

Since the 1970s more attention has been given to drug formulation and
methods of drug delivery. Historically, drugs have been administered orally,
as a pill or a liquid, or in an injectable form. The goal of drug-delivery 
systems is to enable controlled and targeted drug release. Today, many med-
ications are commonly introduced as inhalants or in a time-release formu-
lation, either encapsulated in a biodegradable polymer or by means of a
transdermal patch.

Once scientists and government regulatory agencies have determined
the drug candidate to be relatively safe, it can enter into clinical trials. The
clinical stage involves four phases of testing on human volunteers. Animal
studies and in vitro testing continue during clinical investigations of a drug.
Drug-therapy evaluation is very costly and time consuming. Phase I clini-
cal trials evaluate drug tolerance and safety in a small group of healthy adult
volunteers. Phase II trials continue to assess the drug’s safety and effec-
tiveness in a larger population. Volunteers participating in phase I trials
understand that they are receiving experimental therapy. While those pa-
tients involved in phase II clinical trials are made aware of the medication
and any known side effects, some of the volunteers may be administered a
placebo (a compound with no pharmacological activity against the condi-
tion being treated) rather than the drug being studied. In a blind study,
only the physician administering therapy knows whether the patient is re-
ceiving the drug or a placebo. Both groups of patients are monitored, and
physicians or clinicians evaluate whether there is significant improvement
in the condition of the group receiving the experimental drug, compared
with those individuals who were administered a placebo. In a double-blind
study, neither the physician nor the patient knows whether the drug, a
placebo, or a related remedy has been administered. Therapy is monitored
by an outside group.

Phase III and phase IV clinical trials involve larger populations. During
phase III trials, which can last two to eight years, a drug is often brought
to market. Phase IV studies continue after the drug is being marketed.

The field of pharmaceutical chemistry is diverse and involves many areas
of expertise. Natural-product and analytical chemists isolate and identify ac-
tive components from plant and other natural sources. Theoretical chemists
construct molecular models of existing drugs to evaluate their properties.
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metabolism: the complete range of
biochemical processes that take place
within living organisms; comprises
processes that produce complex
substances from simpler components,
with a consequent use of energy
(anabolism), and those that break down
complex food molecules, thus liberating
energy (catabolism)

excrete: to eliminate or discharge from a
living entity

metabolites: products of biological
activity that are important in metabolism
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These computational studies help medicinal chemists and bioengineers de-
sign and synthesize compounds with enhanced biological activity. Pharma-
ceutical chemists evaluate the bioactivity of drugs and drug metabolites.
Toxicologists assess drug safety and potential adverse effects of drug therapy.
When a drug has been approved for human studies, clinicians and physicians
monitor patients’ response to treatment with the new drug. The impact of
pharmaceutical chemistry on the normal human life span and on the quality
of life enjoyed by most people is hard to overestimate. SEE ALSO Combina-
torial Chemistry; Computational Chemistry; Molecular Modeling.

Nanette M. Wachter
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Phospholipids
Phospholipids are an important class of biomolecules. Phospholipids are the
fundamental building blocks of cellular membranes and are the major part
of surfactant, the film that occupies the air/liquid interfaces in the lung.
These molecules consist of a polar or charged head group and a pair of non-
polar fatty acid tails, connected via a glycerol linkage. This combination of
polar and nonpolar segments is termed amphiphilic, and the word describes
the tendency of these molecules to assemble at interfaces between polar and
nonpolar phases.

The structure of the most common class of phospholipids, phospho-
glycerides, is based on glycerol, a three-carbon alcohol with the formula
CH2OH–CHOH–CH2OH. Two fatty acid chains, each typically having an
even number of carbon atoms between 14 and 20, attach (via a dual ester-
ification) to the first and second carbons of the glycerol molecule, denoted
as the sn1 and sn2 positions, respectively. The third hydroxyl group of glyc-
erol, at position sn3, reacts with phosphoric acid to form phosphatidate.
Common phospholipids, widely distributed in nature, are produced by fur-
ther reaction of the phosphate group in phosphatidate with an alcohol, such
as serine, ethanolamine, choline, glyercol, or inositol. The resulting lipids
may be charged, for example, phosphatidyl serine (PS), phosphatidyl inosi-
tol (PI), and phosphatidyl glyercol (PG); or dipolar (having separate posi-
tively and negatively charged regions), for example, phosphatidyl choline
(PC), and phosphatidyl ethanolamine (PE). The term “lecithin” refers to
PC-type lipids. A typical phospholipid arrangement is the presence of a sat-
urated fatty acid, such as palmitic or stearic acid, at the sn1 position, and an
unsaturated or polyunsaturated fatty acid, such as oleic or arachodonic acid,
at sn2 (see Figure 1 for the structure of a phosphoglyceride).

Another class of phospholipids is the sphingolipids. A sphingolipid mol-
ecule has the phosphatidyl-based headgroup structure described above, but
(in contrast to a common phospholipid molecule) contains a single fatty acid
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surfactants: surface-active agents that
lower the surface tension of water; e.g.,
detergents, wetting agents

nonpolar: molecule, or portion of a
molecule, that does not have a
permanent, electric dipole

esterification: chemical reaction in which
esters (RCO2R�) are formed from alcohols
(R1OH) and carboxylic acids (RCO2H)

67368_v3_001-270.qxd  1/26/04  2:02 PM  Page 246



and a long-chain alcohol as its hydrophobic components. Additionally, the
backbone of the sphingolipid is sphingosine, an amino alcohol (rather than
glyercol). The structure of a representative sphingolipid, sphingomyelin, is
also shown in Figure 1. Sphingolipids, occurring primarily in nervous tis-
sue, are thought to form cholesterol-rich domains within lipid bilayer mem-
branes that may be important to the functions of some membrane proteins.

Phospholipids have many functions in biological systems: as fuels, as
membrane structural elements, as signaling agents, and as surfactants. For
example, pulmonary surfactant is a mixture of lipids (primarily dipalmi-
toyl phosphatidyl choline [DPPC]) and proteins that controls the surface
tension of the fluid lining of the inner lung (the site of gas exchange), al-
lowing rapid expansion and compression of this lining during the breathing
cycle. Phospholipids are the major lipid constituent in cell membranes, thus
maintaining structural integrity between the cell and its environment and
providing boundaries between compartments within the cell. SEE ALSO

Lipids; Membrane; Triglycerides.
Scott E. Feller 

Ann T. S. Taylor
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hydrophobic: part of a molecule that
repels water

amino alcohol: an organic molecule that
contains both an amino (�NH3) and an
alcohol (�OH) functional group.

pulmonary surfactant: The protein-lipid
mixture that prevents the collapse of
alveoli during expir ation.

Figure 1. The structures of two
phospholipids. Structure A represents a
classic glycerophospholipid, POPC, and it
is composed of choline, phosphate,
glycerol, and two fatty acids. Structure B
is an example of a sphingomyelin, and it
is composed of choline, phosphate,
sphingosine, and only one fatty acid.
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Phosphorus
MELTING POINT: 44.1°C
BOILING POINT: 280°C
DENSITY: 1.82 g/cm3

MOST COMMON IONS: PH4
�, P3�, H2PO3

��, PO4
3��

The element phosphorus is essential to living organisms. It is part of the
backbone of DNA (deoxyribonucleic acid), the carrier and transmitter of
genetic information in cells. The element and its compounds have many
commercial applications.

Phosphorus was first isolated by the alchemist Hennig Brand of Ham-
burg around 1670. He prepared white phosphorus, one of two common
forms (allotropes) of the element, by evaporating human urine and strongly
heating the residual solids. White phosphorus distilled and was collected
under water.

The two common forms of phosphorus are white, which is made up of
P4 molecules, containing four atoms of phosphorus arranged in a regular
tetrahedral formation, and red, which is a noncrystalline polymer. White
phosphorus glows in the dark and bursts into flame in air. Red phosphorus
does not react rapidly with air.

Phosphorus makes up about 0.12 percent of Earth’s crust. It is extracted
from minerals that contain phosphate (PO4

3�) groups. Large deposits of
such minerals, of which the most important is fluorapatite, Ca5F(PO4)3, are
found in the United States, Morocco, Russia, and Tunisia. At the present
rate of extraction, the known deposits of phosphate rock would be sufficient
to supply the world’s demand for phosphorus for the next 1,000 years.

More than 90 percent of commercial phosphorus production is in the
form of calcium salts of phosphoric acid, H3PO4, used as fertilizers. Other
significant uses of phosphorus compounds are in the manufacture of matches
(phosphorus sulfides), food products and beverages (purified phosphoric
acid and its salts), detergents (sodium polyphosphates), plasticizers for poly-
mers (esters of phosphoric acid), and pesticides (derivatives of phosphoric
acid). Related to the phosphorus pesticides are nerve gases, poisonous com-
pounds that rapidly attack the central nervous system, initially developed
during World War II. SEE ALSO Deoxyribonucleic Acid (DNA); Fertil-
izer; Pesticides.

Harold Goldwhite
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Photography
It has long been known that certain substances, when illuminated, undergo
permanent visible changes. In the early part of the nineteenth century, these
materials were sometimes used to make “photogenic drawings,” for exam-
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DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

ester: organic species containing a
carbon atom attached to three moieties:
an O via a double bond, an O attached to
another carbon atom or chain, and a H
atom or C chain; the R(CŒO)OR
functional group
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ple, by exposing them to sunlight through patterned masks. The most light-
sensitive compounds are silver salts, and the photography that prospered in
the second half of the nineteenth and throughout the twentieth century was
based almost entirely on the use of silver halides.

Early Photography
Practical photographic processes were devised in the 1830s by Louis-
Jacques-Mandé Daguerre in France and by William Henry Fox Talbot in
England. In Daguerre’s method, a silver iodide-coated silver plate was ex-
posed to light in a camera, whereby the exposed silver iodide was decom-
posed to metallic silver and iodine. A clear image was obtained by treating
the plate with mercury vapor (which amalgamated the silver) and by rins-
ing it in a strong salt solution to remove the remaining silver iodide. A pos-
itive image could be viewed by holding this “Daguerreotype” in oblique
lighting with a dark background, so that the amalgamated silver zones ap-
peared bright and the silver plate appeared dark.

Photography
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The first known photograph, made in
1826. It shows the courtyard outside the
room of Joseph-Nicéphore Niepce.
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Talbot’s procedure consisted of washing paper successively in baths of
saltwater and silver nitrate solution, thus depositing silver chloride in the
fibers of the paper. The still wet paper was then exposed in a camera until
a dark silver image appeared in the light-struck regions, and the remaining
silver chloride was removed by washing with a concentrated salt solution or
a sodium thiosulfate solution. By waxing or oiling the negative sheet, Tal-
bot made the paper transparent, and then by making an exposure of diffuse
light through the negative onto another sensitized sheet, he produced a pos-
itive image. An unlimited number of copies of a photograph could thus be
made from any one negative.

Improvements in Talbot’s Method

Both Daguerre’s and Talbot’s methods were inconvenient because they re-
quired long exposures in the camera—sometimes as long as 60 minutes. In
1840 Talbot greatly improved his process. He found that a very short cam-
era exposure (about 1/60 of that required to give a visible image) left an in-
visible “latent” image on the sensitized paper. The latent image was then
“developed” into a visible image by treatment with a solution of gallic acid
and silver nitrate. This modification, together with the negative/positive fea-
ture, made Talbot’s process so superior that it has survived, in its general
form, to the present day. The main difference between Talbot’s process and
modern photographic practice is that now the silver halide, in the form of
approximately micron-sized crystals or “grains,” is suspended in gelatin. The
gelatin emulsion is coated as a thin film on glass plates or flexible sheets of
plastic or paper.

Mechanism of the Photographic Process

When a photon is absorbed by a silver halide grain, an electron is ejected
from a halide ion and temporarily held at some site in the crystal. A silver
ion can migrate to the site and combine with the electron to form a silver
atom. The atom is not stable; it can decompose back into a silver ion and a
free electron. However, during its lifetime, the atom can trap a second elec-
tron if one becomes available. If this second electron remains trapped until
the arrival of a second silver ion, a two-atom cluster forms. This buildup of
a silver cluster can continue as long as photoelectrons are available. The
smallest cluster corresponding to a stable latent image speck is believed to
consist of three or four silver atoms. Specks of this size or greater on the
crystal surface can catalyze the subsequent action of a developer.

Classic Processing

A common, well-established procedure for making photographic prints is as
follows:

1. Exposure of the sensitive material, usually a gelatin emulsion of silver
halides on a cellulose acetate film, in the camera.

2. Development in the darkroom by treating the film with a solution of or-
ganic reducing agents such as hydroquinone and N-methyl paraaminophenol.
The reagents reduce to metallic silver those silver halide crystals that acquired
latent-image silver clusters. The brighter the subject of a photograph, the
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darker is the image that forms in this development, so that one obtains a neg-
ative picture.

3.“Fixing” the image so that the film will not darken on further exposure to
light. This is accomplished by dissolving the undeveloped silver halide grains
in a solution of sodium thiosulfate:

AgBr � 2S203
2�

d Ag(S203)2
3� Br�

4. Washing away the dissolved silver salts and drying the negative.

5. Printing, that is, shining diffuse light through the negative onto a sheet
of sensitive photographic paper (a gelatin emulsion on paper).

6. Darkroom development of the exposed paper using developer solution
much like that used in the film development step. This step produces a pos-
itive image, in which the tones are like those in the original scene.

7. Fixing, washing, and drying the print as in the analogous film processing
steps.

Reversal Processing

Transparencies, or photographic prints on a transparent base, can be pro-
duced essentially as paper prints are, but with replacement of the photo-
graphic paper by photographic film. This procedure can be used for making
motion picture films. However, positive transparencies are more easily pre-
pared by reversal processing, in which the final image is formed on the same
film as that used in the original exposure. Typical reversal processing is as
follows:

1. Exposure of the film in the camera.

2. Development of the negative image.

3. Dissolution of the developed silver image by treatment with an oxidizing
agent.

4. Exposure of the remaining silver halide to light or to a chemical fogging
agent.

5. Development of the silver halide, producing a positive image.

6. Washing and drying of the film.

Reversal processing can also be accomplished using the Sabatier effect,
in which the emulsion is given a brief exposure to diffuse light in the midst
of development. Some emulsions, when subjected to very intense camera
exposure, will yield a positive image by ordinary development—a process
referred to as overexposure solarization.

Spectral Sensitization

The silver halides are sensitive mainly to blue, violet, and ultraviolet light;
hence, without sensitization, positive photographs reproduce all other colors
as dark grays or blacks. However, by the addition of certain dyes to the emul-
sion, increased sensitivity to the other colors is obtained. Thus, “panchro-
matic” films, in which sensitivity is extended throughout the visible spectrum,

Photography

251

67368_v3_001-270.qxd  1/26/04  2:02 PM  Page 251



are possible, and the resulting photographs are much more realistic than those
obtained using old-fashioned red-insensitive films.

Color Photography

The sensitization of emulsions to the three primary colors (blue, green, and
red) is essential to conventional color photography. A common method for
producing color prints uses a film containing three superimposed layers,
each sensitive to one of the three primary colors. In the initial development,
the deposition of silver is accompanied by the formations of a dye color
complementary to the color sensitivity of the film layer. After removal of
the silver and silver halides from all three layers, the image seen through
the three layers is complementary in color to that of the original scene, that
is, a color negative. This negative is then used to print a positive copy onto
paper with similar layered emulsions, and development proceeds analogously
to that of the film.

Instant Photography

In 1947 Edwin H. Land devised a diffusion transfer process for obtaining
positive paper prints rapidly in the Polaroid Land camera. The negative is
developed in the presence of a solvent for silver halides, which not only de-
velops the negative, but also dissolves the nondeveloped silver halides. The
silver halides dissolved out of the negative sheet are developed into an ad-
jacent sheet (containing nuclei for development) to give a positive image.
This principle was applied to color photography in the 1960s.

Digital Photography

Silver halide-based photography is being rapidly displaced by so-called
digital photography, involving special cameras that contain no film, but
rather charge-coupled devices (CCDs), consisting of rectangular arrays of
millions of minute light sensors. Under exposure to light, each sensor pro-
duces an electric charge, and the enormous amount of information thereby
produced (charge as a function of sensor position) is stored electronically
as digital data in the camera. The CCD array can be reused indefinitely,
the only limitation on the number of possible exposures being the amount
of information that can be stored in the camera. However, this informa-
tion can be downloaded from the memory bank of the camera to a com-
puter, and the image can later be manipulated and printed out, for
example, with an ink jet printer, a laser printer, or a dye sublimation
printer. The CCD arrays are monochrome devices, but when combined
with color filter arrays, they provide blue, green, and red data and thus
yield color pictures.

W. L. Jolly
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Photosynthesis
No chemical process is more important to life on Earth than photosyn-
thesis—the series of chemical reactions that allow plants to harvest sunlight
and create carbohydrate molecules. Without photosynthesis, not only would
there be no plants, the planet could not sustain life of any kind. In plants,
photosynthesis occurs in the thykaloid membrane system of chloroplasts.
Many of the enzymes that allow photosynthesis to occur are transmembrane
proteins embedded in the thykaloid membranes. What then is the chem-
istry involved?

The most basic summary of the photosynthesis process can be shown
with a net chemical equation

6CO2(g) � 6 H2O(l) � h� d C6H12O6(s) � 6O2(g)

The symbol h� is used to depict the energy input from light (in the case of
most plants, sunlight). This chemical equation, however, is a dramatic sim-
plification of the very complicated series of chemical reactions that photo-
synthesis involves. It also implies that the only product is glucose, C6H12O6

(s), which is also a simplification.

Still, take a moment to look at this chemical equation. If one were to
guess where the various atoms in the reactants end up when products are
produced, it would be reasonable to suggest that the oxygen atoms in the
O2 (g) were those originally associated with carbon dioxide. Most scientists
believed this to be true until the 1930s when experiments by American bi-
ologist Cornelius van Niel suggested that oxygen-hydrogen bonds in wa-
ter must be broken in photosynthesis. Further research confirmed his
hypothesis and ultimately revealed that many reactions are involved in pho-
tosynthesis.

There are two major components of photosynthesis: the light cycle and
the dark cycle. As implied by these names, the reactions in the light cycle
require energy input from sunlight (or some artificial light source) to take
place. The reactions in the dark cycle do not have to take place in the dark,
but they can progress when sunlight is not present.

The critical step of the light cycle is the absorption of electromagnet
radiation by a pigment molecule. The most famous pigment is chlorophyll,
but other molecules, such as 
-carotene, also absorb light (see Figure 1).
Together, these pigment molecules form a type of light harvesting antennae
that is more efficient at interacting with sunlight than would be possible with
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photosynthesis: process by which plants
convert carbon dioxide and water to
glucose

thykaloid membrane: part of a plant that
absorbs light and passes the energy on to
where it is needed

glucose: common hexose
monosaccharide; monomer of starch and
cellulose; also called grape sugar, blood
sugar, or dextrose

hydrogen bond: interaction between H
atoms on one molecule and lone pair
electrons on another molecule that
constitutes hydrogen bonding

chlorophyll: active molecules in plants
undergoing photosynthesis

Figure 1a. Structure of 
-carotene.
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the pigments acting alone. When the light is absorbed, electrons in the pig-
ment molecule are excited to high energy states. A series of enzymes called
electron transport systems help channel the energy present in these elec-
trons into reactions that store it in chemical bonds.

For example, one major chemical reaction that results from the absorbed
light energy (and excited electrons) involves water and nicotinamide ade-
nine dinucleotide phosphate (NADP�). The net reaction is shown by the
chemical equation

2 NADP� � 2 H2O � NADPH � O2 � 2H�

This is an example of an oxidation–reduction reaction, and it shows that
the light cycle is the stage of photosynthesis when water breaks up. The
amount of energy required to make this reaction proceed is greater than
what can be provided by a single photon of visible light. Therefore, there
must be at least two ways that plants harvest light energy in photosynthesis.
These two systems are referred to as photosystem I (PSI) and photosystem
II (PSII), although the numbers associated with these names do not imply
which one happens “first.”

At the same time that NADPH is being produced, the combination of
the photo systems also produces a concentration gradient of protons. En-
zymes in the cell use this proton gradient to produce ATP from ADP.
Thus, the light cycle produces two “high energy” molecules: NADPH and
ATP.

With the high energy products provided by the light cycle, plants then
use reactions that do not require light to actually produce carbohydrates.
The initial steps in the dark cycle are collectively called the Calvin cycle,
named after American chemist Melvin Calvin who along with his cowork-
ers determined the nature of these reactions during the late 1940s and early
1950s.

The Calvin cycle essentially has two stages. In the first part of the cy-
cle, several enzymes act in concert to produce a molecule called glycer-
aldehyde-3-phosphate (GAP). (See Figure 2). Note in the illustration that
this molecule has three carbon atoms. Each of these carbon atoms comes
originally from carbon dioxide molecules—so photosynthesis completes the
amazing task of manufacturing carbohydrates out of air (the source of the
carbon dioxide). This stage of the Calvin cycle is sometimes called carbon
fixing. In order to carry out this synthesis of GAP, the Calvin cycle con-
sumes some of the NADPH and ATP that was produced during the light
cycle.

The carbon dioxide needed for this step enters through pores in the
photosynthetic leaf (called stromata). Plants close these pores during hot,
dry times of the day (to prevent water loss) so the details of carbon fixing
vary for plants from different climates. In hot climates, where stomata are
closed for a higher percentage of time, the trapping of carbon dioxide has
to be more efficient than in cooler climates. This biochemical difference in
photosynthesis helps explain why plants from one climate do not grow as
well in warmer (or cooler) places.
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adenine: one of the purine bases found
in nucleic acids, C5H5N5

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)

photon: a quantum of electromagnetic
energy

synthesis: combination of starting
materials to form a desired product

Figure 1b. Structure of GAP.
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The second stage of the cycle builds even larger carbohydrate mole-
cules. With more than half a dozen enzyme-catalyzed reactions in this por-
tion of the dark cycle, five- and six-carbon carbohydrates are produced. The
five-carbon molecules continue in the cycle to help produce additional GAP,
thus perpetuating the cyclic process.

Photosynthesis is central to all life on the planet and has been for many
thousands of years. As a result, there are numerous variations in the way it
occurs in different cells. The efficient collection of carbon dioxide mentioned
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Figure 2. The Calvin cycle.

67368_v3_001-270.qxd  1/26/04  2:02 PM  Page 255



earlier is one example of variation in photosynthesis. Other differences oc-
cur when the process takes place in bacteria rather than plants. Nonethe-
less, the description provided here outlines the basic concepts that would
be noted in all photosynthesis. These differences pose the research ques-
tions that continue to challenge scientists today. SEE ALSO Calvin, Melvin;
Concentration Gradient.

Thomas A. Holme
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Physical Chemistry
Physical chemistry is the branch of chemistry concerned with the interpre-
tation of the phenomena of chemistry in terms of the underlying principles
of physics. It lies at the interface of chemistry and physics, inasmuch as it
draws on the principles of physics (especially quantum mechanics) to ac-
count for the phenomena of chemistry. It is also an essential component of
the interpretation of the techniques of investigation and their findings, par-
ticularly because these techniques are becoming ever more sophisticated and
because their full potential can be realized only by strong theoretical back-
ing. Physical chemistry also has an essential role to play in the understand-
ing of the complex processes and molecules characteristic of biological
systems and modern materials.
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Hot water is vaporizing as it is thrown
into air that is �37.2°C (�35°F).
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Physical chemistry is traditionally divided into a number of disciplines,
but the boundaries between them are imprecise. Thermodynamics is the
study of transformations of energy. Although this study might seem remote
from chemistry, in fact it is vital to the study of how chemical reactions yield
work and heat. Thermodynamic techniques and analyses are also used to
elucidate the tendency of physical processes (such as vaporization) and chem-
ical reactions to reach equilibrium—the condition when there is no further
net tendency to change. Thermodynamics is used to relate bulk properties
of substances to each other, so that measurements of one may be used to
deduce the value of another. Spectroscopy is concerned with the experi-
mental investigation of the structures of atoms and molecules, and the iden-
tification of substances, by the observation of properties of the electromagnetic
radiation absorbed, emitted, or scattered by samples. Microwave spec-
troscopy is used to monitor the rotations of molecules; infrared spectroscopy
is used to study their vibrations; and visible and ultraviolet spectroscopy is
used to study electronic transitions and to infer details of electronic struc-
tures. The enormously powerful technique of nuclear magnetic resonance
is now ubiquitous in chemistry. The detailed, quantitative interpretation of
molecular and solid-state structure is based in quantum theory and its use
in the interpretation of the nature of the chemical bond. Diffraction stud-
ies, particularly x-ray diffraction and neutron diffraction studies, provide de-
tailed information about the shapes of molecules, and x-ray diffraction
studies are central to almost the whole of molecular biology. The scatter-
ing of neutrons, in inelastic neutron scattering, gives detailed information
about the motion of molecules in liquids. The bridge between thermody-
namics and structural studies is called statistical thermodynamics, in which
bulk properties of substances are interpreted in terms of the properties of
their constituent molecules. Another major component is chemical kinetics,
the study of the rates of chemical reactions; it examines, for example, how
rates of reactions respond to changes in conditions or the presence of a cat-
alyst. Chemical kinetics is also concerned with the detailed mechanisms by
which a reaction takes place, the sequences of elementary processes that con-
vert reactants into products, including chemical reactions at solid surfaces
(such as electrodes).

There are further subdivisions of these major fields. Thermochemistry
is a branch of thermodynamics; its focus is the heat generated or required
by chemical reactions. Electrochemistry is the study of how chemical reac-
tions can produce electricity and how electricity can drive chemical reac-
tions in “reverse” directions (electrolysis). Increasingly, attention is shifting
from equilibrium electrochemistry (which is of crucial importance in inter-
preting the phenomena of inorganic chemistry) to dynamic electrochem-
istry, in which the rates of electron-transfer processes are the focus.
Chemical kinetics has divisions that are based on the rates of reaction be-
ing studied. Special techniques for studying atomic and molecular processes
on ever shorter time scales are being developed, and physical chemists are
now able to explore reactions on a femtosecond (10�15 second) timescale.
Chemical kinetics studies are theoretical as well as experimental. One goal
is to understand the course of reactions in step-by-step (and atomic) detail.
Techniques are available that allow investigators to study collisions between
individual molecules.
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equilibrium: condition in which two
opposite reactions are occurring at the
same speed, so that concentrations of
products and reactants do not change

spectroscopy: use of electromagnetic
radiation to analyze the chemical
composition of materials

catalyst: substance that aids in a reaction
while retaining its own chemical identity
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Physical chemistry is essential to understanding the other branches of
chemistry. It provides a basis for understanding the thermodynamic influ-
ences (principally, the entropy changes accompanying reactions) that drive
chemical reactions forward. It provides justifications for the schemes pro-
posed in organic chemistry to predict and account for the reactions of or-
ganic compounds. It accounts for the structures and properties of transition
metal complexes, organometallic compounds, the microporous materials
known as zeolites that are so important for catalysis, and biological macro-
molecules, such as proteins and nucleic acids (including DNA). It is fair to
say that there is no branch of chemistry (including biochemistry) that can
be fully understood without interpretations provided by physical chemistry.

There is a distinction between physical chemistry and chemical physics,
although the distinction is hard to define and it is not always made. In phys-
ical chemistry, the target of investigation is typically a bulk system. In chem-
ical physics, the target is commonly an isolated, individual molecule.

Theoretical chemistry is a branch of physical chemistry in which quan-
tum mechanics and statistical mechanics are used to calculate properties of
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transition metals: elements with valence
electrons in d-sublevels; frequently
characterized as metals having the ability
to form more than one cation

organometallic compound: compound
containing both a metal (transition) and
one or more organic moieties

catalysis: the action or effect of a
substance in increasing the rate of a
reaction without itself being converted

DNA: deoxyribonucleic acid—the natural
polymer that stores genetic information in
the nucleus of a cell

X-ray diffraction gives detailed
information about shapes of molecules
and is the basis of molecular biology.
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molecules and bulk systems. The greater part of activity in quantum chem-
istry, as the former is commonly termed, is the computation of the elec-
tronic structures of molecules and, often, their graphical representation.
This kind of study is particularly important to the screening of compounds
for potential pharmacological activity, and for establishing the mode of ac-
tion of enzymes. SEE ALSO Catalysis and Catalysts; Electrochemistry;
Equilibrium; Kinetics; Quantum Chemistry; Spectroscopy; Theoreti-
cal Chemistry; Thermodynamics.

Peter Atkins
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Pigments
Pigments and dyes are called colorants. The ways in which colorants are
used determines whether they are pigments or dyes. Pigments are water-
and oil-insoluble natural and synthetic products that impart color to mate-
rials such as paper and plastics. Dyes, by contrast, are water-soluble col-
orants, although some are converted into insoluble lake pigments by
coprecipitating onto an inorganic base. Artists’ colors are pigments that are
spread on a surface suspended in a suitable medium, such as oil. The mass
coloration of textile fibers, polymers, plastics, and rubber takes place when
pigments exist in the form of dispersions. A convenient way of classifying
pigments is into organic and inorganic pigments.
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Pigments are used in the production of
paint to add color.
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Organic Pigments

Natural organic pigments were used in cave paintings and for decoration from
the earliest times. The ancient Britons obtained indigo from the woad plant
Isatis tinctoria, and used the extract to color their bodies. Here the insoluble
blue is used as a pigment rather than as a dye. Other organic pigments found
in nature include chlorophyll, the green coloring matter of leaves responsi-
ble for photosynthesis, and heme, which gives blood its red color and, when
bound to proteins in hemoglobin, transports oxygen around the body. These
biochemical pigments are members of the porphyrin family.

During the early 1930s synthetic organic pigments, called phthalocya-
nines, were developed in Britain and manufactured by Imperial Chemical
Industries (ICI). Academic researchers showed that phthalocyanines are co-
ordination complexes that mimic the structures of porphyrins. The coordi-
nation concept, involving groups of atoms called chelates attached to a
central metal, was developed beginning in 1893 by the Swiss chemist Al-
fred Werner and confirmed in 1911, when he collaborated in Zurich with
Victor L. King, later a leading technical expert in the U.S. colorant indus-
try. Phthalocyanines represent the only structurally novel class of synthetic
colorants invented in the twentieth century. Copper phthalocyanine, known
as Monastral blue, and its congeners are used in automobile finishes, print-
ing inks, and plastics.

Lake pigments made from the first synthetic dyes, such as mauve, were
used during the 1860s for printing postage stamps and wallpaper. Red lake
pigments, such as that derived from the madder dye, or after 1870 from syn-
thetic dyes, were highly regarded by the Impressionist painters. Other syn-
thetic organic pigments are made from azo dyes, those containing the
�N�N�atomic grouping, introduced during the 1870s. The use of syn-
thetic organic pigments in printing inks increased perhaps threefold in the
last two decades of the twentieth century, as color became the norm in news-
papers, magazines, advertising, and packaging. Careful standardization of
the microcrystalline form, the crystal habit, is required for pigments em-
ployed in printing inks and paints. In order to add color to synthetic poly-
mers, the plastics and resins, pigments are mixed in bulk with other chemicals
during the manufacturing process.

Inorganic Pigments

Ultramarine, or lazurite, is a natural blue pigment derived from lapis lazuli,
a semiprecious mineral of the sodalite group, found in Afghanistan. From
around 1000 C.E. it was used as a pigment for illumination and later in mu-
rals and paintings. In 1271, the explorer Marco Polo visited the site where
it was found. Artificial ultramarine, a blue pigment of variable composition,
became available in Europe during the late eighteenth and nineteenth cen-
turies. The German poet and dramatist Johann Wolfgang von Goethe, who
was interested in color, visited one of the factories in 1787. Although the
natural and synthetic forms of ultramarine are chemically similar, they dif-
fer in their particle forms. Prussian blue, iron hexacyanoferrate (III) or fer-
ric ferrocyanide, is a synthetic dark blue pigment discovered in Berlin in
1704. It was originally made from animal matter, including blood, and the
salts of iron.
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chlorophyll: active molecules in plants
undergoing photosynthesis

photosynthesis: process by which plants
convert carbon dioxide and water to
glucose

porphyrin: common type of heterocyclic
ligand that has four five-member rings
with a nitrogen, all of which lie in a
plane; nitrogen atom lone pairs are
available for coordinate covalent bonds

metal: element or other substance the
solid phase of which is characterized by
high thermal and electrical conductivities

microcrystalline: relating to the structure
of crystals of very small size, typically a
micron (�m) in a dimension

ferric: older name for iron in the �3
oxidation state
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Chromium pigments followed the discovery of the element in a rare
Siberian mineral by the French chemist Louis-Nicolas Vauquelin in 1797.
Lead chromate gives yellows and oranges, including chrome yellow, invented
in 1809, and extensively used by artists, though often modified by addition
of other ingredients. Also in 1809 George Field in England produced the
dye lemon yellow, based on barium chromate.

Lead has been known and used since ancient times, in part because of
the ease with which it can be isolated in the free state. It was converted into
the dense pigment white lead (lead carbonate), an essential component of
artists’ palettes, including the Italian masters of the Renaissance. In the past
lead was often used in white paint for the external protection of homes.
However, lead is a toxic metal that induces swelling of the brain (lead en-
cephalophy), and causes madness and death. Young children are particularly
susceptible to its scourge. In 1910 the pioneer of American industrial hy-
giene, Alice Hamilton, selected as her first assignment at the Bureau of La-
bor an investigation of conditions in the white lead industry. Lead-based
paints fell out of favor during the 1950s and were banned by the federal
government during the 1970s. In modern paints, the toxic lead has been re-
placed by titanium dioxide.

Theories of Color

Color arises from the way in which colorants interact with light. Colored
organic compounds contain groups of atoms whose bonds are unsaturated,
such as C�C, C�O, and N�N. These are part of an extended delocalized
system of electrons called a chromophore. A sequence of alternating dou-
ble bonds through which the electrons are spread is termed a conjugated
system. The presence of salt-forming groups of atoms such as �OH and
NH2 modify the color. They are called auxochromes and contain lone pairs
of electrons that become part of the delocalized electron system. The
nomenclature is based on the first successful theory of color and constitu-
tion, that of German chemist Otto N. Witt.

Colored inorganic compounds often contain transition metals in which
the d subshell of electrons is split by attached groups, the ligands. The ex-
tent of this splitting is responsible for the color. The oxidation state of met-
als also affects the d electrons and determines color. When absorbed light
brings about the transfer of an electron from the ground state of an atom
to the excited state of a nearby atom, the process is electron or charge trans-
fer. This accounts for the colors of Prussian blue and chrome yellow.

Although pigments have been associated with artists’ paints, printing
inks, and the coloration of synthetic polymers, they are also used in elec-
tronics and telecommunications, for the absorption of light, especially at
semiconductor wavelengths, and in ink-jet printers, in addition to xerogra-
phy (electrophotography) and thermography. SEE ALSO Dyes; Perkin,
William Henry; Werner, Alfred.

Anthony S. Travis
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delocalized: of a type of electron that can
be shared by more than one orbital or
atom

chromophore: part of the molecule that
yields characteristic colors

transition metals: elements with valence
electrons in d-sublevels; frequently
characterized as metals having the ability
to form more than one cation

subshell: electron energy sublevel, of
which there are four: s, p, d, and f

ligand: molecule or ion capable of
donating one or more electron pairs to a
Lewis acid

oxidation: process that involves the loss
of electrons (or the addition of an oxygen
atom)
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Planck, Max
GERMAN PHYSICIST
1858–1947

Max Karl Ernst Ludwig Planck was born into a family of lawyers and cler-
gymen, and he became the fourth generation of university professors from
his family. As a child, he exhibited considerable talent in mathematics, mu-
sic, and philology (the scientific study of language). By 1874, when he en-
tered the University of Munich, the sixteen-year-old Planck had decided to
study mathematics. Very quickly, however, he became interested in physics
and the application of mathematics to the physical world. The university’s
professor of physics, Philip von Jolly, discouraged the young student from
studying physics because—as Jolly told him—it was very nearly a closed sub-
ject with little left to discover. Luckily, Planck disregarded his professor’s
advice.

Planck also studied at the University of Berlin with such notable physi-
cists as Gustav Kirchhoff, whom he thought brilliant, but a dry and boring
teacher. He also became familiar with the thermodynamics research of
Rudolf Clausius, and in 1879 Planck received his Ph.D. from the Univer-
sity of Munich, only three months after his twenty-first birthday. His dis-
sertation explored the second law of thermodynamics.

After holding posts at the universities of Munich and Kiel, Planck suc-
ceeded Kirchhoff at the University of Berlin in 1888 after the latter’s death.
Planck continued his research in thermodynamics, including attempts to
connect heat with the Scottish physicist James Clerk Maxwell’s theory of
electromagnetic radiation. He also addressed a problem suggested by Kirch-
hoff, who had earlier established that the energy of radiation emitted by a
blackbody depends on temperature and the frequency of the radiation.

A blackbody is any object that absorbs all the radiation falling on its sur-
face. Thus, it appears black. A perfect absorber, a blackbody is also a per-
fect emitter of radiation, and Kirchhoff had challenged physicists to find the
mathematical equation relating the energy to temperature and frequency.

The German physicist Wilhelm Wien had proposed such an equation,
which worked well only for high frequencies, and Lord Rayleigh (born John
William Strutt) proposed another equation, which worked well only at low
frequencies. In 1900 Planck was able to develop a single expression that
combined these two earlier equations and accurately predicted the energy
over the entire range of frequencies.

Planck, Max
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German physicist Max Karl Ernst Ludwig
Planck, recipient of the 1918 Nobel
Prize in physics, “in recognition of the
services he rendered to the advancement
of Physics by his discovery of energy
quanta.”
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Subsequently, Planck tried to provide a theoretical basis for his equation.
He found that to do so, it was necessary to reject the idea from classical
physics that electromagnetic radiation is wavelike and continuous and instead
to make the bold assumption that it is particle-like and discrete. Planck as-
sumed that radiation can occur in discrete packets of energy, which Albert
Einstein called “quanta.” This radical idea is expressed in the equation

E � h�

in which the energy E is directly proportional to the frequency v, and the
proportionality constant h, now known as Planck’s constant, has the value
6.62 � 10�34 joule per second.

Planck’s revolutionary idea about energy provided the basis for Ein-
stein’s explanation of the photoelectric effect in 1906 and for the Danish
physicist Niels Bohr’s atomic model of the hydrogen atom in 1913. Their
success, in turn, lent support to Planck’s theories, for which he received the
Nobel Prize in physics in 1918. In the mid-1920s the combination of
Planck’s ideas about the particle-like nature of electromagnetic radiation and
French physicist Louis de Broglie’s hypothesis of the wavelike nature of
electrons led to the formulation of quantum mechanics, which is still the
accepted theory for the behavior of matter at atomic and subatomic levels.

By the second decade of the twentieth century, Planck was less active
in quantum theory research, taking on, in addition to his teaching respon-
sibilities, various administrative duties, including the presidency of the
Kaiser Wilhelm Gesellschaft during the years 1930 through 1937 and again
after World War II from 1945 until 1946. Planck suffered many personal
losses during this part of his life. His first wife died in 1909; his elder son
was killed in World War I; and his two daughters both died in childbirth
during the early part of the century. In World War II his younger son was
executed after being accused of helping plot the assassination of Adolf Hitler,
and his home and library were destroyed by Allied bombing. Planck spent
the last few years of his life in Göttingen, living long enough to witness the
establishment of the Max Planck Gessellschaft from the earlier Kaiser Wil-
helm Gesellschaft, to which he had devoted so much of his professional life.
SEE ALSO Bohr, Niels; de Broglie, Louis; Einstein, Albert; Maxwell,
James Clerk.

Richard E. Rice
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Plastics
The term “plastic” can be broadly defined as any inherently formless ma-
terial that can be molded or modeled under heat and/or pressure. It is de-
rived from the Greek word plastikos, meaning a shaped or molded substance.
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The term “plastics” first included only natural polymers—usually animal
proteins (horn and tortoise shell), tree resins, or insect secretions called shel-
lac—that were subsequently mixed with fillers such as wood flour to yield
substances having better molding properties. (A polymer, from the Greek
word poly, meaning “many,” and mer meaning “unit,” is a molecule with an
extremely high molecular weight.)

The use of natural polymers to make plastic products started as early as
1760, when Enoch Noyes opened a business making combs out of keratin
and albuminoid organic proteins derived from animal horns and horse hoofs.
However, the first commercially successful plastic material, celluloid, would
not come about for another hundred years.

In the 1840s German chemist Christian Schönbein developed cellulose
nitrate from a mixture of cotton, nitric acid, and sulfuric acid. Cellulose ni-
trate is a highly flammable doughlike substance primarily used in the man-
ufacture of explosives. Schönbein’s innovation represents the beginning of
the modification of natural polymers by chemists so as to increase their pro-
cessibility and functionality. Cellulose nitrate’s properties as a molding sub-
stance interested other scientists of the time, and in 1855 an Englishman
named Alexander Parkes developed a form of cellulose nitrate he named
Parkesine. From this material, Parkes manufactured a number of buttons,
pens, medallions, and combs. In 1862 he displayed this material officially at
the Great International Exhibit in London. Parkes made small commercial
gains with Parkesine and eventually sold the rights to Daniel Spill, who sub-
sequently began production of the substance under the names Xylonite and
Ivoride, around 1865. Spill received British patents for Xylonite and Ivoride
in 1867 and 1869, respectively.

At around the same time in the United States, a billiard ball company
advertised a $10,000 reward for the discovery of an alternate material to
ivory. John Wesley Hyatt developed collodion, a mixture of cellulose nitrate
and alcohol. Like cellulose nitrate, collodion was highly flammable and would
produce a small explosion upon agitation. Hyatt reported: “[W]e had a let-
ter from a billiard saloon proprietor in Colorado mentioning this fact . . .
saying he did not care so much about it, but that instantly every man in the
room pulled a gun.” To avoid melee, camphor, a derivative of the laurel tree,
was added, and in 1870 Hyatt received a U.S. patent for celluloid. In 1871
Hyatt and his brother Isaiah formed the American Celluloid Company,
which is today the Plastics Division of the Celanese Corporation.

A more common perception of plastic is that it is a synthetic or man-
made material, with highly engineered properties and product designs. Dr.
Leo Baekeland engineered the first totally synthetic plastic in 1907. Patented
in 1909 and named Bakelite after its inventor, the material was the first ther-
moset plastic. The term “thermoset” refers to a plastic that under initial
heat and pressure can be molded into form. After cooling, the material sets
and cannot be remelted or re-formed. This setting is due to the cross-link-
ing of polymer chains, wherein strong covalent bonds form between sepa-
rate oligomers, short chains of polymer units called monomers. The most
common thermoset resin is vulcanized rubber, created by Charles Goodyear
in the United States in 1839. Vulcanized rubber utilizes natural hevea rub-
ber made from the gutta percha tree, and therefore is not totally synthetic
(like Bakelite). Ironically, the first use of Bakelite was as a replacement for
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natural rubber in electrical insulations. Bakelite is formed via the reaction
of phenol and formaldehyde under high heat. Initially, formaldehyde is
added to the reaction mixture in small amounts (forming a resin); the mix-
ture is then poured into a mold, into which more formaldehyde is added;
and pressure is applied to create the final product.

Over the next several decades, many varieties of synthetic thermoplas-
tic materials would be developed in Germany, England, and the United
States. Thermoplastic materials such as vinyls, nylons, and acrylics are poly-
mers that can be molded or formed under heat and pressure, and if neces-
sary can be reheated and re-formed (and will retain most of their original
mechanical properties).

Eugen Baumann created today’s most common vinyl, polyvinyl chloride
(PVC), in 1872. However, Friedrich Heinrich August Klatte did not patent
it until 1913. At that time PVC was not well received, as illustrated by Waldo
Semon’s comment, “People thought of PVC as worthless back then; they
would throw it in the trash.” Semon was responsible for creating plasticized
PVC. He had been attempting to dehydrohalogenate PVC in a high boil-
ing solvent when he realized that the molten material was exhibiting greater
flexibility and elasticity. The exposure of PVC to a boiling solvent intro-
duced a plasticizer, or low molecular weight molecule, to the PVC matrix.
Today plasticizers are commonly added to polymers (especially PVC) to en-
hance flexibility, prevent stress cracking, and enhance processability. This
has enabled the use of PVC in diverse commercial applications, including
the manufacture of rigid tubing and flexible car seats.

In 1920 German scientist Hermann Staudinger published his theories
on polyaddition polymerization, the formation of long-chain molecules.
(Previously, the manner in which long-chain molecules were formed was
unexplained.) Nine years later, in a publication that detailed the polymer-
ization of styrene, this method of chain formation would be laid out. Dur-
ing this time period Staudinger developed polystyrene into a commercial
product. A division of the German chemical company IG Farben, known as
Badische Anilin- und Soda-Fabrik, or BASF, produced polystyrene in 1930.
The Dow Chemical Company introduced the American public to poly-
styrene in 1937.

In 1928 directors at E. I. du Pont de Nemours & Company (Du Pont)
placed Dr. Wallace H. Carothers in charge of fundamental research into
what are now classic studies on the formation of polymer chains. During his
years at Du Pont, Carothers published his theory on polycondensation, and
discovered both neoprene and nylon.

Nylon, not publicly announced until 1938, was first used for bristles on
combs, but made headlines in 1939 when nylon stockings debuted at the
World’s Fair in New York City. Nylon is known by its chemical name,
poly(hexamethylene) adipamide, but more often simply as nylon. The first
nylon manufacturing plant went into production at Seaford, Delaware, in
1940. Commercial production of nylon 6 by IG Farben in Germany began
in 1941. These two plants would go on to produce millions of pounds of
nylon annually. This mass production was essential to the World War II ef-
fort, as nylon was used for everything from belts, ropes, and straps to tents
and parachutes.

Plastics

265

67368_v3_001-270.qxd  1/26/04  2:02 PM  Page 265



Another polymer that came into use during World War II was polyte-
trafluoroethylene (PTFE), which received the trademark Teflon. Dr. Roy
J. Plunkett and his assistant Jack Rebock at Du Pont discovered PTFE ac-
cidentally on April 6, 1938. They had been conducting research on alter-
nate refrigeration methods when they discovered the polymerization of
tetrafluoroethylene. Plunkett received a patent for PTFE in 1941. It was
found that the material was resistant to corrosion by all the solvents, acids,
and bases that were available for testing at that time. This led to the U.S.
military’s interest in PTFE, and its subsequent use as a cover for proximity
fuses on the nose cones of artillery shells. It was not until the material was
declassified in 1946 that the public learned of the material Du Pont had
named Teflon two years earlier. Teflon has since become a household name;
its best-known use being its contribution to nonstick surfaces on pots and
pans.

Today’s most widely produced and perhaps most versatile plastic, poly-
ethylene, was discovered at the Imperial Chemical Industries (ICI) in Eng-
land in 1933. E. W. Fawcett and R. O. Gibson set off a reaction between
ethylene and benzaldehyde under 2,000 atmospheres of pressure, resulting
in the polymerization of ethylene and the birth of polyethylene. By 1936,
ICI had developed a larger volume compressor that made the production of
useful quantities of polyethylene possible. Among polyethylene’s first ap-
plications were its uses as underwater cable coatings and as insulation for
radar during World War II.

In 1943, Karl Ziegler began work that would drastically alter the pro-
duction of polyethylene. Ziegler used organometallic compounds, which
have both metallic and organic components, as catalysts. At very modest
pressures, these catalysts generated a linear, more rigid, high molecular
weight polyethylene, and the innovation increased the number of the poly-
mer’s applications. Today polyethylene is used in the production of deter-
gent bottles and children’s toys, and is even replacing Kevlar as a bulletproof
material.

In 1957, at the Montecatini Laboratories in Italy, Giulio Natta con-
tinued the work of Ziegler and used what is now termed Ziegler–Natta
polymerization to create polypropylene. When Natta reported the poly-
merization of ethylene with a titanocene catalyst, it became clear that 
polymer chains with specific tacticities, or specific ordered structures, were
possible. Polypropylene rose to become a substitute for polyethylene in
products in which slightly higher temperature stability was necessary, for
example, dishwasher-safe cups and plates.

Polycarbonate, a popular plastic used originally to make eyeglass lenses,
was first discovered by A. Einhorn in 1898. But it would be more than fifty
years before further research was performed on the material. In the 1950s
Dr. Herman Schnell, working at Bayer, a division of IG Farben, along with
Daniel Fox of General Electric’s Corporate Laboratory in Schenectady, New
York, conducted concurrent research on the synthesis of polycarbonate.
Schnell and Fox each achieved a polymerization that produced polycarbon-
ate via different methods, and received patents in 1954 and 1955, respec-
tively. Upon his achievement of polymerization, Fox described his attempts
to remove the newly formed polymer from the reaction vessel: “The rem-
nants of the glass were broken away to yield a hemispherical, glass fragment
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embedded, glob of plastic on the end of a steel stirrer shaft. The glob was
pounded on the cement floor and struck with a hammer in abortive attempts
to remove the remaining glass, and/or, shatter the plastic. The pseudo plas-
tic mallet was even used to drive nails into wood.” That glob would even-
tually be developed into bulletproof glass and provide General Electric and
Bayer with billions of dollars in revenue.

Means to improve the material properties of plastics have been sought
for decades. Improvement has sometimes come in the form of compounds
such as mineral fillers, antioxidants, and flame-retardants. One of the first
searches for an improved material was centered on cellulose nitrate. Cellu-
lose nitrate is colorless and transparent, which enabled it to be used as pho-
tographic film. However, it is extremely flammable, and its early use in
motion picture film and concomitant exposure to hot lights led to numer-
ous fires. In 1900, Henri Dreyfus substituted acetic acid for nitric acid in
the synthesis of cellulose nitrate, and created instead a less flammable ma-
terial, cellulose acetate. Today, polymers are often halogenated in order to
achieve flame-retardation.

Plastics have been designed to be chemically resistant, stable com-
pounds, and have been extremely successful in these regards. In fact, they
have been so successful that an environmental problem has been created.
Plastic products discarded in landfills decay slowly. They sometimes con-
tain heavy metal additives. In addition, the millions of pounds of plastic dis-
carded annually have engendered a crisis over landfill space. In the early
1980s plastic recycling programs began to spring up across the United States
in response to the large number of polyethylene terephthalate (PET or
PETE) bottles being discarded. In 1989, 235 million pounds of PET bot-
tles were recycled. The number rose to 1.5 billion pounds in 1999.

Most plastics can be recycled. Even mixed plastic waste can be recy-
cled into artificial lumber or particleboard. Plastic “wood” is easy to saw,
and it has better resistance to adverse weather and insects than real wood.
SEE ALSO Baekeland, Leo; Carothers, Wallace; Goodyear, Charles;
Staudinger, Hermann; Nylon; Polymers, Synthetic.

Paul E. Koch
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Platinum
MELTING POINT: 1,739°C
BOILING POINT: 4,170°C
DENSITY: 21.45 g/cm3

MOST COMMON IONS: Pt2�, Pt(Cl)62�, Pt(CN)42�, Pt(CN)62�

The first reports of the discovery of platinum were the papers of Antonio de
Ulloa, who found an unworkable metal, platina (Spanish for “little silver”),
in the gold mines of Colombia in 1736. Charles Wood provided the first
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samples in 1741. Platinum has a concentration of approximately 10�6 per-
cent in Earth’s crust. Platinum crystallizes in the face-centered cubic struc-
ture. The pure metal is malleable and ductile, and lustrous and silvery in
appearance. It is capable of absorbing gaseous hydrogen. Platinum is found
in nature in alluvial deposits and in association with copper, iron, and nickel
sulfide ores. The metal is soluble in aqua regia, isolated as (NH4)2PtCl6 from
aqua regia, and obtained as a sponge or powder by ignition of (NH4)2PtCl6.

Platinum is used as a catalyst in a wide variety of chemical reactions.
Some of the more common catalytic uses are the oxidation of organic va-
pors in automobile exhaust, the oxidation of ammonia in the production of
nitric acid, and the rearrangement of atoms in petroleum reforming. Most
of the halides are formed by direct combination of the halogen elements
with platinum, resulting in PtF6, [PtF5]4, PtX4 (where X � F, Cl, Br, or I),
and PtX3 and PtX2 (where X � Cl, Br, or I). The two oxides, PtO and PtO2,

are unstable and decompose upon heating. In the �2 and �3 oxidation
states, platinum forms coordination complexes bonded to carbon, nitrogen,
phosphorous, oxygen, and sulfur donor atoms. Perhaps the most well known
coordination complex is cis-platin, Pt(NH3)2Cl2, used in chemotherapy treat-
ments of cancer.

D. Paul Rillema
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Plutonium
MELTING POINT: 640°C
BOILING POINT: 3,228°C
DENSITY: 19.84g/cm3

MOST COMMON IONS: Pu3�, Pu4�, PuO2
�, PuO2

2,� PuO5
3�

Plutonium was discovered by Glenn Seaborg, Edwin McMillan, Joseph
Kennedy, and Arthur Wahl in 1940. They prepared a new isotope of nep-
tunium, 238Np, which decayed by 
-emission to 238Pu.

238U(d,2n)238Np wd
ß� 238Pu(t1/2 � 87.7y)

Their work as part of the Manhattan Project was kept secret and was fi-
nally reported in 1946, after World War II, although the existence of plu-
tonium had been revealed to the world earlier, when the atomic bomb was
dropped over Nagasaki, Japan. There are sixteen isotopes of plutonium, hav-
ing mass numbers ranging from 232 to 247. The principal isotopes of Pu
are those having mass numbers 238, 239, 240, 241, 242, and 244. Ton quan-
tities of 239Pu (having a half-life of 2.4 � 04 y) are available. The isotope
239Pu is the source material for nuclear weapons and is produced via neu-
tron capture reactions on 238U in nuclear reactors.

238U(n,�)239U wd
ß� 239Np wd

ß� 239Pu

About 110 tons of 239Pu are generated in nuclear power plants each year,
with approximately 40 percent of the energy produced in the nuclear fuel
cycle coming from 239Pu. About three times as much electricity is generated
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from 239Pu in the United States as from oil-fired electrical generating plants.
The ground state (outer orbital) electronic configuration of Pu is [Rn]5f67s2.
The most stable oxidation state for plutonium ions in solution is �4, al-
though appreciable amounts of plutonium in its �3, �5, and �6 oxidation
states can exist. The aqueous chemistry of plutonium is further complicated
by the successive, stepwise hydrolysis of Pu(IV) compounds to form poly-
mers of colloidal dimensions. Plutonium is the transuranium element that
is most abundant in the environment, due to the atmospheric testing of nu-
clear weapons during the 1950s and 1960s that deposited approximately 4.2
tons of plutonium in the environment. Most of this plutonium is in the soil,
in which it has no discernable effects. SEE ALSO Actinium; Berkelium; Ein-
steinium; Fermium; Lawrencium; Mendelevium; Neptunium; Nobelium;
Protactinium; Rutherfordium; Seaborg, Glenn Theodore; Thorium;
Uranium.

Walter Loveland
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acetylcholine: neurotransmitter with the chemical formula C7H17NO3; it as-
sists in communication between nerve cells in the brain and central nervous
system

acid rain: precipitation that has a pH lower than 5.6; term coined by R. A.
Smith during the 1870s

activation analysis: technique that identifies elements present in a sample by
inducing radioactivity through absorbtion of neutrons

adenine: one of the purine bases found in nucleic acids, C5H5N5

adenosine triphosphate (ATP): molecule formed by the condensation of ade-
nine, ribose, and triphosphoric acid, HOP(O)OH–O–(O)OH–OP(O)OH–OH;
it is a key compound in the mediation of energy in both plants and animals

adrenalin: chemical secreted in the body in response to stress

alchemy: medieval chemical philosophy having among its asserted aims the
transmutation of base metals into gold

aldehyde: one of the characteristic groups of atoms in organic compounds
that undergoes characteristic reactions, generally irrespective of where it oc-
curs in the molecule; the RC(O)H functional group

aliphatic: having carbon atoms in an open chain structure (as an alkane)

aliquot: specific volume of a liquid used in analysis

alkaloid: alkaline nitrogen-based compound extracted from plants

alloy: mixture of two or more elements, at least one of which is a metal

� subunit: subunit that exists in proteins that are composed of several chains
of amino acids, the first unit in the “counting” of the units

�-particle: subatomic particle with 2� charge and mass of 4; a He nucleus

amalgam: metallic alloy of mercury and one or more metals

amine functional group: group in which nitrogen is bound to carbon in an
organic molecule in which two other groups or hydrogen atoms are bound
to nitrogen; major component of amino acids

amino acid residue: in a protein, which is a polymer composed of many amino
acids, that portion of the amino acid that remains to become part of the
protein
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amino acid sequence: twenty of the more than five hundred amino acids that
are known to occur in nature are incorporated into a variety of proteins that
are required for life processes; the sequence or order of the amino acids pre-
sent determines the nature of the protein

amphetamine: class of compounds used to stimulate the central nervous sys-
tem

anabolism: metabolic process involving building of complex substances from
simpler ones, using energy

analgesic: compound that relieves pain, e.g., aspirin

androgen: group of steroids that act as male sex hormones

angiotensin: chemical that causes a narrowing of blood vessels

anhydrous compound: compound with no water associated with it

anion: negatively charged chemical unit, like Cl�, CO32�, or NO3�

anthcyanin: antioxidant flavanoid that makes raspberries red and blueberries
blue

antibody: protein molecule that recognizes external agents in the body and
binds to them as part of the immune response of the body

anticoagulant: molecule that helps prevent the clotting of blood cells

antiscorbutic: substance that has an effect on scurvy

apoenzyme: the protein part of an enzyme that requires a covalently bound
coenzyme (a low molecular weight organic compound) or a cofactor (such
as a metal ion) for activity

aqueous solution: homogenous mixture in which water is the solvent (pri-
mary component)

aromatic: having a double-bonded carbon ring (typified by benzene)

asparagine residue: amino acid asparagine unit as it occurs in a polypeptide
chain

atomic mass units: unit used to measure atomic mass; 1/12 of the mass of a
carbon-12 atom

atomic number: the number of protons in an atomic nucleus, expressed in
terms of electric charge; it is usually denoted by the symbol Z

atomic orbital: mathematical description of the probability of finding an elec-
tron around an atom

atomic spectrum: electromagnetic array resulting from excitement of a
gaseous atom

atomic theory: concept that asserts that matter is composed of tiny particles
called atoms

atomic weight: weight of a single atom of an element in atomic mass units (amu)

attraction: force that brings two bodies together, such as two oppositely
charged bodies
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axial bond: covalent bond pointing along a molecular axis

azo dye: synthetic organic dye containing a –N�N– group

bacteriophage multiplication: process by which immune system cells respon-
sible for battling bacterial infections reproduce

basal metabolism: the process by which the energy to carry out involuntary,
life-sustaining processes is generated.

� subunit: subunit that exists when two or more polypeptide chains associ-
ate to form a complex functional protein, the chains are referred to as “sub-
units”; these subunits are often identified as �, �, etc.

biological stain: dye used to provide contrast among and between cellular
moieties

biomass: collection of living matter

biosynthesis: formation of a chemical substance by a living organism

boat conformation: the arrangement of carbon atoms in cyclohexane, C6H12.
In which the spatial placement of the carbon atoms resembles a boat with
a bow and a stern

brine: water containing a large amount of salts, especially sodium chloride
(NaCl)

Brownian motion: random motion of small particles, such as dust or smoke
particles, suspended in a gas or liquid; it is caused by collisions of the par-
ticle with gas or solvent molecules which transfer momentum to the parti-
cle and cause it to move

calc: calcium carbonate

calcine: to heat or roast to produce an oxide (e.g., CaO from calcite)

capacitor plate: one of several conducting plates, or foils, in a capacitor, sep-
arated by thin layers of dielectric constant, an insulating material

carboxylate: structure incorporating the –COO– group

carboxyl group: an organic functional group, –C(O), found in aldehydes, ke-
tones, and carboxyl acids.

carboxylic acid: one of the characteristic groups of atoms in organic com-
pounds that undergoes characteristic reactions, generally irrespective of
where it occurs in the molecule; the –CO2H functional group

catabolism: metabolic process involving breakdown of a molecule into
smaller ones resulting in a release of energy

catalysis: the action or effect of a substance in increasing the rate of a reac-
tion without itself being converted

catalyst: substance that aids in a reaction while retaining its own chemical
identity

catalytic conversion: catalytic oxidation of carbon monoxide and hydrocar-
bons in automotive exhaust gas to carbon dioxide and water
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cell culture: artificially maintained population of cells, grown in a nutrient
medium and reproducing by asexual division

cephalosporin C: family of antibiotics obtained from a fungus acting in a man-
ner similar to penicillin

chain of custody: sequence of possession through which evidentiary materi-
als are processed

chair conformation: arrangement of atoms in a cycle structure (usually a six-
membered ring) that appears to be arranged like a chair (as opposed to the
other conformation which is described as a “boat”)

chemical-gated: of a membrane protein whose action to open a pore in the
membrane occurs only after a substrate has been binded to the protein or
a cofactor

chlorofluorocarbon (CFC): compound containing carbon, chlorine, and fluo-
rine atoms that remove ozone in the upper atmosphere

chlorophyll: active molecules in plants undergoing photosynthesis

chromatography: the separation of the components of a mixture in one phase
(the mobile phase) by passing in through another phase (the stationary phase)
making use of the extent to which the components are absorbed by the sta-
tionary phase

chromophore: part of the molecule that yields characteristic colors

cladding: protective material surrounding a second material, which is fre-
quently tubes filled with uranium dioxide pellets in a nuclear reactor

cleave: split

cobrotoxin: polypeptide toxin containing sixty-two residues that is found in
the venom of cobras

code: mechanism to convey information on genes and genetic sequence

cofactor: inorganic component that combines with an apoenzyme to form a
complete functioning enzyme

coherent mass: mass of particles that stick together

color fastness: condition characterized by retention of colored moieties from
a base material

combustion: burning, the reaction with oxygen

competitive inhibitor: species or substance that slows or stops a chemical re-
action

complementarity: basis for copying the genetic information, where each nu-
cleotide base has a complementary partner with which it forms a base-pair

congener: an element or compound belonging to the same class

constitutional isomer: form of a substance that differs by the arrangement of
atoms along a molecular backbone

contact activity: process involving the touching of different surfaces
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contraction: the shortening of a normal trend of a quantity

coordinate covalent bond: covalent bond in which both of the shared elec-
trons originate on only one of the bonding atoms

coordination chemistry: chemistry involving complexes of metal ions sur-
rounded by covalently bonded ligands

corrosive gas: gas that causes chemical deterioration

covalent bond: bond formed between two atoms that mutually share a pair
of electrons

crystal lattice: three-dimensional structure of a crystaline solid

crystallization: process of producing crystals of a substance when a saturated
solution in an appropriate solvent is either cooled or some solvent removed
by evaporation

culture: living material developed in prepared nutrient media

cyanobacterium: eubacterium sometimes called “the blue-green alga”; it con-
tains chlorophyll (the pigment most abundant in plants), has very strong cell
walls, and is capable of photosynthesis

cyclopentadienyl ring: five-membered carbon ring containing two C–C dou-
ble bonds; formula C5H6

cysteine residue: sulfhydryl-containing cysteine unit in a protein molecule

cytosine: heterocyclic, pyrimidine, amine base found in DNA

dedifferentiation: the opposite of the biological process of differentiation by
which a relatively unspecialized cell undergoes a progressive change to a
more specialized form or function

degradative: relating to or tending to cause decomposition

degrade: to decompose or reduce the complexity of a chemical

delocalized: of a type of electron that can be shared by more than one or-
bital or atom

denitrification: process of removing nitrogen

density-functional theory: quantum mechanical method to determine ground
states

depolarization: process of decreasing the separation of charge in nerve cells;
the opposite of hyperpolarization

deterministic: related to the assumption that all events are based on natural
laws

deuteron: nucleus containing one proton and one neutron, as is found in the
isotope deuterium

dialcohol: organic molecule containing two covalently-bonded –OH groups

diamagnetic: property of a substance that causes it to be repelled by a mag-
netic field
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diamine: compound, the molecules of which incorporate two amino groups
(–NH2) in their structure, such as 1,2 diamino ethane (sometimes called eth-
ylenediamine) and the three diamine benzene compounds

dibasic acid: acidic substance that incorporates two or more acidic hydro-
gen atoms in one molecule, such as sulfuric (H2SO4) and phosphoric
(H3PO4) acids

dihydroxy compound: compound with molecules that incorporate two hy-
droxyl groups (–OH) in their structure, such as 1,2 dihydroxy ethane (some-
times called glycol) and the three dihydroxy benzene compounds

directing effect: ability of a functional group to influence the site of chemi-
cal reaction, such as substitution, for a molecule

discharge display tube: glass tube containing gas at low pressure through
which a beam of electrons is passed

disperse system: two-phase system in which one phase, the disperse phase,
is distributed in the second phase, the dispersion medium

disulfide bond: bond in a complex substance that involves two bonding sul-
fur atoms, –S–S–

disulfide bridge: covalent –S–S– linkage that provides cross-links in protein
molecules

DNA: deoxyribonucleic acid—the natural polymer that stores genetic infor-
mation in the nucleus of a cell

dope: to add a controlled amount of an impurity to a very pure sample of a
substance, which can radically change the properties of a substance

drug resistance: ability to prevent the action of a particular chemical sub-
stance

ductile: property of a substance that permits it to be drawn into wires

Eighteen Electron Rule: rule noting that coordination complexes with eigh-
teen electrons are stable; electrons from both metal species and ligand donor
species are counted

electrolyte solution: a liquid mixture containing dissolved ions

electron correlation error: quantum mechanical method for studying atoms,
ions, or molecules

electronegative: capable of attracting electrons

electrophoresis: migration of charged particles under the influence of an elec-
tric field, usually in solution; cations, the positively charged species, will
move toward the negative pole and anions, the negatively charged species,
will move toward the positive pole

electrostatic interaction: force that arises between electrically charged parti-
cles or regions of particles

elemental analysis: determination of the percent of each atom in a specific
molecule
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emulsifier: substance that stabilizes the formation of an emulsion—normally
it contains molecules with both polar and non-polar functional groups

emulsion: immiscible two-phase mixture in which one phase is dispersed (as
small droplets) in the other phase

enantiomorphic shape: mixture of molecules with the same molecular for-
mulas but different optical characteristics

endohedral: descriptive term for a point within a three-dimensional figure

endoplasmic reticulum: internal membrane system that forms a net-like ar-
ray of channels and interconnections of organelles within the cytoplasm of
eukaryotic cells

Equation of State for Ideal Gases: mathematical statement relating conditions
of pressure, volume, absolute temperature, and amount of substance; PV �
nRT

equatorial bond: covalent bond perpendicular to a molecular axis

equilibrium: condition in which two opposite reactions are occurring at the
same speed, so that concentrations of products and reactants do not change

erythromycin: antibiotic used to treat infections

ester: organic species containing a carbon atom attached to three moieties:
an O via a double bond, an O attached to another carbon atom or chain,
and an H atom or C chain;  the R(C=O)OR functional group

esterification: chemical reaction in which esters (RCO2R1) are formed from
alcohols (R1OH) and carboxylic acids (RCO2R�)

estrogen: female sex hormone

eukaryotic cell: cell characterized by membrane-bound organelles, most no-
tably the nucleus, and that possesses chromosomes whose DNA is associ-
ated with proteins

excitatory: phenomenon causing cells to become active

excitatory neurotransmitter: molecule that stimulates postsynaptic neurons to
transmit impulses

exclusion principle: principle that states that no two electrons can have the
same four quantum numbers

excrete: to eliminate or discharge from a living entity

expressed: made to appear; in biochemistry—copied

extracellular matrix: entity surrounding mammalian tissue cells, also called
connective tissue; composed of structural proteins, specialized proteins, and
proteoglycans

face centered cubic structure: close-packed crystal structure having a cubic
unit cell with atoms at the center of each of its six faces

feedstock: mixture of raw materials necessary to carry out chemical reactions
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Fermi conduction level: vacant or partially occupied electronic energy level
resulting from an array of a large number of atoms in which electrons can
freely move

ferric: older name for iron in the �3 oxidation state

ferrous: older name for iron in the �2 oxidation state

fibril: slender fiber or filament

fission: process of splitting of an atom into smaller pieces

fissionable: of or pertaining to unstable nuclei that decay to produce smaller
nuclei

5� end: situation in nucleic acids in which the phosphate group is attached
at the fifth carbon atom from where the base is attached

folic acid: pteroylglutamic acid; one of the B complex vitamins

formaldehyde: name given to the simplest aldehyde HC(O)H, incorporating
the –C(O)H functional group

fractional distillation: separation of liquid mixtures by collecting separately
the distillates at certain temperatures

fulcrum: prop or support to an item as in a lever

functional group: portion of a compound with characteristic atoms acting as
a group

galactose: six-carbon sugar

galvanic: relating to direct current electricity, especially when produced
chemically

galvanometer: instrument used to detect and measure the strength of an elec-
tric current

gas density: weight in grams of a liter of gas

glucocorticoid: class of hormones that promotes the breakdown of proteins
to make amino acids available for gluconeogenesis; this elevates the blood
sugar level and leads to glycogen synthesis in the liver

glucose: common hexose monosaccharide; monomer of starch and cellulose;
also called grape sugar, blood sugar, or dextrose

golgi apparatus: collection of flattened stacks of membranes in the cytoplasm
of eukaryotic cells that function in the collection, packaging, and distribu-
tion of molecules synthesized in the cell

gram negative: bacteria that do not retain their color when exposed to ba-
sic dyes such as crystal violet and then exposed to organic solvents; named
after Danish bacteriologist Hans Christian Joachim Gram

gram positive: bacteria that retain their color when exposed to basic dyes such
as crystal violet and then exposed to organic solvents; named after Danish
bacteriologist Hans Christian Joachim Gram

Gray: unit of radiation dose per second; 1 Gray � 1 J/kg
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greenhouse effect: presence of carbon dioxide in the atmosphere prevents
heat from escaping, thereby raising Earth’s temperature

Griess reagent: solution of sulfanilic acid and a-naphthylamine in acetic acid;
reagent for nitrites

guanine: heterocyclic, purine, amine base found in DNA

halogen: element in the periodic family numbered VIIA (or 17 in the mod-
ern nomenclature) that includes fluorine, chlorine, bromine, iodine, and as-
tatine

heavy metal: by convention, a metal with a density greater than 5 g/cm3; 70
elements are thus classified as heavy metals

helix: in the shape of a spiral or coil, such as a corkscrew

heme group: functional group formed by an iron atom interacting with a het-
erocyclic ligand called a porphyrin

hemiacetal: relating to organic compounds formed from an alcohol and a
carbonyl-containing molecule

hemlock: poisonous herb of the genus Conium

Hippocrates: Greek physician of fifth century B.C.E. known as the “father of
medicine”

homogeneous: relating to a mixture of the same materials

homogeneous solution: mixture of molecules that forms a single phase (solid,
liquid, or gas)

hormonal signaling: collective processes by which hormones circulate in the
blood stream to their target organs and trigger the desired responses

hydrogen bonding: intermolecular force between the H of an N–H, O–H or
F–H bond and a lone pair on O, N or F of an adjacent molecule

hydrolyze: to react with water

hydrophilic: having an affinity with water

hydrophobic: water repelling

hyperbolic relationship: a geometric system in which two or more lines can
be drawn through any point in a plane and not intersect a given line in that
plane

hyperpolarization: process of causing an increase in charge separation in nerve
cells; opposite of depolarization

hypertension: condition in which blood pressure is abnormally high

Ibn Sina: given name of an Islamic scientist known in the West as Avicenna
(979–1037); reputed to be the author of more than 100 books that were Eu-
rope’s most important medical texts from the 12th century until the 16th
century

inert: incapable of reacting with another substance

inhibitory: preventing an action that would normally occur
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integro-differential: complex mathematical model used to calculate a phase
transition

interface tension: contractile force at the junction of two liquids

intermediate: molecule, often short-lived, that occurs while a chemical reac-
tion progresses but is not present when the reaction is complete

intermolecular force: force that arises between molecules, generally it is at
least one order of magnitude weaker than the chemical bonding force

internuclear: distance between two nuclei

intestinal epithelium: layer of cells in the intestines that allows the passage
of water and solutes

intramolecular force: force that arises within molecules—essentially the force
associated with chemical bonds

invertebrate: category of animal that has no internal skeleton

in vitro: Latin, meaning “in glass” and applied to experiments done under
artificial conditions, that is, in a test tube

in vivo: Latin, meaning “in life” and applied to experiments conducted in a
living cell or organism

ion exchange chromatography: form of liquid-solid chromatography based on
the reversible formation of bonds between the fixed ions bound to an in-
soluble matrix of an ion exchanger and mobile counter ions present in the
liquid phase passing over the insoluble matrix

ionization: dissociation of a molecule into ions carrying � or � charges

isolate: part of a reaction mixture that is separated and contains the mater-
ial of interest

isomer: molecules with identical compositions but different structural for-
mulas

isoprene: common name for 2-methyl-1,3butadiene, the monomer of the
natural rubber polymer

isostructural: relating to an arrangement of atomic constituents that is geo-
metrically the same although different atoms are present

isotope: form of an atom that differs by the number of neutrons in the nu-
cleus

ketone: one of the characteristic groups of atoms in organic compounds that
undergoes characteristic reactions, generally irrespective of where it occurs
in the molecule; the RC(O)R functional group

kinetic theory: theory of molecular motion

Kohlrausch drum: rotating cylinder used to mount a variable resistance slide
wire for a polarograph

lanthanides: a family of elements (atomic number 57 through 70) from lan-
thanum to lutetium having from 1 to 14 4f electrons
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lattice: systematic geometrical arrangement of atomic-sized units that de-
scribe the structure of a solid

ligand: molecule or ion capable of donating one or more electron pairs to a
Lewis acid

lipid: a nonpolar organic molecule; fatlike; one of a large variety of nonpo-
lar hydrophobic (water-hating) molecules that are insoluble in water

lipophilic: a molecule that tends to congregate in solution with lipids—it will
be a nonpolar molecule or the nonpolar portion of a molecule

liposome: sac formed from one or more lipid layers that can be used for drug
transport to cells in the body

liquefaction: process of changing to a liquid form

locomotor: able to move from place to place

Lucretius: Roman poet of first century B.C.E., also known as Titus Carus;
author of De Rerum Natura

lysergic acid: one of the Ergot series of alkaloids, which constrict blood ves-
sels so that the victim develops burning sensations in the limbs, gangrene,
and, ultimately, convulsions; the diethylamide of this substance (LSD) in-
duces visual perception disorders, delusion

lysis: breakdown of cells; also the favorable termination of a disease

macrolide: substance with a large ring lactone structure

macronutrient: one of a number of substances, needed in relatively large
amounts, that provide nourishment for living organisms

macroscopic phenomena: events observed with human vision unassisted by
instrumentation

mammalian toxicity: poisonous effect on humans and other mammals

Manhattan Project: government project dedicated to creation of an atomic
weapon; directed by General Leslie Groves

manifold of ensemble states: a set of quantum states that meet the specific
requirements (such as total energy) being considered in a calculation

mechanical energy: energy of an object due to its position or motion

mediate: to act as an intermediary agent

melting point: temperature at which a substance in the solid state undergoes
a phase change to the liquid state

mentorship: the process by which a wise and trusted teacher guides a novice
in the development of his/her abilities

metabolism: the complete range of biochemical processes that take place
within living organisms; comprises processes that produce complex sub-
stances from simpler components, with a consequent use of energy (an-
abolism), and those that break down complex food molecules, thus liberating
energy (catabolism)

metabolites: products of biological activity that are important in metabolism
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metal: element or other substance the solid phase of which is characterized
by high thermal and electrical conductivities

metal cation: positively charged ion resulting from the loss of one or more
valence electrons

metalloenzyme: a protein enzyme that contains at least one metal atom, of-
ten in an active site of the protein

metalloid: elements that exhibit properties that are between those of metals
and nonmetals; generally considered to include boron, silicon, germanium,
arsensic, antimony, tellurium, and polonium

metallothionein: class of low molecular weight proteins and polypeptides with
very high metal and sulfur content; thought to play a role in concentration
and flow of essential elements, e.g., Cu and Zn, and in ameliorating the in-
fluence of toxic elements, e.g., Hg and Cd, in the body

metallurgy: the science and technology of metals

microchemistry: chemical investigation carried out on a microscopic level

microcrystalline: relating to the structure of crystals of very small size, typi-
cally a micron (�m) in dimension

micromolar: relating to a solution of a substance that is in the concentration
range of micromoles per liter, or 10�6 moles per liter

mitochondrial matrix: soluble phase inside the inner mitochondrial membrane
containing most of its enzymes

mitosis: process by which cells divide, particularly the division of the cell nu-
cleus

molecular identity: “fingerprint” of a molecule describing the structure

monoclinic: one of several arrangements of atoms found in crystalline solids;
characterized by a unit cell of three axes each of a differing length; two axes
are mutually perpendicular while the third is at an oblique angle

monodentate: capable of donating one electron pair; literally, one-toothed

monosaccharide: one class of the natural products called carbohydrates with
the general formula Cx(H2O)y; monosaccharides have a weak sweet taste,
are readily soluble in water, and are called sugars

mordant dye: dye substance containing an acidic moiety, e.g., a carboxyl group,
which binds metallic compounds, forming insoluble colored compounds

natural philosophy: study of nature and the physical universe

nesosilicate: any silicate in which the SiO4 tetrahedra are not interlinked

net charge: total overall charge

neurologic: of or pertaining to the nervous system

neuropathy: degenerative state of the nerves or nervous system

neuropeptide: neurotransmitter released into the blood stream via nerve cells
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neutron activation analysis: method for detecting traces of elements by bom-
bardment with high-flux neutrons and then measuring the decay rate of the
radioactive products

Newtonian: based on the physics of Isaac Newton

nicotine adenine dinucleotide (NAD): one compound of a group of coenzymes
found in hydrogen-transferring enzymes

nitric oxide: compound, NO, which is involved in many biological processes;
the drug Viagra enhances NO-stimulation of pathways to counteract im-
potence; may be involved in killing tumors

nitrotoluic acid: benzoic acid molecule with methyl and nitro groups attached

noble gas: element characterized by inert nature; located in the rightmost
column in the Periodic Table

noncovalent: having a structure in which atoms are not held together by shar-
ing pairs of electrons

noncovalent aggregation: non-specific interaction leading to the association
of molecules

nonpolar: molecule, or portion of a molecule, that does not have a perma-
nent, electric dipole

nuclear: (a) having to do with the nucleus of an atom; (b) having to do with
the nucleus of a cell

nucleosynthesis: creation of heavier elements from lighter elements via fu-
sion reactions in stars

octahedral: relating to a geometric arrangement of six ligands equally dis-
tributed around a Lewis acid; literally, eight faces

odd chain fatty acid: long chain carboxylic acid with an odd number of car-
bon atoms

oligomeric chain: chain that contains a few repeating units of a growing poly-
meric species

opioid: naturally produced opium-like substance found in the brain

optically active: capable of rotating the plane of plane-polarized light

organoleptic: effect of a substance on the five senses

organometallic compound: compound containing both a metal (transition) and
one or more organic moieties

oxidation: process that involves the loss of electrons (or the addition of an
oxygen atom)

oxidation state zero: condition characterized by an atom having neither lost
nor gained electrons

oxidation–reduction reaction: reaction, sometimes called redox, that involves
the movement of electrons between reactants to form products

oxide ion conductor: series of oxides of various compounds in perovskite struc-
ture—especially of interest in high-temperature fuel cells
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parabolic curve: planar curve each point of which is equidistant from a straight
line (axis)

paraffin: saturated aliphatic hydrocarbon (alkane), or hydrocarbon wax

partial pressure: portion of a total pressure of a gas mixture contributed by
a single type of gas in the sample

passive diffusion: mechanism of transporting solutes across membranes

pasteurization: process of heating foods such as milk to destroy bacteria

peerage: a body of peers; dignitaries of equal standing

perpendicular: condition in which two lines (or linear entities like chemical
bonds) intersect at a 90-degree angle

pH effect: effect caused by a change in the concentration of hydrogen ions

phase: homogenous state of matter

phenol: common name for hydroxybenzene (C6H5OH)

phosphorylation: the addition of phosphates into biological molecules

photodiode assembly: grouping of electronic devices which includes a pho-
todiode—a photodetector; useful in medical diagnostics, bar code readers,
and guidance systems

photon: a quantum of electromagnetic energy

photosynthesis: process by which plants convert carbon dioxide and water to
glucose

physostigmine: alkaloid derived from the leaves of the Calabar bean, formula
C15H12N3O2; salts used for anticholinesterase activity

pilot plant: intermediate stage of testing for chemical process, between
bench-top and production scale

planar complex: arrangement of atoms in which all atoms lie within a com-
mon two-dimensional plane

plane polorized light: electromagnetic radiation (light) in which the electric
(or magnetic) vectors are all vibrating in the same plane

platelet: smallest noncellular component of human blood

pneumatic chemist: early chemist who studied primarily the properties of
gases

polynucleotide synthesis: formation of DNA or RNA

polypeptide: compound containing two or more amide units—C(O)NH—
produced by the condensation of two or more amino acids

porphyrin: common type of heterocyclic ligand that has four five-member
rings with a nitrogen, all of which lie in a plane; nitrogen atom lone pairs
are available for coordinate covelent bonds

postsynaptic neuron: receptor nerve cell

potash: the compound potassium oxide, K2O
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precipitation: process of separating a solid substance out of a solution

precursor molecule: molecule that is the chosen starting point for the prepa-
ration of another molecule; a starting molecule in a chemical synthesis; a
reactant molecule

primary electrochemical cell: voltaic cell based on an irreversible chemical re-
action

principal oxidation state: oxidation state that is most important

prism: triangular-shaped material made from quartz or glass used to diffract
light

prodrug: precursor of a drug that is converted into an active form by a meta-
bolic process

progesterone: steroid found in the female reproductive system; formula
C21H30O2

prokaryotic: relating to very simple cells of the type found in bacteria

propagating: reproducing; disseminating; increasing; extending

protecting group: substance added to a functional group of a molecule pre-
venting further reaction until the substance is removed by subsequent re-
actions

proximate percent: nearest percent of a population (e.g. people, substances)

purine base: one of two types of nitrogen bases found in nucleic acids

putative: commonly believed or hypothesized

pyramidal: relating to a geometric arrangement of four electron-donating
groups at the four vertices of a pyramid

pyrimidine base: one of two types of nitrogen bases found in nucleic acids

pyruvate: anion of pyruvic acid produced by the reaction of oxygen with lac-
tic acid after strenuous exercise

quantum: smallest amount of a physical quantity that can exist independently,
especially a discrete amount of electromagnetic energy

quantum mechanical: theoretical model to describe atoms and molecules by
wave functions

quantum physics: physics based on the fact that the energy of an electron is
equal to its frequency times Planck’s constant

radioactive decay: process involving emission of subatomic particles from a
nucleus, typically accompanied by emission of very short wavelength elec-
tromagnetic radiation

radioelement: a radioactive element; one in which the nucleus spontaneously
decomposes (decays) producing � (alpha) and � (beta) particles and �
(gamma) rays

rare earth elements: older name for the lanthanide series of elements, from
lanthanum to lutetium
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rate-limiting step: slowest step in a complex reaction; it determines the rate
of the overall reaction; sometimes called the rate-determining step

reagent: chemical used to cause a specific chemical reaction

receptor: area on or near a cell wall that accepts another molecule to allow
a change in the cell

reducing agent: substance that causes reduction, a process during which elec-
trons are lost (or hydrogen atoms gained)

reducing potential: stored energy capable of making a chemical reduction oc-
cur

relativistic calculation: quantum mechanical model that includes the effects
of relativity, particularly for core electrons

repulsive force: force that repels two bodies; charges of the same sign repel
each other

reserpine: one of a group of alkaloids found naturally in the shrub Rarewolfia
serpentina; has been used for centuries to treat hypertension, insomnia, and
mental disorders; more recently it has been used to reduce blood pressure

retardation: to slow down a chemical reaction

retrosynthetic analysis: method of analyzing chemical reactions that starts with
the product and works backward to determine the initial reactants

reverberator furnace: furnace or kiln used in smelting that heats material in-
directly by deflecting a nearby flame downward from the roof

ribosome: large complex of proteins used to convert amino acids into pro-
teins

RNA: ribonucleic acid, a natural polymer used to translate genetic informa-
tion in the nucleus into a template for the construction of proteins

RNA polymerase: enzyme used to make RNA using DNA as a template

rough endoplasmic reticulum: regions of endoplasmic reticulum the outer sur-
faces of which are heavily studded with ribosomes, which make proteins for
activities within membrane-bounded organelles

Royal Society: The U.K. National Academy of Science, founded in 1660

rutile: common name of TiO2; also a common structural type for compounds
with the general composition AB2

saltpeter: potassium nitrate; chile saltpeter is sodium nitrate

screen: process of comparing multiple reagents simultaneously to provide
information on reaction of one reagent with another

seed germination: beginning of the process by which a seed produces a new
plant

selenium toxicity: condition created by intake of excess selenium (Se) from
plants or seleniferous water; acute and chronic toxicity are known

semisynthetic: produced by synthesis from natural starting materials
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serology: the study of serum and reactions taking place within it

sigma plus pi bonding: formation of a double bond within a molecule or ion

single Slater determinant: wave function used to describe atoms and mole-
cules

size of the basis set: number of relatively simple mathematical functions
(called the basis set) used to represent a more complicated mathematical
function such as an atomic orbital

smelting: process by which ores are reduced in the production of metals

Socrates: Greek philosopher, c.470–399 B.C.E.

somatic cell: cells of the body with the exception of germ cells

spectral line: line in a spectrum representing radiation of a single wavelength

spectroscopy: use of electromagnetic radiation to analyze the chemical com-
position of materials

spinel: name given to a group of minerals that are double oxides of divalent
and trivalent metals, for example, MgO � Al2O3 or MgAl2O4; this mineral
is called spinel; also a structural type

stacking interactions: one type of interaction that affects conformation of dou-
ble-stranded DNA; caused by van der Waals forces

stereospecific: yielding one product when reacted with a given compound
but the opposite product when reacted with its stereoisomer

steric repulsion: repulsive force that exists when two atoms or groups get too
close together

sterol: steroid containing an alcohol group; derived from plants or animals;
e.g., cholesterol

stigmasterol: sterol found in soybeans, C29H48O

stratosphere: layer of the atmosphere where ozone is found; starts about 6.2
mi (10 km) above ground

streptomycin: antibiotic produced by soil bacteria of genus Streptomyces

subcritical: mass of nuclear materials below the amount necessary to cause
a chain reaction

subshell: electron energy sublevel, of which there are four: s, p, d, and f

sulfonamides: first of a series of drugs used for the prevention and cure of
bacterial infections in humans; sulfanomides are amides of sulfuric acids and
contain the –SO2NRR1 group

super-heavy elements: elements of atomic number greater than 103

superhelix: helical-shaped molecule synthesized by another helical-shaped
molecule

surfactants: surface-active agents that lower the surface tension of water; e.g.,
detergents, wetting agents
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synaptic cleft: tiny space between the terminal button of one neuron and the
dendrite or soma of another

synthesis: combination of starting materials to form a desired product

synthon: in retrosynthesis, molecules are broken into characteristic sections
called synthons

tetrachloride: term that implies a molecule has four chlorine atoms present

tetravalent oxidation state: bonding state of an atom that can form four bonds

theoretical physics: branch of physics dealing with the theories and concepts
of matter, especially at the atomic and subatomic levels

3� end: situation in nucleic acids in which the phosphate group is attached
at the third carbon atom from where the base is attached

thykaloid membrane: part of a plant that absorbs light and passes the energy
on to where it is needed

thymine: one of the four bases that make up a DNA molecule

toluic acids: methylbenzoic acids

torsion balance: instrument used to measure small forces (weights), based
upon the resistance of a wire to be twisted

toxicology: division of pharmacology dealing with poisons, their identifica-
tion, detection, effects on the body, and remedies

toxin: poisonous substance produced during bacterial growth

trace element: element occurring only in a minute amount

transcription: enzyme-catalyzed assembly of an RNA molecule complemen-
tary to a strand of DNA

transition metal complex: species formed when a transition metal reacts with
ions or molecules, including water

transition metals: elements with valence electrons in d-sublevels; frequently
characterized as metals having the ability to form more than one cation

translational process: transfer of information from codon on mRNA to anti-
codon on tRNA; used in protein synthesis

trigonal bipyramidal: geometric arrangement of five ligands around a central
Lewis acid, with ligands occupying the vertices of two trigonal pyramids
that share a common face; three ligands share an equatorial plane with the
central atom, two ligands occupy an axial position

tropocollagen: fibers, or fibrils, consisting of three polypeptide sequences
arranged in a helix

tyrosine: one of the common amino acids

ultraviolet radiation: portion of the electromagnetic spectrum with wave-
lengths shorter than visible but longer than x rays

uracil: heterocyclic, pyrimidine, amine base found in RNA

valence: combining capacity
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vertabrates: animals that have a skeleton

vesicle: small compartment in a cell that contains a minimum of one lipid
bilayer

vitamins: organic molecules needed in small amounts for the normal func-
tion of the body; often used as part of an enzyme catalyzed reaction

vitriol: sulfate of a metal; there are blue (Cu), white (Zn), green (Fe), and
rose (Co) vitriols

volatile: low boiling, readily vaporized

voltage: potential difference expressed in volts

vulcanized rubber: chemical process of mixing rubber with other materials
like sulfur; it strengthens rubber so it can be used under hot or cold condi-
tions; discovered by Charles Goodyear

wetting agent: molecule that, when added to a liquid, facillitates the spread
of the liquid across a surface

zoology: branch of biology concerned with the animal kingdom

zwitterion: molecule that simultaneously contains a positive and a negative
charge
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