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FOREWORD 

The Brookhaven Lectures, held by and for the Brookhaven staff, are meant to pro- 
vide an intellectual meeting ground for all scientists of the Laboratory. In this role 
they serve a double purpose: they are to acquaint the listeners with new develop 
ments and ideas not only in their own fidd, but also in other important fields of 
science, and to give them a heightened awareness of the aims and potentialities of 
Brookhaven National Laboratory. 

Before describing some recent research or the novel design and possible uses of a 
machine or apparatus, the lecturers ~ttampt to familiarize the nudienze with the 
background of the topic to be treated and to define unfamiliar terms as far as 
possible. 

Of course we are fully conscious of the numerous hurdles and pitfalls which neces- 
sarily beset such a venture. In particular, the difference in outlook and method be- 
tween physical and biological sciences presents formidable difficulties. However, 
if we wish to be aware of progress in other fields of science, we have to consider 
each obstacle as a challenge which can be met. 

The lectures are found to yield some incidental rewards which heighten their spell: 
In order to organize his talk the lecturer has to look at his work with a new, wider 
perspective, which provides a satisfying contrast to the often very specialized point 
of view from which he usually approaches his theoretical or experimental research. 
Conversely, during the discussion period after his talk, he may derive valuable 
stimulation from searching questions or technical advice received from listeners 
with different scientific backgrounds. The audience, on the other hand, has an op- 
portunity to see a colleague who may have long been a friend or acquaintance in a 
new and interesting light. 

The lectures are being organized by a committee which consists of representatives 
of ail departments of the Laboratory. A list of the lectures that have been given 
and of those which are now scheduled appears on the back of this report. 

Gertrude ScharfF-Goldhaber 

The drawing on the cover is talcen from a 5th Century B.C. relief on the 
Acropolis in Athens, the "Dreaming Athena," by an unknown sculptor. 
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IN TRO D U CTIO N

Dr. Jaco b  Bigeleisen was 
After receiving his A.B. degree from New York University, 
he studied for his M.S. degree at the State College of Wash
ington. His thesis research there, which was guided by Otto 
Redlich, dealt with the therm odynam ic properties of elec
trolytic solutions. H e then proceeded to the University of 
California, Berkeley, where he carried out his Ph.D. research 
on photochem ical studies under the direction of G ilbert N. 
Lewis. Dr. Bigeleisen spent the war years on the M anhattan 
Project. After short periods at Ohio State University and the 
University of Chicago, he cam e to Brookhaven in 1948. He 
has been here since then except for a stint as Visiting Professor, 
at Cornell and  a  year a t the Eidgenossische Technische 
Hochschule, from which he has ju st returned.

Dr. Bigeleisen’s paper on equilibrium  isotope effects, pub
lished jointly  with M aria  G oeppert M ayer in 1947, is con
sidered a classic in the field today. This paper was followed, 
shortly after his arrival at Brookhaven, by a general study of 
isotope effects on chemical ra te  processes which contains the 
well-known “ Bigeleisen form ulation.” Over the years, Dr. 
Bigeleisen has studied, both theoretically and experimentally, 
isotope effects on rates, on chemical equilibria, and recently 
on vapor pressures. A characteristic of his approach has been 
the ability  to  carry  ou t sim ultaneously both  experim ental 
and theoretical study. His contributions won him the Amer
ican Chem ical Society A w ard for N uclear Applications to 
Chemistry in 1958.

It is a great pleasure to introduce Dr. Bigeleisen. I 'he  title 
of his talk  tonight is, appropria te ly  enough, Chem istry of 
Isotopes.

M a x  W o l f s b e r g



Chemistry of Isotopes 

The sub-ject of this lecture is the origin of the - 
differences i~physical  and c h e m ~ a ~ p ~ o p e r t i e s  of ~ 

isotop_es. ~ h e n z e n a  arising from differences in --. - 
~ ~ u c l e a ~ d e c a y  and reaction properties will not be 
considered. The differences in physical and chemi- 
cal properties can be used in applied and pure sci- 
ence. In the applied field the obvious application 
is to isotope separation, In pure science, the differ- 
ences in physical and chemical properties of iso- 
topes can be used to study such diverse problems 
as molecular structure, quantum effects, and 
chemical kinetics in the field of chemical physics; 
paleotemperature and biogenesis in geochemical 
studies; and the growth and morphology of plants 
and animals in the biochemical and medical sci- 
ences. After an  introduction to the principles of 
isotope chemistry, some examples of the applica- 
tion of isotope effects to these problems in pure 
science will be discussed. 

What is meant by "isotope effects" or the 
"chemistry of isotopes" can be illustrated by three 
experiments which can be done with water. Natu- 
ral water is a mixture of light and heavy water. If 
ordinary water is equilibrated with hydrogen gas, 
say by means of a platinum catalyst, then at equi- 
librium the ratio of deuterium (heavy hydrogen) 
atoms to protium (light hydrogen) atoms in the 
water is found to be 3.7 times the ratio of deu- 
terium to protium atoms in the hydrogen gas. This 
ratio, 3.7, is found if the equilibration is done at  
room temperature, and it becom,es progressively 
smaller, approaching unity, as the equilibration 
temperature is increased. The deuterium atoms 
behave differently from the protium atoms in these 
two compounds, water and hydrogen. This is ordi- 
nary chemistry. If water is electrolyzed, hydrogen 
is obtained at the negative pole (cathode) and oxy- 
gen at the positive pole (anode). Comparison of 
the deuterium-to-protium ratio in the water being 
electrolyzed with that in the evolved hydrogen 
shows the water to be richer:in deuterium'by a 
factor.of 3.7 to 9. The precise difference depends 
on the electrode materials and the conditions of 
electrolysis. Finalljr, if the deuterium abundance. 
in liquid water is compared with that, in vapor in 
equilibrium with the liquid, the liquid is again 

found to be richer in deuterium, but this time by a 
factor of only 1.07. The discrimination between 
deuterium and protium in water depends on the 
process involved. 

In  classical theory there are no differences in 
physical or chemical processes of systems at equi- 
librium. In processes which depend on the veloci- . 
ties of particles, protium may react more rapidly 
than deuterium by a factor of v2. This is a conse- 
quence of the kinetic theory, from which it is de- 
duced that the kinetic energy, 4 mu2, is propor- 
tional to the absolute temperature., Thus at a given . - 
temperature the velocity, v, is proportional to 
(1 /rn)ll2, or u H  = T 2  uD. The classical theory is 
seen to be inadequate to explain the observations 
on the differences in chemical properties of pro- 
tium and deuterium in both equilibrium and rate 
processes. One must, therefore, turn to the quan- 
tum theory to look for an explanation of the ob- 
served phenomena. In fact, it is just for this reason 
that isotope effects are so useful in the study of 
quantum effects in chemistry. 

BASIS OF CHEMICAL ISOTOPE EFFECTS 

The energy of a molecule or a collection of 
molecules is described in terms of the electronic 
energy plus the translation, rotation, and vibration 
of the molecules. To this must be added the ener- 
gies associated with the mutual interactions of 
these simple motions. At room temperature the 
translation and rotation of all gases is adequately 
described by classical mechanics. Anything which 
is classical contributes nothing toward the differ- 
ence in chemical properties of isotopes. From ob- 
servations in atomic and molecular spectra, it is 
concluded that the differences in electronic ener- 
gies between protium and deuterium in their vari- 
ous compounds cannot result in an effect greater 
than 0.5%. This leaves as the sole potential large 
origin of "isotope effects" the molecular vibrations. 

Figure i shows schematically the energy of a 
diatomic molecule as a function of the distance 
between the two atoms. When the atoms are far 
apart, they move independently of one another. 
As they approach one another there is an attrac- 



INTERATOMIC DISTANCE 
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Now consider the energy necessary to dissociate 
the diatomic molecule when all the molecules are 
in the ground.vibrationa1 state. This energy is E, 
for the light molecule but E, for the heavy mol- 
ecule. There is a difference in the energies neces- 
sary to dissociate the two kinds of isotopic molecules, 

This energy difference for dissociation affects 
the stability of the molecule. This principle can be 
illustrated with a familiar process, the evapora- 
tion and condensation of water, which is repre- 
sented as the chemical reaction 

Figure 1 .  Schematic potential energy curve for the inter- 
action of two atoms in a stable molecule or between two 
molecules in a liquid or solid. 

tive fbrce. If' the atoms get closer to one another 
than the distance corresponding to the stable 
molecule, they repel one another and the energy 
increases rapidly. Another way of looking at this 
repulsibn is simply that the atoms have finite size 
and both cannot occupy the same place without 
one or both being squeezed. This compression 
takes work. 'According to the quantum theory, 
the molecule cannot assume any energy on the 
continuous curve shown in Figure 1 but is re- 
stricted to certain discreet energy levels. The  
lowest level is not at the minimum of the energy 
curve but is 4 hv above it, where h is Planck's con- 
stant and v is the frequency with which the atoms 
in the molecule vibrate with respect to one an- 
other. The  vibrational frequency of a molecule 
depends inversely on the masses of the atoms in 
the molecule. I t  also depends directly on the forces 
holding the atoms together in the molecule. The 
forces in a molecule depend on the electron ar- 
rangements, the nuclear charges, and  the posi- 
tions of the atoms in the molecule. For our pur- 
poses it suffices to consider them identical for 
isotopes. However, since isotopes differ in mass, 
two molecules of the same chemical formula but 
of different isotopic species, e.g., H, and D,, will 
have different vibrational frequencies. They will 
have different zero-point energies; the molecule 
with a heavy isotope will have a lower zero- 
point energy than the same chemical species with 
a light isotope.-~his  is shown schematically in 
Figure 1, where the upper horizontal line rep- 
resents the zero-point energy of the light molecule 

l 
and the lower line that of the heavy one. 

The  process involves both an  energy and an  en- 
tropy change. I t  takes energy to evaporate the 
liquid, and 'conversely heat is liberated when 
steam condenses. For simplicity the entropy change 
will bc ncglcctcd, although it is by no mcans in- 
consequential. At equilibrium in a closed system 
the ratio of concentration (i.e., the number per 
unit volume) of water molecules as steam, (H,O),, 
divided by the concentration of water molecules 
as liquid, (H,O), ,  is constant at  any particular 
temperature: 

( H D Z ,  - 
.(H20)1 

- K = prcssurc . 

If the concentra6on of the liquid is used as the 
unit of concentration, then the constant, which is 
a function of temperature, is the vapor pressure of 
the liquid. If the closed system initially at equilib- 
rium contains a movable piston-cylinder and the 
system 'is suddenly compressed by increased pres- 
sure on the piston, then steam will condense and 
liberate heat, The  converse process .will cause 
water to evaporate and cool the water. This is how 
refrigerators operate. If the system is subjected to 
sur~lr. exlerr~al rorce or. strain, it readjusts itself to 
remove the strain. For the system liquid water and 
steam there is only one equilibrium state at any 
given temperature; namely, the steam must have 
the vapor pressure of' water at  that temperature. 
An increase in the temperature results irl a11 in- 
crease in the vapor pressure. I t  takes energy to 
vaporize the water, and the chance that a mole- 
cu1.e will have enough ener'gy to get away from the 
ulher rr~ulecules in h e  liquid increases with ill- 
creasing temperature. 

These same principles govern the course of 
chemical reactions. Consider the chemical reaction 



in which radioactive bromine atoms (Br*) ex- 
change positions with ordinary bromine atoms 
(Br) between two chemical species. The species to 
be discussed are lithium bromide dissolved in 
water and benzyl bromide dissolved in ethylene 
diacetate. The ethylene diacetate (abbreviated as 
org) and water are sparingly soluble in one an- 
other. The  lithium bromide is sparingly soluble 
in org, and the benzyl bromide is sparingly sol- 
uble in water. If initially the radioactivity is in the 
lithium bromide and none in the benzyl bromide, 
the radioactivity will increase in the benzyl bromide 
and decrease in the lithium bromide.' These re- 
sults can be summarized by the equation . 

At equilibrium, when the radioactivity in the 
benzyl bromide is no longer increasing with time 
and the activity of the bromide dissolved in water 
is no longer decreasing, the following relationship 
is found between the concentrations of the different 
molecular species: 

The  specific activities of the water and organic 
phases are equal at  equilibrium. The  radioactive 
bromine acts as a random tracer. The random 
distribution results from the fact that the zero-point 
energy difference between the yarious bromine 
isotopes is small with respect to their thermal en- 
ergy. The vibrations of the molecules in which the 
bromine atoms participate behave as though they 
were classical, and there is no discrimination be- 
tween isotopes. 

Now consider the isotopic exchange reaction in- 
volving protium and deuterium between water 
and hydrogen sulfide: 

The  chemical binding of hydrogcn to oxygen is 
much stronger than that of hydrogen to sulfur. 
The H 2 0  and H2S molecules have similar struc- 
tures. Each molecule has three vibrational fre- 
quencies, and there is a one-to-one correspondence 

of the types of vibrations in the two molecules. 
The important difference is that each vibration in 
the water molecule has a higher frequency than 
that in the hydrogen sulfide molecule. For such a 
molecule the zero-point energy, E O, is 

The  zero-point energies can be depicted by the 
following level scheme: 

HDO 

HDS 

The energy change in the chemical reaction is 

A E = p H 2 s + p H D o - f l ~ ~ s - f l H 2 o  , 

The relationship of the relative concentrations of 
different molecules at equilibrium is 

In K z  - h E / R T  where R is the gas constant; 

The deuterium atoms concentrate preferentially in 
the water.* The heavy isotope goes preferentiall to the 
chemical compound in which the element is bound most . 
strongly. This has been shown to hold when the en- 
ergy change for the exchange reaction can be cal- 
culated by assuming all the molecules to be in the 

*This process is a very efficient method for producing heavy 
water and is used on a large scale at  Savannah River. Isotopes of 
other elements such as boron and  nitrogen a re  separated in a 
similar manner. 



lowest vibrational energy state and the entropy 
change to be negligible. 

What happens to the isotope distribution when 
the molecules get distributed among the higher 
.vibrational states? At very high temperatures the 
rule is definitely for the heavy isotope to prefer the 
chemical species in which the element has the 
strongest binding. This will generally, but not 
necessarily, be the behavior over the entire tem- 
perature range. In some special cases deviations 
will occur from this rule. These are matters of in- 
terest for the expert. Figure 2 shows the equilib- 
rium constants for the exchange of tritium and 
protium between the hydrogen halides and water 
above 1000°K. The isotope fractionation faithfully 
r~prnduces the chemical affinity of the halogens 
F>C1 >Br>I. 'llhe tritiuin favors the HF most 
and the HI least. The isotope distribution rulc is 
valid at high temperatures, where the higher vi- 
brational states become appreciably populated. In 
fact, it can be shown through the methods of statis- 
tical mechanics that this high temperature be- 
havior is the fundamental rule.' 

The quantitative treatment of isotopic exchange 
equilibria is not much more complicated than the 
zero-point energy approximation. For the isotopes 
of all elements other than hydrogen, the zero-point 

Figure 3. Bigeleisen-Mayer isotope effect function, 
G(u) as a function of u. 

' Table l 

Protium-Deuterium Equilibrium Fractionation Factors* 
for Some Compounds Compared With Water at 25'C 

0-H Bonds C-H Bonds 

Acetic acid 1.03 Benzene 0.87 
Methauul 1 .O Naphthalene 0.87 
Ethanol 1.11 Toluene (all) 0.9 
n-Amy1 alcohol 1.09 Acetone 0.85 
Benzyl alcohol 1.10 Pentene 0.85 
Phenol 1.07 Cyclohexane 0.88 

N-H Bonds S-H Bonds 

Ammonia 0.954 HzS 0.455 
Formarnide 1.04 EtSH 0.43 
Acetamide 1.02 i-C,H,SH 0.495 
Aniline 1.11 n-C,H,SH 0.493 

*Fractionation fartor is defined as 
(D/H)com,oa~/(D/H)wn,er. 

-0.05 
0.25 0.50 0.75 1.0 

, l o e  / T '  

Figure 2. Fractionation.of tritium and protium between 
the hydrogen halides and water above 1000°K. (Ex- 
change equilibrium: TX+H,O=HX+HTO.) 

Figure 4. Experimental and calculated equilibrium con- 
stants for the exchange reaction H T +  H,O = H, + HTO. 



energy factor 4 is found to be replaced by a func- 
tion of the vibrational frequencies G(u) such that 

where u = h v / k T .  The quantities h and k are re- 
spectively Planck's and Boltzmann's constants. , . 
The hnction is plotted in Figure 3: At low temper- 
atures or large u, G(u) approaches the zero-point 
energy value of 4 asymptotically. At high tempera- 
tures G(u) goes to zero, and the equilibrium differ- 
ences in chemical properties of isotopes vanish. 
Some mathematical approximations in the deriva- 
tion make the. G(u)'function not applicable to the 
isotopes of hydrogen. Nevertheless, the same prin- 
ciples hold. The hydrogen i~oto~e'effect  at room 
temperature is primarily a function of the type of 
chemical bond. Table 1 lists the protium-deute- 
rium equilibrium fractionation factors for a vari- 
ety of compounds compared with, water at 25°C. 
.It is clear that compounds with similar types of 
bonds have similar fractionation factors or isotope 
effects. To find appreciable isotope effects one has 
to compare chemical compounds with significant 
differences in chemical bonding. The largest ef- 
fects are to be observed when the isotopes are inter- . 
compared in a compound having strong chemical 
bonding with the free monatomic element, which 
has no bonding. (The function of Bigeleisen and 
Mayer shows that the free element is a logical 
basis from which to intercompare isotope effects.) 

QUANTITATIVE ASPECTS OF ISOTOPE EFFECTS 

It is important to demonstrate the degree to 
which our ideas about the origin of equilibrium 
isotope effects agree with experiment. For this pur- 

pose detailed knowledge is required about the vi- 
brational frequencies of polyatomic molecules and 
their change with isotopic substitution. Some of 
this information can be obtained from spectro- 
scopic measurements; some depends on calcula- 
tions based on well established principles of me- 
c h a n i c ~ . ~  For the isotopes of hydrogen, the theory 
of small vibrations is not adequate, and the large 
amplitudes of the vibrations associated with small 
masses (0.1 A) complicate the analysis of the en- 
ergy levels. The analyses of the spectra of the H, 
and H,O molecules have reached a high degree of 
refinement. The equilibrium constants for the 
reaction 

calculated from the spectrawithout any arbitrary 
or adjustable constants, are shown as the solid line 
in Figure 4. The circles are the experimental data 
obtained some 20 years ago by J.F. Black and 
H.S. Taylor4 in the temperature range 15" to 
300°C. The calculations are in satisfactory agree- 
ment with experiment. Table 2 gives a comparison 
of experimental and  theoretical equilibrium con- 
stants for some typical isotope exchange reactions 
of the light elements. 

The theory of equilibrium isotope effects for 
gaseous molecules has reached a rather advanced 
stage of development. Theorems and corollaries 
have been derived which relate the isotope effect 
directly to the structure and chemical bonding in 
the,molecule. For complex molecules procedures 
ate now available for'direct computation with 
high speed digital  computer^.^ The necessary input 
data are the structure and forces in the molecule. 
Conversely, experimentally determined isotope 
effects can be used to evaluate such quantities. 

Table 2 

Comparison of Experimental and Theoretical Equilibrium Constants for Isotope Exchange Reactions* 

Reaction T,:OK K e x ,  K c , , ,  

H,+DI=D,+HI 600 . 1.21rfI0.02 1.207 
HT+H,O=H,+HTO 298 6.26k0.1 6.35 
jC1602+H,'Q(liq)=j C'80,+H,'60(liq) 273 . 1.046 1.044 
15NH3+14NH,+= 14NH3+ 15NH,+ 298 1.034 1.035 
H12CN +lJGN-=HIJCN+loCN 295 1.026 1.030 
' 2 ~ ~ , ' +  13c0, =13c0,=+ 12c0, 273 1.017 1.016 
~C1603=+H,'80=~C'8033+H2160 273 1.036 1 033 

*Taken from the compilatinn by U r e ~ . ~  



The questions naturally arise as to how large 
isotope effects can get, and how they depend on 
the mass of the element and its chemistry. Theory 
can provide unequivocal answers to these ques- 
tions. The logarithm of the chemical isotope effect 
in a given compound is proportional to the mass 
difference of the isotopes divided by the product of . 
the masses of the isotopic atoms (which is a char- 
acteristic constant for the isotopes of a given ele- 
ment) multiplied by the force constant acting to 
restore this atom when it is displaced from its equi- 
librium position in the molecule. The force con- 
stant is a measure of the strength of the chemical 
binding. Mathematically,. 

log(isotopic effect) - (Am/mmf) . force constant 

The maximum isotope effect between-two com- 
pounds occurs when the force constant in one of 
them is zero. 'T'his compound i s  the free gaseous 
atom. A histogram of maximum isotope effects for 
the first half of the periodic table is given in Figure 
5. A number of features are noteworthy. The ef- 
fects range from a factor of near 100 for protium- 
tritium to 0.01 for the isotopes of phosphorus and 
iodine. Some salient chemical facts become mani- 
fest if the effects in S, N, 0, C, and F are consid- 
ered. ~ h e . s t r e n ~ t h s  of the chemical bonds are in 
the order writteil, and these dominate the features 
of the isotope effects for these elements, which have 
comparable values of Am/mrnf. 

This brief,exposition of thc principles of isotope 
chemistry can serve as a background for a discus- 

2 I- H-T 4 

Figure 5. Maximum isotope effects for elements 
in the first half of the periodic table. 

sion of some applications of isotope effects in 
chemical physics, geochemistry, and biology. The 
choice of examples is representative of some of the 
types of problems which have been attacked both 
here at Brookhaven and elsewhere. The applica- 
tion of isotope effects in the area of chemical ki- 
netics will be explicitly omitted; this topic is worthy 
of an ehtire lecture by itself, since the study of iso- 
tope effects has had a profound impact on this area 
of chemistry. 

ISOTOPE EFFECTS IN THE STUDY 
OF INTERMOLECULAR FORCES 

The subject of isotope effects in the interaction 
of molecules with one another is one in which 
major progress has been made in the last few years. 
A number of new phenomena have been discov- 
elecl through this unique tuol, and some of the re- 
sults al t: reviewed herc. Thc experilllerlls consist in 
the measurements of the vapor pressures of pure 
isotopic compounds or alternatively the equilib- 
rium fractionation of an isotopic mixture between 
two phases, e.g., vapor and liquid. The behavior 
of the isotopks of helium will not be discussed be- 
cause, although fascinating, it constitutes a subject 
in its own right. 

Figure 6. Vapor pressure ratio 20Ne/22Ne (corrected to 
ideal gas reference state) as a furiction of temperature. 
Upper curve, solid neon; lower curve, liquid.neonl . 



The simplest systems are naturally the mon- 
atomic rare gases. Figure 6 shows the results ob- 
tained for neon.7 These experiments were under- 
taken to check on older experiments described in 
the literature whose results were in disagreement 
with a theory for this effect worked out in 1919 by 
Lord Cherwell. The new data confirm Cherwell's 
theory, but also provide new information. There is 
a striking difference between the magnitudes of 
the vapor pressure ratios at the melting point. The 
behavior of the solid and liquid can each be rep- 
resented by a curve, which can be described by 
a characteristic temperature or energy quantity. 
These characteristic temperatures are in reason- 
able agreement with other types of measurements, 
which should give the same quantity. The discrep- 
ancy that exists has provided evidence for the fact 
that the lattice oscillations have large amplitude 
and cannot be described as idealized springs. The 
difference between the liquid and solid is a mani- 
festation of the change in structure that is responsi- 
ble for the melting process. 

Neither Lord Cherwell's theory nor subsequent 
generalizations of it are capable of describing the 
behavior of polyatomic molecules. This required 
the development of a new theory, which predicted 
a number of new phenomena. Experiments have 
confirmed these predictions and then led to the 
discovery of a number of new phenomena con- 
nected with rotation in liquids and solids. These in 
turn have led to further amplification of the the- 
ory. When two molecules interact with one an- 
other, not only is the motion of the molecule 
through space different from that of the free mole- 
cule, but also the rotation of the molecule and the 
vibrations of the molecule are affected. Further, 
each of these motions becomes coupled to the 
other types of motions. A striking example of this 
is shown in Figure 7, which gives experimental 
data on the fractionation of HT in a dilute solu- 
tion in H, between liquid and vapor. Between 
20" and 28°K the HT molecule is 22 to 24% more 
volatile than D,, which has the same molecular 
weight. The difference in volatility between H T  
and D, arises from the fact that the center of grav- 

Figure 7. Distribution coefficient for HT in H, between 
liquid and vapor as a function of temperature. Dashed 
curve is that calculated for a solution of D, in Hz. 

Figure 8. Separation of the isotopic N,O molecules in a 
distillation column as a function of the number of plates 
in the column. 



ity of the HT molecule is displaced from the geo- 
metric center of the molecule. This leads to a 
coupling of the translation and rotation in this 
molecule, which is absent in D,. This is a new type 
of quantum effect discovered by means of iso- 
tope  effect^.^ The theory of the effect has been 
developedg-l2 and is in good agreement with 
experiment. 

A simpler type of rotational effect was demon- 
strated for nitrous oxide. This molecule is linear, 
with the structure NNO. The data in Figure 8 
show the sequence of the vapor pressures to be 
14N14N160>14N15N160>15N14N160>14N14Nl8O~ 

The difference between the two species with 15N 
arises from hindered rotation of the molecule in 
the liquid. 

A third type of rotational effect was discovered 
in the study of the vapor pressures of the deuter- 
ated eth~lenes.'~ Figure 9 shows the difference be- 
tween the vapor pressures of trans- and cis-dideu- 
teroethylene. This difference is in part due to 
hindered rotation, just as in the case of N,O, but 
is principally due to the coupling of the rotation of 
the molecule about the C=C axis with the out-of- 
plane bending of the molecule in the liquid. These 

are different for the different ethylenes because of 
symmetry considerations.13*14 

APPLICATIONS TO GEOCHEMISTRY 

Some 25 to 30 years ago both Dolei5 and Nier16 
showed that the isotopic abundances of the light 
elements are not constant in nature. Since that 
time a branch of science, isotope geology, has ma- 
tured which applies these variations to the investi- 
gation of geochemical and geological processes. 

The first systematic studies of the variation of 
sulfur isotope abundances in nature were carried 
out by Thode and co-workers.17 A summary of 
their findings, which have since been confirmed 
and extended by others, is shown in Figure 10. 
Several patterns emerge from the analyses. First 
the heavy isotope, 34S, is more abundant in sulfates 
than in native sulfur or sedimentary sulfides. The 
spread in meteoritic samples is small and, further, 
the latter are almost identical with high tempera- 
ture ores. The average composition of all terres- 
trial samples (weighted by their relative natural 
abundances) is close to that of meteoritic and ig- 
neous sulfur. These results indicate that meteoritic 

Figure 9. The three mercury levels shown from left to right measure the vapor pressures of ordinary 
ethylene (I), tram-dl-ethylene (11), and cis-dl-ethylene (111). The level for gem-&ethylene (IV) is 
very similar to that for the cis form and is not shown. Note that the tram isomer is the most volatile. 
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and igneous sulfLr have isotope abundances close 
to their primordial composition. The other terres- 
trial sources have been fractionated by chemical 
and physical processes. High temperature.proc- 
esses show little, if any, isotope discrimination. 
This explains the close similarity of igneous terres- 
trial sulfides and meteoritic sulfur. The observed 
terrestrial fractionation agrees with the theory of 
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Figure 10. Isotope distribution in terrestrial 
and meteoritic sulfur 

AGE IN MILLIONS OF YEARS 

Figure 12. The distribution of 34S in sedimentary . 

sulfides and sulfates of different ages. 

isotope effects. The heavy isotope, 34S,.concen- 
trates in the chemical species with the strongest 
chemical binding, namely sulfate, and is depleted 
where the binding is weakest, in elemental sulfur, sedi- 
mentary sulfides, and hydrogen sulfide. More detailed 
calculations support'these qualitative arguments. 

Sulfur is turned over in nature by the cycle 
shown in Figure 11. Note that cyclic, natural proc- 

NATIVE SULFUR 

ANAEROBIC BACTERIA 

so4 + H2S 
OXIDATION AND AEROBIC BACTERIA 

ORGANIC SULFUR 

Figure 1 I. Sulfur cycle in nature. 

Figure' 13. '80/'G0 ratios of calcium carbonate samples 
equilibrated with water at  known temperatures (con- 
trolled laboratory experiments) compared to a standard 
reference sample. 
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Figure 14. Temperature at  time of formation of a Jur- 
rasic belemnite as a function ofradius along a line from 
center of growth. 

esses exist for the interconversion of sulfur among 
the various different chemical species. Over a long 
time scale, the various species will reach isotope 
exchange equilibrium. The extent to which bac- 
teria are involved in establishing the cycles 1s note- 
worthy. In another set of experiments Thode and 
CO-workers" measured the 32S/34S ratios of sedi- 
mentary sulfides and sulfates incorporated into 
limestones, in samples that had been geochemi- 
cally dated. Their findings are shown in Figure 12. 
Note that samples older than 800 million years 
shown no difference between sulfate and sulfide. 
Their 32S/34S ratio, 22.1, is identical with that of 
igneous sulfides and meteorlt~c sulfur. Recent 
samples show 34S concentration in sulfate and 32S 
concentration in sulfide. These results strongly 
suggest a time scale of this order of magnitude for 
the onset of the turnover of natural sulfur by the 
biological cycle,. 

Early in 1947 Urey5 was led to predict that the 
temperature coefficient of the oxygen isotope ex- 
change equilibrium between carbonate and water 
might serve as a thermometer. Calculations and 

- - experiments showed (cf.:T'able 2)  the '80/lG0 ratio 
in carbonates to be some 3%/larger than in liquid 
water. Tht: temperature coefficient of this isotope 
exchange equilibrium was calculated to be 1 . 8 ~  
1 0 - v 0  C. If carbonates exchange oxygen with wa- 
ter and if the equilibrium is "frozen in," then a de- 
termination of the isotope ratio with a precision of 

, 0.2O/oo, or an absolute variat,ion of the rare 1 8 0  

isotope by 1 part in 2.5 million, corresponds to a 
temperature difference of 1 "C. This was the goal 
that Urey and his associates set for themselves. 
Figure 13 shows that they did, in fact, overcome 
numerous difficulties and establish the C03'-H,O 
exchange as a thermometer. The observed tem- 

DEPTH BELOW TOP, crn 

Figure 15. Analyses of cores from (top to bottom) Medi- 
terranean, Caribbean, equatorial Atlantic, and North At-. . 

lantic. (Scales are adjusted to correspond to equal geologi- 
cal times.) 

perature coefficient is remarkably close to the pre- 
dicted value. 

Figures 14 to 16 show some geochemical appli- 
cations that have been made of the ''0 paleotem- 
perature method. In one of the first tests of the 
method Urey and co-workers18 analyzed a Jurassic 
belemnite from the Isle of Skye. These extinct fos- 
sils are 150 million years old and have a backbone 
of pure caldum carbonate. Upon sectioning they 
show growth rings analogous to tree rings. In one 
such belemnite, 2.5 cm in diameter, 24 rings were 
analyzed and the results plotted as a function of' 
distance from the center. The mean temperature 
was measured to be 17.fj°C. The seasonal varia- 
tion is clearly indicated in Figure 14," which 
shows a life cycle of four winters and three - sum- - 

mers with a maximum temperature variation of 
6°C. The belemnite certainly retained the temper- 
ature record. 

Emilianil9 has found fossils of the tiny one-celled - 
marine animals Foraminifera particularly useful 
as samples. From them he has measured ocean 
temperatures covering the last 200,000 years (Fig- 
ure 15). The variations in the different oceans are 
similar but differ in magnitude. The largest varia- 
tions are found for the closed body, the Mediter- 
ranean. The absolute difference between the 
oceans needs no further explanation. Emiliani has 
measured the variations of ocean temperatures 
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during the Pleistocene and has compared them 
with solar radiation fluctuations calculated by 
Milankovitch (Figure 16). The calculations con- 
sider the change in the summer and winter solar 
radiation at a given latitude due to perturbations 
in the earth's orbit. Some schools of geochemists 
correlate these with the periods of the glaciers dur- 
ing the Pleistocene. Although the correlation 
shown in Figure 16 is striking, the evidence is not 
conclusive that glaciation is due solely LO astro- 
nomical perturbations. 

BIOLOGICAL EFFECTS OF DEUTERIUM 

Shortly after the discovery of deuterium both 
Urey and G.N. Lewis recognized that the chemi- 
cal and physical properties of protium and deu- 
terium would be sufficiently different from one 
another to lead to marked differences in the bio- 
logical activities of these isotopes. These predic- 
tions have been fully verified, and biological stud- 
ies of deuterated systems have become estab- 
lished as important new tools in molecular biol- 
ogy, although the field is still in an early stage of 
development. 

A model experiment was performed recently by 
Calvin, Hermans, and S ~ h e r a g a . ~ ~  These authors 
studied the effect of deuteration on the helix- 
random coil transition in polypeptides, proteins, 
and enzymes. These transformations, which are of 
fundamental biological importance, involve the 
formation and rupture of hydrogen bonds from 
one amino acid group in the molecule to another. 
If the strength of the hydrogen bonds is changed, 
as by the substitution of deuterium for protium, 
then a percentage shift can be expected in the tran- 

L 
sition temperature of the order of the percentage 

Figure 17. Transition in polybenzyl glutamate. 

shift in the strength of the hydrogen bonds. The 
formation and rupture of hydrogen bonds is just 
what is involved in the vaporization of water. For 
this process the over-all effect per hydrogen atom 
between protium and deuterium is 7%. This vapor 
pressure difference would lead to the expectation 
of a 21 " C shift in transition temperature for a 
transition occurring at about room temperature. 
A shift of 12" C in transition temperature has been 
found between deuterated and ordinary polyben- 
zyi glutamatezO (cf. Figure 17). At any tempera- 
ture the helical form is more stable for the deuter- 
ated compound than for the protium compound. 
This is a consequence of the greater stability of the 
deuterium bonds than of the protium bonds in 
hydrogen-bonded species. Similar results have 
been found with the enzyme ribonuclease. If enzy- 
matic activity is dependent on the structure of the 
enzyme, deuteration can be expected to have pro- 
found effects on enzyme activity in some cases. 
The small shift in transition temperature can man- 
ifest itself in a qualitative difference in enzymatic 
behavior. 

Superimposed on this effect of catalyst structure, 
differences can be expected in rates and equilibria 
in deuterated media compared to those in ordi- 
nary water. Mechanical properties such as vis- 
cosity are different in light and in heavy water. All 
these effects will lead to differences in biological 
activity. 

The general findings have been that growth 
rates are retarded in D,O compared with those in 
HzO. It has been found possible to adapt lower 
animals from HzO media to DzO and vice versa. 
The change must be made slowly, and neverthe- 
less the morphology is considerably alteredz1 (cf. 
Figure 18). 



Figure 18. Phase contrast photomicrographs of blue-green algae grown in H,O (left) and D,O (right). 

In higher animals, for instance rats, tolerance to 3. E.B. WILSON, JR., J.C. DECIUS, AND P.C. CROSS, Mo- 
30% D,O has been established. Even at this level 1et.ulat Vibrations, McGww-Hill, New York, 195.5. 

the animals become quite sick after a month's ex- 4. J.F. BLACK AND H.S. TAYLOR, J. Chem. Phys. 11, 395 

posure. The symptoms include considerable im- 
(1943). 

5. H.C. UREY, J. Chem. Soc. 1947,562. 
~a i rmen t  of kidney function, anemia, disturbed 6. J.H. SCHACHTSCHNEIDER AND R.G. SNYDER, Spectro- 
metabolism, and altered adrenal fun~tion.~" chi71~it.u Acta 19, 117 (1963); M. WOLFSBERG, private 

comrnunicatior~. 

SUMMARY 

With the exception of the field of chemical ki- 
netics, a brief survey has been presented of the 
principles of isotope chemistry and their utility to 
the ever unfolding panorama of scientific research. 

- r . -  - - We have come R long way since Soddy and Fajans 
were led to the concept of chemical twins, isotopes. 
We still have places to go. 
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