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Abstract 

Experimental and theoretical studies are directed toward 
the establishment and understanding of the relationship between 
isotope effects and molecular and intermolecular forces. Theory 
and experiment show that effects arising from isotopic substitu
tion are associated almost exclusively with the molecular and 
intermolecular forces acting at the site of substitution. Thus 
isotope effect studies are force probes at the atomic scale. The 
current experimental program utilizes this property of isotope 
effects to study liquid structure in simple atomic and molecular 
fluids. Measurements have been made of the vapor pressures 
ratios of 12C02/13C02 and C1602/C1802 from 154° to 217° K (0.3° 
above the triple point). The results have been interpreted in 
terms of the statistical mechanical theory of condensed phase 
itotope effects. Quantitative agreement is formed between the 
experimental results and a theoretical calculation of the lattice 
dynamics of the solid. The latter also confirm inelastic neutron 
diffraction and infra-red and raman spectra. 

The contribution of stretching and bending forces to the 
total deuterium isotope effect in the prototype molecules H20, 
CH4,CH20, C2H., C2Hg, and CgHg have been calculated as a function 
of temperature. Remarkable additivity has been found when the 
basis coordinates used are internal coordinates. This result is 
explained through the orthogonal polynomial expansion of the 
reduced partition function ratio developed by Bigeleisen and 
Ishida. 
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Reports (continued) 
COO-3498-10 "Temperature Dependence of the Isotopic Liquid-Vapor 

Fractionation Factor for Nitric Oxide", 
Donald M. Eshelman, Frank J. Torre and 

r Jacob Bigeleisen, for publication in 
J. Chem. Phys. 60^ 15 January 1974, submitted 
31 August 1973. 

COO-3498-11 "Quantum Mechanical Foundations of Isotope 
Chemistry", Jacob Bigeleisen, for presentation at 
conference on Isotopes and Chemical Principles, 
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COO-3498-12 "Molecular Basis of Some Important Geochemical 
Isotope Fractionation Factors", for presentation at 
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Vernadsky Institute, Moscow, USSR, 30 September -
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COO-3498-13 "Isotope Chemistry and Molecular Structure. Total 
Deuterium Isotope Effects", Jacob Bigeleisen and 
Takanobu Ishida, for publication 

COO-3498-14 "Phase Equilibrium Isotope Effects in Molecular Solids 
and Liquids. Vapor Pressures of the Isotopic Carbon 
Dioxide Molecules", Zayn Bilkadi, Myung W. Lee and 
Jacob Bigeleisen, for publication 
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Lectures and Talks 
1. "Structural Aspects of Condensed Phase Isotope Effects", 

Plenary Lecture - International Meeting on Isotope Effects 
in Physical and Chemical Processes. Cluj, Romania, 
25 - 28 June 1973. 

2. "Isotope Chemistry and Molecular Structure' 
a. Plenary Lecture - International Meeting on Isotope Effects 

in Physical and Chemical Processes. Cluj, Romania, 
25 - 28 June 1973. 

b. International Conference on Computers in Chemical Education 
and Research. Ljubljana, Yugoslavie,12 - 17 July 1973. 

3. "Current Problems in Isotope Chemistry", Josef Stefan Institute, 
Ljubljana, Yugoslavia, 16 July 1973. 

4. "Structural Aspects of Condensed Phase Isotope Effects", 
University of Illinois, 3 October 1973. 

5. "Opportunities and Needs in the Use of Large Computers in 
Chemical Research", Committee on Science and Public Policy 
(COSPUP), National Academy of Sciences, 20 October 1973. 

Tracy H. Harris Lectures - University of Rochester, 
13 - 15 November 1973. 

6. "Relationship to Molecular Structure". 
7. "Intermolecular Forces". 
8. "Separation Processes and the Energy Crisis". 
9. "Introduction to Isotope Chemistry", University of California, 

Irvine, 1 April 1974. 
10. "Quantum Mechanical Foundations of Isotope Chemistry", Division 

of Chemical Education Symposium, American Chemical Society, 
Los Angeles, 3 April 1974. 
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Professional Activities 
Visiting Committee - Carnegie-Mellon University. 
Visiting Committee, AUA, Argonne National Laboratory. 
Visiting Committee, LBL, Division of Nuclear Chemistry. 
Special ad hoc Technical Review Panel for Uranium Enrichment, USAEC. 
National Academy of Sciences - Chairman, Chemistry Section; 

By-Laws Committee. 
Division of Chemistry and Chemical Technology 

National Research Council 
a. Executive Committee 
b. Committee on Major Computing Facilities 
c. Committee on Chemical Kinetics 
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Scope of Activities 

The work on this project has followed closely the pro
jections in our proposal of 1 July 1973. There has been one 
unanticipated major deviation which was done in response to a 
request from the Office of the General Manager of the AEC. The 
principal investigator. Professor Jacob B.icteleisen, spent 100% 
of his time during the period 1 July 1973 - 1 September 1973 on this 
project. The average amount of time devoted to the program during 
the period 1 September 1973 - 1 June 1974 was 25%. It is expected 
to devote 100% of time from 1 June - 1 September 1974 to this 
program. Added on to the work of this program has been the work 
of the Ad Hoc Technical Review Panel on Uranium Enrichment. This 
panel reports to Mr. George Quinn, Assistant General Manager for 
Production. Two projects have been carried out by the panel to 
date. The first project under the chairmanship of Professor 
Manson Benedict reviewed the LASL program and made a definite 
report to the Commission for its guidance. The second project, for 
which this principal investigator served as chairman reviewed other 
laser isotope separation programs. The principal investigator, 
as chairman, is now convening a new panel to investigate aerodynamic 
processes. Work on the panel has been done principally under sub
contract with ORGDP, although secretarial, telephone, and some 
travel have been charged to the present contract. This has been 
done with the approval of the Assistant General Manager for 
Production and Union Carbide Nuclear. 
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Isotope Separation Factor in the Distillation of NO 

Donald M. Eshelman, Frank J. Torre and Jacob Bigeleisen 
Abstract 

The 15N/14N isotope fractionation factor between NO liquid 
and vapor has been determined in the temperature range 110-173°K. 
The results are in good agreement with the isotopic vapor 
pressure data of Clusius et al, which cover the range 110-121°K. 
The isotope fractionation data follow the T~2 law up to 135°K. 

—2 A refinement of the T law analysis of the isotopic vapor 
pressure data given by Bigeleisen in 1960 has been carried out 
by the harmonic oscillator cell model to include T"** and T° 
terms. It is shown that the T terms from the dimerization of 
the monomer in the liquid and the hindered translation and 
rotations of the dimer dominate the isotope fractionation 
factor. 

The fall off from the T law for the liquid vapor 
fractionation factor in NO is steeper than in argon. This is 
reconciled with the dissociation of the dimer in the liquid and 
the association of the monomer in the vapor at high temperatures. 

Published J. Chem. Phys. 60., 420 (1974). 
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Hindered Rotation in Solid and Liquid C02 by the VPIE Method 
Zayn Bilkadi, Myung W. Lee, and Jacob Bigeleisen 

Abstract 
v 13 

The vapor pressures of samples of C02 enriched in C and 
18 
0 have been compared with normal C0? over the temperature range 

154° - 217° K. Over the entire temperature range the order of 
the vapor pressures is P i3co > pi2Cn > pc 180 * TJle resu^-ts a r e 

explained by the small shift in the internal vibrations, which 
dominate the carbon isotope effect, and hindered rotation in the 
solid and. liquid. While the isotope effect oh melting is small 
for carbon substitution, it is found to be large for oxygen sub
stitution. Hindered rotation is the major contribution to the 
oxygen isotope effect in the solid, while the hindered transla
tion is the most important contribution to the oxygen isotope 
effect in the liquid. 

Model calculations of the logarithm of the reduced parti
tion function ratios of the solid and liquid, ln(fc/fg), are made 
in an anharmonic version of the Stern-Van Hook-Wolfsberg cell 
model. These calculations give good agreement with the experi
mentally determined ln(fc/fg) values for the solid, liquid-vapor 
isotope fractionation measurements of Grootes, Mook and Vogel, 
and lattice dynamic calculations. 
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Calculation of the Reduced Partition Function Ratio of a Molecular 
Solid by Lattice Dynamics 

M. W. Lee and Jacob Bigeleisen 

In 1963 Stern, Van Hook and Wolfsberg carried out the first 
complete calculation of the reduced partition function ratio of a 
pair of isotopic polyatomic molecules in a condensed phase. Their 
calculation employed a cell model in the harmonic oscillator ap
proximation. The rotation was taken to be anisotropic while the 
translation was assumed to be isotropic. The internal force con
stants were derived from those in the gas, in part to fit spectro
scopic data. An important feature of the model was that it cor
rectly introduced an isotopic independent F matrix consistent with 
the Born-Oppenheimer approximation. This required the use of self 
consistent G matrices. The Stern-Van Hook-Wolfsberg calculation 
was applied to the deuteroethylenes. It was found to reproduce 
many of the experimental findings of Bigeleisen, Ribnikar, Stern 
and Van Hook. In particular it faithfully reproduced the rotation 
internal vibration found independently by those authors. Since the 
pioneer work of Stern-Van Hook and Wolfsberg, their model has been 
used as a basis for all condensed phase isotope effect calculations. 

During the course of the present work on C02, detailed 
information became available from infra-red, raman, and inelastic 
neutron scattering experiments on the lattice modes, translation 
and libration, in solid C02. We, therefore, undertook the task of 
calculating the lattice modes of a unit cell of C09, which contains 
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four molecules on S6 sites. The calculation for 1 2C I 60 2 was carried 
out in symmetry coordinates. The diagonal F matrix yielded values 
for the eigenvalues which agreed with the experimental observations. 
The G matrices of 13C02, C1802, and C160180 were constructed using 
1 2C 1 60 2 as the basis set. Detailed calculations of the lattice modes 
of these three isotopic modifications were carried out. From these 
calculations the reduced partition function ratios of the various 
isotopic C02 molecules were calculated using the Bigeleisen 
statistical mechanical theory of condensed phase isotope effects. 
The results of the calculations of the lattice modes are given in 
Table I. The reduced partition function ratios are compared with 
experiment and calculations using the Stern-Van Hook-Wolfsberg 
cell model in Tables II and III. The agreement between the calcu
lated and experimental reduced partition function ratios is quanti
tative. The calculated values include first order anharmonio 
corrections to the translational and rotational modes. They use 
only spectroscopic data for the evaluation of the F matrix elements. 
No thermodynamic data are assumed or employed in the calculations 
of the lattice contributions. The detailed calculation of the 
lattice modes in CO_ presents further justification of the cell model 
used by Stern-Van Hook and Wolfsberg when the external modes have 
values of hv/kT sufficiently small that the (-ff/kT)2 f (M)<V2U> term 
suffices for the logarithm of the partition function of those modes. 

The detailed calculation of the lattice modes led to the 
conclusion that the cell model requires translation-rotation F matrix 
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Table I 

Calculated and Observed 
Translational and Librational 
Modes in Solid CO, (cm."l) 

Trans 

Libr 

Species 
Au 
Eu 
Tu 
Tu 
Zv2 

Eg 
Tg 
Tg 
Zv2 

Optical 
(IR & Raman) 

(94)a 
(77) 
68 
117 

75,600 

72 
92 
136 

91,200 

Inelastic 
Neutron 
105.1 
94.7 
66.7 
113.4 

80,800 

72.7 
91.7 
130.1 

86,600 

4 molecules/cell 
105.1 
94.7 
66.4 
113.4 

80,700 

72.7 
91.7 
130.1 

86,600 

Einstein 
1 molecule/cell 

80.6(12) 
78,000 

105.7(8) 
89,400 

Ev2(Total) 166,800 167,400 167,300 167,400 

a) inactive modes 
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Table II 

Contributions to the Solid-Vapor 
Reduced Partition Function Ratios 

in the Isotopic CO, Molecules (C1802/CX602) 

Translation 
Translation 
Libration 
Libration 
Internals 
Internals 
6(1,1') 
Total 
Total 
Experimental 

(4) 
(1) 
(4) 
(1) 
(4) 
(1) 
(4) 
(1) 

T"2 
145.54 
142.89 
207.88 
210.53 

353.42 
353.42 

(least square)353.4 
(4) = 4 molecules/unit cell (1) = 1 molecule/unit cell 

T T 
-0.110 
-0.108 
-0.114 -4.06x10" 
-0.116 -4.11x10" 
-0.091 
-0.073 
+0.021 
-0.295 -4.06x10" 
-0.277 --4.11x10" 
-0.304 -1.228x10 
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Table III 

Contribution to the Solid-Vapor 
Reduced Partition Function Ratios 

in the Isotopic C02 Molecules (13C02/1 C02) 
n~2 „- l 

Translation 
Translation 
Libration 
Libration 
Internals 
Internals 
G(I,I') 
Total 
Total 
Experimental (Least 

(4) 
CD 
(4) 
(1) 
(4) 
(1) 
(4) 
(1) 

square) 

38.872 
35.819 
3.054 

38.872 
38.873 
38.9 

•0 .029 
■0.027 

•0, 
■0, 

002 
231 

-0 .216 

,260 
245 

- 0 . 2 6 1 

-5 .97x10 - 8 

-5 .97x10 - 8 

(4) = 4 molecules/unit cell (1) = 1 molecule/unit cell 
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elements to reproduce the results from the lattice dynamics calcu
lations. When such off diagonal F matrix elements are introduced, 
the vapor pressure ratio of (C1202/C1802) liquid, and the simple 
cell model suffice to explain the isotopic fractionation data for 
12C/13C and 180/180 between liquid and vapor C02. Thus our calcu
lations of the lattice modes, along with our data on solid C02 

and the isotopic fractionation data of Grootes, Mook and Vogel on 
liquid C02 complete this phase of our program in our proposal of 
last year. 



15 

Condensed Phase Isotope Effects in N20 
Y. Yato, M. W. Lee and Jacob Bigeleisen 

N20 is physically and chemically very similar to C0_. In 
an early pioneer investigation of the relation between structure and 
vapor pressure, Bigeleisen and Ribnikar demonstrated a small but 
definite difference in vapor pressures of 15N11*N160 and 1!*N15N160 
just above the triple point. The effect was derived fromthe analysis 
of column experiments with small enrichment. The difference in 
vapor pressures was attributed by these authors to hindered rotation 
in liquid N20. Thermodynamic and kinetic isotope effect studies 
take on much greater significance when the temperature dependence 
of the effect is studied. 

The development of the BBIR cryostat for vapor pressure 
isotope effects makes such studies possible even when ln(P'/P)i 

-3 the logarithm of the vapor pressure ratio, is of the order of 10 
This is presently the only reliable experimental method for 
measurement on solids. 

Samples of I 5N MN 1 S0, 1,fN15N160, and lkHl,tH1B0 were prepared 
with greater than 90% isotopic purity. The N* 80 sample was prepared 
in collaboration with Professor F. S. Klein of the Weizmann Institute. 
Through our low temperature spike chromatographic method, the samples 
of about 500 cc size were purified chemically to the ppm impurity 
level. The vapor pressures of the three isotopes above were inter-
compared with ^N^N 1 6© from 150-220° k. The present equilibrium 
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vapor pressure measurements fully confirm the earlier column data 
of Bigeleisen and Ribnikar in the liquid at 184° K. Although the 
difference between the isomers 15NllfN160 and 1IfN15N1G0 is of the 

-4 order of 4x10 in ln(P'/P)/ it has been measured quantitatively 
over the entire temperature range. The measurements were facili
tated by the installation of an on line signal averager and data 
recorder on the vapor pressure system. The latter is described 
under instrumentation. Analysis of the data by both the cell 
modeland lattice dynamics are currently underway. 
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Correlation of Isotope Chemistry and Molecular Structure. 
Total Deuterium Isotope Effects 

Jacob Bigeleisen and Takanobu Ishida 

(Joint Project of Contracts AT(11-1)3498 and AT(11-1)3127) 

The development of the finite orthogonal polynomial 
expansion for the Bigeleisen-Mayer function has provided an 
exact mathematical basis for the correlation of isotope effects 
with molecular structure and forces. In the short time since its 
introduction we have given exact solutions to the general diatomic 
and triatomic molecule. While analytical solutions to the gen
eral polyatomic molecule may ultimately be achieved, we have pur
sued an alternative approach for such systems. In a collaborative 
program with Professor T. Ishida we have set up a rigorous method 
to determine by computer calculation the contribution of each 
force constant in the Wilson F matrix to the total Bigeleisen-Mayer 
function (program exact) and to each of the terms in the finite 
orthogonal polynomial expansion. Presently the work is being car
ried through the term in (fi/kT) , the third quantum correction, 
inasmuch as this gives results on important motions, i.e., stretch
ing and bending force constants to better than one percent of 
their respective contributions. The systems being studied at the 
present time are important prototype molecules of interest to 
chemists. They are H20, C02, CH20, CH4, C2H., C2Hg, and CgHg. Both 
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hydrogen-deuterium and heavy atom isotope effects are under investi
gation. 

A general method has been developed for the calculation of 
the isotope effect which can be ascribed to each force constant in the 
general quadratic potential energy for the vibration of a polyatomic 
molecule. The method is applied to deuterium isotope effects in the 
molecules H20, CH20, CH4, C2H4, C4Hg and CgH. at and.above 300° K. 
It is found that deuterium isotope effects associated with individ
ual internal valence force constants are nearly additive at room 
temperature. Strict additivity holds in the high temperature limit. 
Bond stretching force constants account for at least 65% of the 
total deuterium to protium reduced partition function ratio at 300° K 
and become even more dominant at higher temperatures. The origin 
of the relative importance of stretching and bending forces as a 
function of temperature is found in the first two terms of the 
finite orthogonal polynomial method of Bigeleisen and Ishida. Cor
relations are established between the magnitude of deuterium iso
tope effects in different molecules as a function of temperature 
with stretching and bending force constants. 
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Laboratory Facilities 

W. Watson, D. M. Eshelman, M. W. Lee, F. J. Torre, Y. Yato and 
J. Bigeleisen 

During the past year a major step has been taken in up
grading our experimental facility through the installation of an 
on line signal averager and data reduction. The latter employs 
a Hewlett-Packard 3480B digital voltmeter and HP 9830A program
mable desk calculator with 1700 words of memory. It is used for 
on line signal averaging and computation of vapor pressure data 
from the BBIR cryostat and isotope ratio measurements from the 
Nuclide RMS60 mass spectrometer. The equipment was purchased 
with funds from an incentive award to the principal investigator 
under the NSF-SDA program at the Chemistry Department of the 
University of Rochester 1970-'3 (K. E. Clark, principal investi
gator) . In addition to a major saving of time in the statistical 
analysis of data, the on line system has improved the quality of 
our data significantly. This has been particularly important for 
work on solids, where thermal equilibration is slow. 

Measurements with the RMS-60 isotope ratio mass spectro
meter have been beset with background problems from its initial 
installation. These have been analyzed as due to poor match of 
pumping speed of the gas pumping system on the spectrometer tube 
and the design of the sample inlet system. The glass mercury dif
fusion pump has been replaced with an Edwards mercury vapor pump 
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and an in line refrigerated baffle and cold trap. This has 
significantly improved the pumping speed and reduced background. 
An all welded stainless steel sample inlet manifold has been 
designed, fabricated and leak tested. The system includes bakeable 
Granville-Phillips variable leaks for source introduction. The 
latter will provide better matching of inlet pressures between 
samples than can be obtained with hair pin capillary leaks. The 
entire system is ready for interfacing with the RMS-60. 

In our proposal of July 1973 we requested authorization 
to carry forward $8,000.00 toward the completion of the design 
and fabrication of a low temperature still. In fiscal year 1973 
we assembled the major vacuum line components, which have general 
utility to our laboratory program. Work on the still has been 
delayed because of the priority we have given to meeting the 
requests of the AEC for service on the Ad Hoc Technical Review 
Program and the upgrading of the cryostat and mass spectrometer. 
We do not expect to devote much time to the design and construction 
of the low temperature still before the end of the FY '74 contract. 
An accounting of the funds for the still are included in the FY '74 
financial statement. 


