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PREFACE

The literature concerned with what is now rightly called
““Chemical Physics’ is growing tremendously. I have often thought
that it would be very convenient if, for every subject approached
in, say, one of the new publications, which are mostly and very
appropriately highly technical, I could find an expert who would
be willing to tell me in simple words what it is all about. Of course,
I would prefer an expert who is himself working in the special field
of that publication, who really knows the whole background and
who at the same time is not going to vulgarize the proceedings by
making it too easy by hiding the subtle details of the newest
findings. It seems to me that this is what we can expect of the
articles which are going to be published in Advances in Chemical
Physics, the series of which this is the first volume. Personally,
I have had nothing to do with the preparation and the organization
of this new venture. What I am saying here, therefore, is just my
theory. I will be glad if it turns out to be right; I will be delighted
when it has to be amended because of surprises which will make
the articles still more useful and which were not anticipated.

P. DEBYE

vii






INTRODUCTION TO THE SERIES

In the last decades, Chemical Physics has attracted an ever
increasing amount of interest. The variety of problems, such as
those of chemical kinetics, molecular physics, molecular spectros-
copy, transport processes, thermodynamics, the study of the state
of matter, and the variety of experimental methods used, makes
the great development of this field understandable. But the
consequence of this breadth of subject matter has been the
scattering of the relevant literature in a great number of publica-
tions.

Despite this variety and the implicit difficulty of exactly
defining the topic of Chemical Physics, there are a certain number
of basic problems that concern the propertiecs of individual
molecules and atoms as well as the behavior of statistical en-
sembles of molecules and atoms. This new series is devoted to this
group of problems which are characteristic of modern Chemical
Physics.

As a consequence of the enormous growth in the amount of
information to be transmitted, the original papers, as published
in the leading scientific journals, have of nccessity been made as
short as is compatible with a minimum of scientific clarity. They
have, therefore, become increasingly difficult to follow for anyone
who 1s not an expert in this specific field. In order to alleviate
this situation, numerous publications have recently appeared
which are devoted to review articles and which contain a more or
less critical survey of the literature in a specific field.

An alternative way to improve the situation, however, is to ask
an expert to write a comprehensive article in which he explains
his view on a subject freely and without limitation of space. The
emphasis in this case would be on the personal ideas of the author.
This is the approach that has been attempted in this new series.
We hope that as a consequence of this approach, the series may
become especially stimulating for new research.

Finally, we hope that the style of this series will develop into

ix



X INTRODUCTION TO THE SERIES

something more personal and less academic than what has become
the standard scientific style. Such a hope, however, is not likely to
be completely realized until a certain degree of maturity has been
attained — a process which normally requires a few years.

At present, we intend to publish one volume a year, but this

schedule may be revised in the future.
I. PRIGOGINE
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I. INTRODUCTION

Denbigh 2 Drickamer and collaborators,® %1 Wirtz,11 Wirtz
and Hiby,*2 and Prigogine and co-workers® have written numerous
papers containing molecular interpretations of the heat of transport
and the related Soret coefficient in liquids. These have proceeded
on the basis of special assumptions concerning the molecular
structure of the liquid and the mechanism of the diffusion process,
and have assumed the validity of the equilibrium statistical-
mechanical distribution in the nonequilibrium case. In the present
paper we remove the special assumptions and show from general
statistical mechanics that the heat of transport consists not only
of an equilibrium term but also a term which arises from the non-
equilibrium perturbation to the distribution function. In the
special case of a regular solution, the expression for the equilibrium

* This work was supported in part by the Office of Naval Research
under contract Nonr-410(00) with Yale University.

t National Science Foundation Postdoctoral Fellow 1955—56. Present
address: Department of Chemustry, University of Kansas, Lawrence, Kansas.

tt Frank B. Jewett Fellow 1953—54. Present address: Department of
Chemistry, Harvard University, Cambridge, Massachusetts.
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2 R. J. BEARMAN, J. G. KIRKWOOD, AND M. FIXMAN

contribution reduces to a thermodynamic equation that is similar
to expressions obtained previously.

In this article we shall not utilize the generalized Fokker-
Planck equations® which have been successfully used to calculate
cocfficients of viscosity and thermal conductivity.!® 4 Rather, we
shall find it more convenient to proceed directly from the
Liouville equation. To obtain an expression for the contribution
of the intermolecular forces to the heat flux, we shall postulate a
plausible generalization of the usual phenomenological equations
of the thermodynamics of irreversible processes to the space of
molecular pairs. Although we shall not prove it here, it may be
shown that the same results can also be obtained (with greater
labor) from the Fokker-Planck equations.

II. PHENOMONENOLOGICAL THEORY

The mass flux j, of component 1 and heat flux q in a system
of two components at uniform pressure are related to the gradient
of the mole fraction of component 1 and the gradient of temper-
ature by the phenomenological relations

4y Oy

b e T (IL1)
£24, 01y .

- v D20V Inl I1.2

Ig axl xl + 00 n ( )

where x, is the mole fraction of component «, g, is the chemical
potential of component I, T is the absolute temperature, and
2,1, 240, $25;, and £y are the phenomenological coefficients.!
The mass flux j, is expressed as molecules per unit area per
unit time relative to the local center of mass.

The heat of transport ¢,* is defined by the equation

lex‘ = (I1.3)

when VT = 0.
From Eqgs. II.1, I1.2, and IL3 it follows that
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L0

0=
! 'Qll

If the Onsager reciprocal relation Qy; = £, is valid, then the heat
of transport is related to the stationary state of the Soret effect,
as may be seen readily by setting j, = 0 in Eq. II.1. Our cal-
culation of the heat of transport will be based on Eq. II.3 and
the statistical-mechanical expression for q, and so we shall
nowhere require the reciprocal relation.

The value of Q,* (which depends only upon the local state),
must be independent of the velocity of the center of mass, and
in our equations below we have set this velocity equal to zero in
order to facilitate the calculation.

III. STATISTICAL-MECHANICAL EXPRESSIONS
FOR THE DENSITIES AND FLUXES

The single phase, two-component fluid system under con-
sideration contains N molecules of which N, are of species 1 and
N, are of species 2. The molecules of each species are labeled
separately, so that the molecules of species « are numbered
1, 2,...N,. For simplicity, we suppose that each molecule
contains three degrees of translational freedom and no other
degrees of freedom. The positions of the molecules of species «
are denoted by the sequence of three vectors R,, R, , ... R

and their momenta by P,, P,,... P

IIN“’
GNa'

We denote the time-smoothed probability distribution function
at a time ¢ in a statistical ensemble of identical systems containing
the N molecules by / (R, ... R%V., P ... PzN.; ¢). It obeys the

Liouville equation

T3, Jr3E R, T, 0 )

ot JSiimm yul faul
where F, is the force on molecule ¢ of species y, and m, is the
mass of a molecule of species y.
The expectation value at a time ¢ of any dynamical variable a is

<a;f>=fa(R Ry Py ... Py ) JdR, ...dR, dP,...dP,

2~v
Using this notation, the conccntration ¢ (ry) of molecules « at
time ¢ at a point r, in the system is
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Ca(ry) = J'%m(rp p)ap,
where
gl = <% f>
Na
v, = ZIJ(RG,—rl)ﬁ(Pa,-—px)
fu=)

and 6(R, —r;) and 8(P,—p,) are Dirac delta functions.
The particle current density j,(r;) of species a at point r; is

ja(r) = eyt = [ g 0(r, pasp,

where u,(r,) is the local velocity of species «.

In the space of ordered pairs of molecules of species « at a
point r, and species f at r, the average number density
c,'¥ (ry, T;) may be expressed as

g (ry, Ty) = f%‘,‘?’(rl, Iy, Py, P2)@*P1 4D,

where
Pus? = < ,,aﬂm;f>
and*
Nfi Na
Vug'® = 121 21 ‘S(Ra,"‘rl)‘s(Rﬂ,_rz) ‘s(Pa“‘Pl)a(Pﬂ,-pz)
a“#ﬁj

The particle current density in pair space j,z?'(r,, T,) is given
by the six-component vector

JagB (1, T3) = g (1, Ty)u? (1, Ty)

P1 Pz)
= -— 6 —= 2) 43 3 R
f(m )P @°pyd°py (LI1.2)

where u 4% (r,, ry) is the mean local velocity in pair space and
the vector p,/m, ® py/m, in six space is the direct sum of p,/m,
which lies in the three-dimensional momentum subspace of one
molecule located at r, and py/m; which lies in the momentum

* The symbolic notation a; 7% 8, indicates that there is no term cor-
responding to ¢ = § when a = §.
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subspace of the other molecule located at r,. The symbol & is
used to generate vectors in six space from vectors in three space.
The symbol + will be used to denote sums of six-component
vectors as well as three-component vectors.

j.s® may be written as the sum (in the six-dimensional con-
figuration space of a molecular pair) of its projections onto the
spaces of its first argument, r;, and its second argument, r,.
Thus

Jag P (T1, Tg) = jup. 1P (Ty, Ty) @ jop 2P (g, 1)

jaﬁ, 1(2) — J‘% ¢aﬂ(2) d3 p1 dapz
Jap,2® = f?-g Pap'® A® Py AP,y (II1.3)
Mg

We now assume that the molecules interact with central forces
only, the intermolecular potential I is the sum of pair potentials,
and that external fields of force are absent. Therefore

2 N Na

V= %EEEZVGB a‘ﬁ;

B=1 a=1 je=1 {=1
o, #By

where
Ra‘ﬂ, = IR,,,—~R¢‘1

The force exerted on molecule ¢ of species « by molecule ; of
species g is
F

Byay

= —Vp Vs

and the total force, F, ,» on molecule ¢ of species «, is then

2Nﬂ

F z z Fﬁ,a‘
p=1 j=1
a‘#ﬂ,
Under the above assumptions, the expression found by Irving
and Kirkwood? for the heat flux q in a one component system
may be generalized readily to the two-component case, leading

to the relations
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2
q=q,+q, — Z j. H, (I11.4)

Qe (ry) = ,_IJ‘m

am) =13 3 f[ Veol) 1=V o)

[jaﬁ,l (ry, £y4r) —u(ry)c,'? (ry, r;+r)]dr (I11.8)

where H, is the partial molecular enthalpy, u is the mean velocity
of the local center of mass (zero in the present calculations),
r = r,—r;, and 1 is the unit tensor of second rank. The term
32 _, i, H, which is zero in the one-component system arises in the
macroscopic equations of transport for multicomponent systems.”*

l (-_ -u) eV dp, (I11.5)

G

IV. THE GENERAL EXPRESSION FOR THE
HEAT OF TRANSPORT
To evaluate q,, we shall employ the zero-order approximation
to ¢V, with Maxwellian distribution around the mean particle
velocities u,, and linearized with respect to u,,

< Py
1) PETI— & —p2/2my kT 1 ) 1
P (f1 P1) (2nm kT)372 ¢ * ( + - kT (Iv.1)

where % is Boltzmann’s constant. Substituting Eq. IV.1 into
Eq. III.5 and carrying out the integration yields

q = = kT Z Ce U, (Iv.2)

a=1

The use of Eq. IV.1 in Eq. ITI.5 neglects quantities (negligible
in liquids) of the order of the nonequilibrium terms in the kinetic
contribution to the stress tensor.’®* More exact calculations using
the generalized Fokker-Planck equations show that the neglected
terms are actually equal to zero.

To evaluate q, we must express j,, ;¥ asa function of the local
velocities. In order to do this we shall postulate the validity
in pair space of quasi-phenomenological relations strictly analogous

* It should be noted that our q is denoted by q’ in the Kirkwood and
Crawford paper.
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to the phenomenological relations of the thermodynamics of

irreversible processes. We find it convenient first to obtain ex-

pressions for the mean forces in the singlet and pair spaces.
The mean force F,V)(r,) on a molecule of type « located at r, is

¢ (r) F M (ry) 2 o OR,—11); [ > (Iv.8)

Similarly, the mean force F,,® (r,,r,) in pair space, when a
molecule of type « is at r; and a molecule of type § is at r,, is

Cop®? )(rprz) w2 (T, Ty)
Nﬂ Ny

<3y (F,, ® F,)0(R,—~1,)0(R, —15); > (IV.4)
=1 =1
¢‘7“ﬁ;

Multiplying Eq. IIL.1 by P, 6(R, —r,) and integrating over
all coordinates and momenta yields, upon neglecting inertial
terms and terms of the order of the nonequilibrium terms in the
kinetic contribution to the stress tensor,

TV, co(r1)—c,(r;)F 0 (ry) = 0 (Iv.5)
The nonequilibrium temperature is defined in terms of the kinetic
energy per molecule averaged over all species, and this has been
supposed equal to the kinetic energy per molecule averaged over
a single species. Similarly, multiplying Eq. III.1 by

(P, © Py ) O(R, —1,)d(Ry,—13)
and integrating gives

ET Ve, 4@ (ry, Ty) —C,p® (ry, 1) F o, (1), 1) = 0 (IV.6)

where V=V, & V_, and & denotes a direct sum in the six-
dimensional configuration space of a molecular pair.* To derive
Eq. IV.6, we have assumed that the mean kinetic energy of a
species averaged in pair space is the same as the average in singlet
space.t From the thermodynamics of isothermal systems in

* This use of the symbol ¥ is not to be confused with that in the
phenomenological theory.

t Calculations using the Fokker-Planck equations show that this as-
sumption is not exact to terms of order u,. However, the additional
terms do not contribute appreciably to the heat of transport.
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external fields of force, we know that if the gradient of chemical
potential at a point is equal to the external force, the system is
at equilibrium. By imposing suitable external fields we may
obtain an equilibrium state of our system in which the con-
centration distribution (in singlet space but not in pair space)
is the same as in the diffusing system. From Eq. III.1 we find the
following equations analogous to Eqgs. IV.5 and IV.6 and valid
in the system at equilibrium under these conditions

TV, c, (1) —cy(r))F, 10 (ry) = ¢ (ry)V, p,(ry)  (IV.7)

kTVCapm'm(rp ) — 20 (ry, 1) F 30 (ry, 1y)
= B0 (1, 1) [V, s, (r;) ® V, p1s(r5)] (IV.8)

F,19 and F,,*% are the mean intermolecular forces in singlet
space and pair space in this equilibrium state. Equations IV.7
and IV.8 are exact since the averages are performed in a canonical
ensemble.

Subtracting Eq. IV.5 from Eq. IV.7 we find that

F, M (r)—F, 0 (r)) =V, ,(ry)
The phenomenological relations may be inverted to express the

gradients of chemical potential as linear functions of the velocities,
and therefore

Fa(”(rl)“’"F“(l’m(rl) == zNy :ay(rl)[uy(rl)'-ua(rl)] (IV'Q)

The friction coefficients {,, defined by this equation may be
expressed as functions of the phenomenological coefficients.*

We now postulate that the following cquation in pair space,
analogous to Eq. IV.9 in singlet space, is valid:

Fapm (ry, 1y) “-«ﬂm' 0(ry, ry)

2 2
=23 2 %guﬂ;va ‘ {(“y(rl) D u,(ry)) —u,,?(ry, rz)} (Iv.10)

y=1 o=l

A heuristic justification for Eq. IV.10 is that it reduces to the
sum of two equations of the form of Eq. IV.9 at large distances
* The coefficient {;; (or {g) is defined by applying Eq. 1V.9 to a

three-component system in which the third component is tracer component
1 (or 2) present in vanishingly small quantity.
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between r, and r, when the force and velocity in pair space
approach the sums of the forces and velocities, respectively, in
singlet space. Equation IV.10 is not the only conceivable equation
with this correct limiting property. Further justification is to be
found in the fact that it is derivable from the generalized Fokker-
Planck equations.

By comparing Eq. IV.10 with Eq. IV.9 at large distances, we
see that an asymptotic value of the tensor §,,.,, is N, {,,(r;)1,;
® N,(p,(ry)1; where 1, is the unit tensor at r; and 1, is the
unit tensor at r,. In the remainder of this paper we shall make
the approximation that

gaﬁ:)’o == Nr tuy 11 ® Na Cﬂa 12 ([V.ll)

for all distances between r, and r,.
Subtracting Eq. IV.8 from the sum in six-dimensional space
of Eq. IV.7 for species a and species §, we have
F 2 0(ry, 1,) — (F, 40 (r)) ® Fyt0(ry)) = kTV In g, (r;, 1,)
(IV. 12)

where the radial distribution function g,,*%(r,, r,) is defined by

00y 1y - 0T T
¢ (Ty)cs(ry)
Substituting Egs. IV.5, IV.6, IV.9, IV.11, and IV.12 into
Eq. IV.10 yields upon neglecting terms of order u,?

Jap, 1P (ry, 13)
g4 51 (ry, 1y)
== Cup B O (I, Tp) U, () — €20 (Ty, 1) D, (1) V, £V (10 Ty)

or
Jup1® = CoCp8as> VU —C, CpDa[Vr,gap(z'”“‘gap‘z’"vr, In g,,2%]
(IV.13)
where
8us® D = £opP— s ?
and

@ — Cao (F1,Ta)

8o Ca(Ty) cp(ry)
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and the self-diffusion coefficient D, of species a in the mixture
is defined by
kT

D,(ry) = E'Z?Ii

where

L) = }’;N,c,,ao

We shall now find an expression for g,,* 1'/g,,% for substitution
into Eq. IV.13. Multiplying Eq. IIL.1 by (R, —r,)8(Rs —r,),
integrating over coordinates and momenta, and neglecting inertial
terms gives

\% jaﬂ,l(2)+vf' “Jup P =10

Substituting Eq. IV.13 for j,, ,® and a similar equation for j,, ,®
into this differential equation yields when terms of order # 2
and Vi, are neglected

b {;bﬂ.‘. Y, 8ap 0=V, - {V, g Vg ® IV, In g, 0} = 0
= (IV.14)

Equation IV.14 provides differential equations for the coefficients
of the spherical harmonic expansion of g,,* /g ,*% when u,—u,
is chosen as the polar axis in spherical coerdinates. When the
expansion is substituted into Eq. IV.13 and thence into Eq. IV.6
and an integration is carried out over all angles, only the term,
4,, involving the first Legendre polynomial, P,, contributes to
q,. This term may be written in the form

1
A4, = m vas(r){e, - (u;—u,)} (IV.15)

where e, is the unit vector in the r-direction and, by Eq. IV.14,
¥,s Obeys the following differential equation:

daw (dg (3,0) 2 dV’ 2g (2,0) dg (2,0)

(2,00 Y8 4 (T8aB 7, a0 FfaB__Toa8 . __ Z5a8

Ear dr® + dr r Sas ) dr 72 Vs dr
(IV.16)

In the linear approximation to g,, /g (9, g (9 is equal to the
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radial distribution function in the equilibrium state achieved by
the naturally diffusing system in the absence of an external field.
It depends only on 7. Because both the perturbed and equilibrium
radial distribution functions approach unity as r approaches
infinity, one boundary condition on y,, is that it approaches
zero as r approaches infinity. The other boundary condition
arises because the relative pair current density j,g 3 —j,5,,* must
have no sources or sinks. If the potential is infinite for » < b,
this leads to the boundary condition

Substituting Eqs. IV.13 and IV.15 into Eq. III.8, integrating
by parts, and using Eq. IV.16 results in the following linearized
expression for q,:

qv = (qv)l+ (qv)2

@h=1 2 5 ¢ reptruy) - [ (V,m—-V;,,(r) “ea00)a
P p-l
%‘:102 D2+D uz]ﬂ: 21— 3 rV’m(izy-—-l)}gﬂ(ﬁ-"

(IV.17)

Eliminating #, in favor of u, and inserting Eqs. III.4, IV.2,
and IV.17 into Eq. II.3 gives the following expression for Q,*:

= Qu*+012*
Qu* = (hl“" 1)— (hz Hz) —

1D,— 21 (3w ,
On* = E‘D‘“:;;_D ( Cptey — ){2}‘21“ EJ-" (‘;i:l - l)V nn'*? d? "}
(Iv.18)

where
hy = ¢ by tey hnﬁ'% kT
hy = Cyhygtcy by +3 KT

haﬂ = hﬂa = %f(Vﬁa_ %V’ﬁ“)gﬂa‘z'o’dsr
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h, and h, (which in general are not equal to H, and H, respectively)
obey the following equation readily derivable from equilibrium
statistical mechanics:

by +xhy == H (IV.19)

where H is the mean molecular enthalpy.

Equation IV.18 splits the heat of transport into two terms,
the first of which is quasi-thermodynamic in that it involves only
averages over equilibrium ensembles, and the second of which
arises from the deviation of the distribution function in pair
space from the equilibrium distribution function. Q,* cor-
responds to the expressions for the heat of transport found by
previous authors who have neglected the nonequilibrium pertur-
bation to the distribution function.

V. AN APPROXIMATE FORMULA FOR
THE HEAT OF TRANSPORT

By introducing an approximation into Eq. IV.18, we can gain
insight into the tormula for the heat of transport. It suffices to
use the assumption of regular solution theory that the radial
distribution function is independent of composition.* Under this
assumption we may differentiate Eq. IV.19 (using the definition
of partial molecular enthalpy) to obtain expressions for 4., in
terms of thermodynamic quantities. Substituting these into
Eq. IV.18 yields

0 *M—!(’Lfa’fz+xz)§1§?(L2 L,)
1m -- 9 -

My v \Uy T
1 Da——I)l(mlav1 ){_ ; (L1 La)
* e i B ', ] — —
Cra 20 D,+4-D,\ m, )| U + Tig
+2‘”1(L17-'1"L1 v1)+2x3(L2172-—L2‘02) (V.1)

2( [(dy ,
)|

where v is the mean molecular volume, 7, and 7, are the partial
molecular volumes of components 1 and 2, respectively, v; and
v, are the molecular volumes of the pure components,
L,(= H,—%kT) and L, (= H,—$% kT) are the negatives of the
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latent heats of vaporization of components 1 and 2, respectively,
from the solution to the ideal gas state, and L; and L, are the
negatives of the latent heats of vaporization of the pure component
to the ideal gas state. Although the derivation of Eq. V.1 does not
require the use of all of the postulates of regular solution theory,
the equation may be further reduced by introduction of the regular
solution theory chemical potential and the assumption of additivity
of volumes.

W3,

10.

11
12

13.
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I. INTRODUCTION

The first definitive experimental demonstration of an isotope
effect in chemical kinetics dates back to the discovery in 1932 by
Washburn and Urey® that deuterium is enriched in the liquid
phase in the electrolysis of water. This discovery came at a time
when the transition state theory of reaction rates wasin a stage of
active development and was immediately explained by the zero-
point energy difference between isotopic molecules.?® The sub-
sequent world-wide production of laboratory quantities of con-
centrated deuterium by the electrolytic method provided material
for new experiments on kinetic hydrogen isotope effects in a
multitudinous array of reactions. Many of these had an important
bearing on the transition state theory (e.g., H+H,).?® In the
succeeding years there was considerable interaction between ex-
perimental and theoretical progress on kinetic isotope effects and
their application to the elucidation of reaction mechanisms.

Most of this work came to a virtual halt with the diversion of
scientific effort to military problems during World War II.
After the war, interest in the general problem of kinetic isotope
effects was resumed, fortified by new interests, new experimental
techniques, new theoretical developments in the statistical mechan-
ics of isotopic molecules, and the widespread availability of radio-
isotopes and enriched stable isotopes. All these were materially
advanced by the scientific war effort. The progress has been
rapid along all lines. The initiation of the present series on Ad-
vances tn Chemical Physics provides an opportune time for a
recapitulation and reevaluation of the progress and status of our
knowledge. It is not our intention to summarize the extensive
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literature in the field, but rather to point out the present status
of theory and experiment, and through illustration, the areas of
agreement and disagreement. A considerable amount of new
material, which has not stood the test of critical review by experts
in the field, has been incorporated. This material should be easily
discernable and much of it is provocative of further experimental
and theoretical work. We consider this sufficient justification for
its inclusion. ¢

It will be obvious to the reader that much remains to be done
along all lines. We may confidently expect studies on kinetic
isotope effects to continue to enrich and refine our understanding
of rate theory and mechanisms.

II. THEORY OF THE ISOTOPE EFFECT ON REACTION
RATES

A. Introduction

A starting point in the study of the effect of isotopic substitution
on reaction rates must be furnished by a theoretical model of
chemical reaction. The discovery by Arrhenius that experimental
reaction rates may be expressed by 4¢=E/®T forms the cornerstone
of the modern understanding of chemical reactions. Here 4 and
E are constants independent of the temperature, R is the gas
constant, and T is the absolute temperature. The Arrhenius
equation led to the formulation of the collision theory of reaction.
In this approach, systems which possess at least an ‘‘activation
energy’’ E react on collision.-In discussing reaction rates, one must
distinguish between bimolecular reactions in general, unimolecular
reactions at high pressures, and unimolecular reactions at low
pressures. The subsequent discussion is not applicable to uni-
molecular reactions at low pressure, and these reactions will be
discussed in a separate section. Thus 4 becomes the collision
number which, for gas phase reactions, may be calculated by the
gas kinetic formula. It is found for many reactions that one thus
obtains values of the temperature independent factor 4 which
differ from the experimental values by many orders of magnitude.
It may be also noted that, in this approach, 4 depends on the
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isotopic masses in a predictable way and that the dependence so
predicted is not in general the one experimentally found. The
difficulties with the simple collision theory led to the introduction
of the steric factor Z, so that 4 becomes PZ, where P is the
collision number. Z is then to be determined from experiment
and is sometimes found to be larger than unity. Since Z is thus
an empirical factor for making theory and experiment agree,
the collision theory approach does not furnish a good model for
studying isotope effects on reaction rates.

The transition state theory of Marcelin,*! revised on the basis
of quantum statistics by Wigner, Polanyi, Eyring, and others 2%
forms the framework of most present-day interpretation of high-
pressure reaction rates. In this formalism one assumes an activated
state through which the reaction takes place. Molecules in the
activated state are in thermal equilibrium with the normal
reacting molecules (see, however, Refs. 24 and 25). The rate
constant is then roughly equal to the concentration of molecules
in the activated state times the rate of passage of the molecules
through the activated state to the final product. Other quantum-
mechanical approaches to the reaction rate problem have been
developed by Golden and Peiser® and by Bauer and Wu.! The
final expressions derived by these authors bear great similarity
to the transition state theory results. However, no isotope effect
calculations have been made by these authors, and one cannot
say with certainty that the isotope effects calculated by these
approaches will be exactly the same as those calculated by the
transition state theory. The approach in this review will be to
treat the kinetic isotope effects within the framework of the
transition state theory.

B. Discussion of Isotope Effect in Transition State Theory

The transition state theory proceeds on the assumption that
there is a single potential energy surface along which the reaction
takes place. For the usual reaction there will be a barrier between
the part of coordinate space corresponding to reactants and the
part of space corresponding to products. The reaction will then
take place over the path corresponding to the lowest barrier.
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The transition state is located at the top of the barrier along the
path of decomposition. Thus the transition state lies in a trough
and in general will be stable along all degrees of freedom except
along the path of decomposition. The transition state theory leads
to the following well-known expression for the rate equation

constant &,

T
k= %—xK' (IL.1)

where k is the Boltzmann constant, T is the absolute temperature,
h is Planck’s constant, x is the transmission coefficient, and K’
is the equilibrium constant between the activated state molecules
and the reactants. The degree of freedom along the path of
decomposition is missing for the activated state molecules. x is
a factor which takes into account the fact that if a system has
the proper classical energy to surmount a barrier it may yet be
reflected; on the other hand, a system which does not have the
proper classical energy to surmount the barrier may tunnel
through it quantum mechanically.?* A knowledge of the potential
energy surface enables one then to calculate K’ by the methods
of statistical mechanics in terms of the partition functions of the
activated complex and of the reactants. Thus
K
Q4080 - - -

where the Q’s are partition functions; Q# is the partition function
of the activated complex omitting the degree of freedom along
the path of decompositian, and Q,, Qp, Qc, . . . are the partition
functions of the reactants. Qualitatively the theory is able to
predict reaction rates quite well. The quantitative application of
the theory is always hindered by the lack of knowledge of a reliable
potential energy surface and the corresponding inability to cal-
culate Q¥ and ». The effect of isotopes on the various quantities
can often be predicted with more reliability than the quantities
themselves so that one might try to predict quantitative isotope
effects for reactions so complex that quantitative predictions of 4
would not be attempted.

Denoting isotopic species by the subscripts 1and 2, one finds 343

(IL.2)
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k% Ot Qu, 05, O, (IL.3)

— T e s e @ e B T 8

ky %y Qp* QA, Qal Qct

The initial assumption is made », = »,. This assumption will be
discussed further subsequently. The problems of calculating
ratios of rate constants become then a matter of calculation of
ratios of isotopic partition functions. The latter is simplified by
the fact that the potential energy surfaces for isotopic molecules
are the same to a very high degree of approximation.

The theory of calculation of ratios of isotopic partition functions
hasbeen developed in detail for exchange equilibria in gases. The for-
mulation of Bigeleisen and Goeppert-Mayer,!® which writes every-
thing in terms of the vibrational frequencies’of the molecules, will be
reviewed. Classically Q, /0, is TT, (m,,/m,,)*/2, where the m,’s are
the masses of the atoms composing the molecules. This is however
not true for Q,*/Q,¥* since here one degree of freedom is missing,
so that k,/k, does not go to unity in the classical limit. Except in
the case of molecular hydrogen, where due account must be taken
for the nonclassical behavior of the rotations, one may write for
nonlinear gas molecules in the harmonic approximation

QS 8 (IA,IE.IC,)V’(M )8/8 3n-8 ( - (1_._8—””141167)
.. Gr o L (114
Ql Sa IA‘IB‘IC‘ 1:‘[ R (1 ___e—hcv,‘llﬂ‘) ( )

M,

where I,, Iy, I are the moments of inertia about the three prin-
cipal axes of the n-atomic molecule, the M’s are the molecular
weights, the »’s are the vibrational fundamentals of the molecules
in wave numbers, and the s’s are the symmetry numbers of the
respective molecules. Use of the Teller-Redlich product rule or
of the classical limit (equivalent to high temperature) of Q,/0,
enables one to reduce equation II.4 to the following form

u "‘1!)8/a e Uy, (thy — )Ig(l—e-““)

— S. s = PP Ut UL M I1.5
TI(5)" sousio = T1 stemmwnt =22 aLs)
where the m’s are the masses of the constituent atoms of the
molecules and «; = Acy,[RT. Assuming that the subscript 1 refers
to the lighter molecule, and defining %,; = ug,+Au,, one writes
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_ (™ 3:0: nE o " (1—eturtaw))
s = 17 (22 ) ol | o e

where #, now refers to the frequency of the heavier molecule.
Since atoms always balance out in any chemical equilibrium, the
product []7(m,,/my,)3/* will cancel out in any equilibrium and
one can just substitute the quantity / for the ratio of isotopic
partition functions in an equilibrium expression. For linear
molecules, 3n—6 must be replaced by 3n—5. For the case 44 < 1,
which is true, except at low temperatures, for the isotopes of all
elements except hydrogen
3n-6 3n—6

(sofsa)f = H (14+G(u,) du,) L1+ ;G(“() du,  (I1.7)

~ (IL.6)

where G(u) = }—1/u+1/(e*—1). G(u) has been tabulated.!®
Expansion of G (u) in powers of « yields /12 as the leading term.
Thus, for small # and small 4u,

3n—8 4,

(sofs1)f = 1+ ; % Au, (11.8)
or
3n—6
(safs1)f =1+ ; (11,2 —uy2) /24 (I1.9)

Equation I1.9 is especially useful in conjunction with the sum
rule. 19 59

:n-—o . . an 1 1 II
—_ = —_——— 10
in g (m2—72?) Z( s, m,,)a” ( )

where a,, is the diagonal force constant, and m, is the mass of
the jth atom. The potential energy is expressed in terms of the
Cartesian coordinates of the component atoms. Thus, one ob-

tains 6
1 (fic\2%n (1 1
(safs)f = 1+ o (ﬁ) 3 (% - Z;—)a,, (IL.11)

We now define
vs = 12G(u,)/u, (IL.12)
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Equation II.7 can then be rewritten in the form
3n-6

(so/s1)f = 1+ 27;——41« (IL.13)

3-8

=14 3 7,(u,2—uy?)/24 (I1.14)

10 I I I T

T5—

RG(u)/u

25—

—

Fig. 1. Plot of the function 12G(u)/u vs. u.

It is seen from Fig. 1 that y, does not decrease very rapidly
with %, Thus for ¥, = 5 (a frequency of about 1000 cm-! at

300°K), y,= 0.73. It is convenient, therefore, to define a ¥
such that

(Safsy)f = 147 ; (41,2 —19,%) /24 (I1.15)

The use of the correction term 7 extends the method of the first
quantum correction to values of % where the first quantum cor-
rection itself is inadequate. Equation II.11 becomes consequently

fic

sl = 1+ i) 7 3 (oo e o
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The usefulness of Eq. I1.16 rests on the fact that y, does not vary
rapidly with # so that 7 can be guessed with good accuracy if
one has some idea of the magnitude of the «’s which make the
major contribution to ZA(u)®. Furthermore, magnitudes of a,,
may be well estimated so that Eq. I1.18 enables one to calculate
{ without solving the potential problem.

In evaluating Q,*/Q,¥we recall that the vibrational degree of
freedom along the path of decomposition is missing from the
vibrational partition function. Similar to the derivation of Eq.
II.5 one obtains

i

) 25

)8 8n—8 4, 4: 3n-7 — “*)

¥ Q¥ /5, ¥ OrF = H He‘ «*” (1L.17)

—~8"‘n*)
The degree of freedom along the decomposition path is missing in
the second product. Solution of the equations of internal motion
of the atoms in the activated complex by the theory of small
vibrations leads to the 3»—6 vibration frequencies indicated in
the first product. One of these vibrations will be imaginary due
to the fact that this degree of freedom does not correspond to
binding but to a nongenuine vibration. This unique vibration will
subsequently be referred to as the decomposition mode and the
corresponding # will be designated u,*. Further discussion of
u, ¥ will be the subject of one of the later sections. Then

n m”)SIZ 0 )k vﬁL* 3n-—

—) s s =~ T] =+
I;I(mgi 2 Qs / 1 Ql l’u¢ h ““*
Now a part of this expression has the same form as Eq. II.6 for
3n— 17 degrees of freedom, so that we shall designate it as f*. Thus

ﬁ(gﬂ)ﬂl sp¥ Qg*/sl*Ql* = (”QL*/"IL*)/* (II.IQ)

i 2§

Then
kl ”11."= falg--.
ot [ (120

or for small A4 and with only one isotopic reactant
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k!S 251* + 3n—8 3n-7
=¥ ¥) (14 S G w)Au,)— 3G uF)AuF)  (I1.21)
kgsysg* 1 1

The problem of the transmission coefficient presents difficulty.
One finds with model potential energy surfaces that transmission
coefficients may depend strongly on the mass of the activated
complex and its energy. The averaging over the thermal energy
distribution may however destroy the isotope effect.3 Further
study is required here. “Tunneling” is frequently taken into
account by a formulation due to Wigner.®® If one approximates
the potential along the reaction path through the activated com-
plex by the parabola

V = Vy—ax? : (I1.22)

the tunneling factor becomes to the first quantum approximation

1 (% V'Z{)
= e | — *|2
=1+ 51 (k.T 1 + qu, | (I1.23)
where M is the “‘effective mass’’ of the motion and #,¥ has been
associated with the motion along the decomposition path. Thus
the isotope effect due to tunneling becomes

Ty/ty = 1+ mAlu,*? . (11.24)

In the case of symmetric exchange reactions one must consider
transmission coefficients as shown in Section VI, if there exists
a potential basin in the potential surface between two equivalent
activated complex sites.

It is seen that the ratio of isotopic rate constants is then given by

A ) T T] e =2
ky 31*”21. " t s Sox Urix (1—e™uk),
$n—7 + —ty F
“2( (l €Yy )
+
I‘I . edu, 12(1 ) (I1.25)

where the product J]x runs over all the species of substrate
molecules in the rate equation. It is clear from Eq. I1.20, I1.21,
and II.25 that the ratio of rate constants of isotopic molecules
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is not simply the exponential of differences in zero-point energies.
The latter, may in many cases, be a useful but insufficient ap-
proximation. The difference in experimental activation energies
is obtained from a plot of log (k,/k;) vs. 1/T. The theoretical
difference involves the H(#) function developed in connection
with the statistical thermodynamics of isotopic molecules® as well
as the temperature coefficient of the tunnel effect.3

The formal introduction of the tunnel correction has particular
significance when Eq. I1.25 is expressed in the G(u) formalism
Equation II.21 becomes

k S8y 3n—-6 8n—7

+
S (1 F v ¥) (1 + 2 G(u;)du, — Z G(u*)dug* )

(14 g Alu *). (11.26)
But, since #, ¥ is a pure imaginary and is sufficiently small that
u */12 = G(u,*), we can write Eq. I1.26 as

3n—6 3n-6
ky s35,* " i

= (n ¥ /rar¥) 1+ZG odu,— ZG(ui )AuF) (I1.27)

k-e $; 8%
Note that G(u,¥) Au,+ is a negative number.
We now make use of the modified first quantum correction,

Eq. II.15, and obtain

ky S35, F 3n—8

,?1 ii,; = (¥ rar ) [1+ (7/24) 3 (412 —ua?)

P 8182 4
3n-6

— (7¥/24) 3 () F2—uy*?)] (11.28)

Equation I1.28 is in a form to make use of the theorem of the trace,
Eq. I1.10, and gives

B st = (VIL*/"ZL*)[1+24(1€T) az"(... B l—)a“

ky s;5,% § My, My

_ Zf(._"i)' 5 (__‘. _ J...) +}
21Ur) > e (11.29)

If § = y*, we get the simple and powerful formula
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R A R R,
;;‘sls’*""(”u. [rar?*) 1""24 5T ;’;‘—; ”;’;“ (@ —a*)
(I1.30)

C. General Predictions on Kinetic Isotope Effects

Equation II.20 and simplified formulations like Eq. II.21
permit us to make some general predictions about isotope effects.
Since f has been defined so that the subscripts 1 and 2 refer to
the light and heavy isotopes, respectively, »,, * = v, *. Moreover
G (4) and Au are positive. G(u) increases with increasing # to the
maximum value of }. Similarly (s,/s,)f is always greater than
unity. Since in general the binding is greater in the reacting
molecule than in the transition complex, we would expect k, > &,,
apart from the classical statistical factor. In the case where the
isotopic reactants are atoms, G ()4 (u) is zero and k,/k; may well
become less than unity. Cases in which the lighter isotope reacts
more slowly than the heavy one are known as inverse isotope
effects. The conditions necessary for such inverse isotope effects are

+
>t (I1.31)
vor ¥
If the isotopic reactants are atoms, then f, == f; = 1 and the
condition becomes .
> v ¥, * (I1.32)

The latter requirement is easily satisfied by reactions involving
hydrogen atoms.

Estimates of maximum regular and inverse isotope effects may
be made quite simply. For simplicity of notation the classical
symmetry number factors will be omitted. In order to arrive at
maximal values of regular isotope effects, we assume no isotope
effect in the activated complex, i.e., f¥ = 1. This assumption is
equivalent to no isotopic binding in the activated complex. The
maximum value of v, * /vy, * is (mg/m,)", where the m’s are the
masses of the isotopic atoms. Values of f for various isotopic
species have been tabulated in the literature.4® Using the values
of f for strongly bonded species, one may then estimate maximum
values of isotope effects. These are tabulated in Tabie!_ﬁqhich is
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TABLE I. Estimated Maximum Ratios in Specific Rate Constants

at 25° C.

Stable isotope Tracer isotope Ry 5,8,% (R85, %*
H: H? 18
H: H» 80
Li* Li? 1.1
Be? Be? 1.1
Be* ‘ Beo 1.08
Bte Bu 1.3
Cia Cus 1.25
Cli Cll 1.5
Nu N 1.14
N Nis 1.14
N Nt 1.25
Ote 01 1.19
Fw Fie 1.28
Na® Nast 1.03
Na® Na 1.03
Mg Mg* 1.08
pa Pas 1.02
Sas S 1.056
Cl (naturel abundance) Clse 1.03
Cl (naturel abundance) Clee 1.14
Ca¢o Cat 1.08
127 I 1.02

reproduced from Bigeleisen.? Maximum values for inverse
isotope effects may be similarly calculated by setting f of the
reactants equal to unity, which is indeed the case if the isotopic
reactants are atoms. Now the value of v, # /vy, ¥ may be taken as
unity which is the minimum value of this ratio. Maximal values
of f# are estimated by taking the values for normal strongly
bonded molecules. This maximum value of inverse effects may be
obtained from the values in Table I by dividing by the square
root of the ratio of masses of the heavier to the lighter isotope.
It must be remembered that these values are very much maxima,
since for normal reactions f# and f are not too different, while
for atom reactions f# in general does not correspond to the stable
molecule, f-value.

It ig aPMterest to comment at this point about the magnitude
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of secondary isotope effects. Secondary isotope effects occur when
the isotopic atoms are not directly involved in the bond breaking
and bond forming of a reaction. Examples of secondary isotope
effects will be given in a subsequent section. From the definition
of secondary isotope effect, »,, ¥ [v,, ¥ = 1 should be valid to a high
degree of approximation. Then one only calculates f/f# in order
to compute secondary isotope effects. The major contributions
to f/f* arise from large shifts in large frequencies. Magnitudes
(probably upper limits) of secondary isotope effects will be
calculated under the following assumptions: (1) we consider only
the stretching frequencies, (2) the isotope shifts in these frequencies
are calculated through the mass relationship of the frequency of
a diatomic molecule, (3) for regular isofope effects it will be
assumed that the stretching force constant decreases by a factor
of two in the activated complex while for inverse isotope effects
the force constant will be taken to increase by a factor of two.
The results are tabulated in Table II. It is seen that under the

resent assumptions secondary isotope effects may be quite large.
t must be remembered that if a compound is labeled in more
than one position for a secondary isotope effect, the effect will be
expected to be proportionally larger (e.g. C—Hj; versus C—D).

TABLE II. Magnitudes of Secondary Isotope Effects (25°C).

Isotopic Regular Inverse
substitution Bond isotope effect isotope effect
D, H C—-H 1.74 0.46
T, H C—H 2.20 0.33
D, H O—-H 2.02 0.37
T, H O—H 2.74 0.24
Ci, C1s c-C 1.012 0.983
Cu, C1s c-C 1.023 0.968

III. THE REACTION COORDINATE

As is seen from Eq. I1.20, the high temperature limit of the
isotope effect isgiven by »,, ¥ /vy, ¥, the ratio of the frequencies along
the path of decomposition. We may note that, if the forward
and backward reactions proceed through the same activated
complex, the ratio »,;* /v, ¥ is the same for bond rupture and bond
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formation processes.* In the work of Eyring and co-workers,?
the vibrational modes of the activated complex are usually found
by solving the secular equation derived from the potential energy
surface for 3n—6 vibrations, one of which is usually an imaginary
nongenuine vibration, corresponding to the fact that there is no
binding along the corresponding ‘‘normal mode." Such a treatment
corresponds to employing the 3n—7 real vibrations in evaluating
f¥ while the imaginary frequency is used to evaluate »,* /v, *.
Slater®® has carried out a classical investigation of unimolecular
reaction rates at high pressures. The model used is that the
molecule decomposes whenever a given coordinate ¢ reaches a
critical extension ¢,. He obtains for the velocity constant

k = ye~EoliT (IIL.1)

where v may be defined as the ratio of all 3n—6 frequencies of
the normal molecule to the 3n—7 frequencies obtained when no
motion is permitted to take place along ¢. For the case that the
coordinate ¢ is just the extension of a bond between two atoms
A and B, which Slater defines as the coordinate ¢ if the reaction
involves only a single bond rupture, the isotope effect is found
to be quite generally®?

Fafky = (g )% (IIL.2)
where u = m mg/m,+mg. Thus the frequency factor behaves
isotopically as though one were just dealing with a diatomic
molecule consisting of the two atoms, the bond between which
is being broken.

Slater’s result may now be compared with the high-temperature

limit resulting from the calculations of the previous section,

Ry v*

it g IIL.3

ky vy ¥ { )
The frequency »,, * may be defined as the ratio of all 3»—6 frequen-
cies of the activated molecule to the 3n—7 real frequencies which
contribute to the zero-point energy. In the Eyring approximation
described previously, »,, ¥ /v,, ¥ becomes just the ratio of the non-
genuine vibrations, since the motion along the path of decom-
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position has been taken as the nongenuine normal mode which
results from the solution of the potential problem. If the normal
mode corresponding to the nongenuine vibration in the transition
state involves motions solely of atoms A4 and B, between which
the bond is ruptured or formed, the two methods become equivalent
in the classical approximation. Considerable work has been carried
out using such a formulation for the decomposition mode.* The
process has even been extended to reactions which involve two
bond extensions and/or contractions, i.e., three-center reactions.!
The procedure for these three-center reactions again is based on
the premise that the reaction coordinate involves only motions
of those atoms whose internuclear separations have to reach
certain critical values. )

It seems worthwhile to examine critically this transcription of
the Slater method into the standard absolute reaction rate
theory. In the simple unimolecular bond break, it does appear
reasonable that the coordinate ¢ between the two atoms A4
and B must reach and go beyond a critical extension ¢, in
order that decomposition takes place. In Slater’s calculations
account is taken of the different energies involved in stretching
g to ¢, In regarding ¢ as the mode of decomposition in the tran-
sition state method, one must, however, first look at the potential
energy surface. The decomposition path intvolves passage over the
lowest possible barrier between reactants and products. It does
not seem reasonable to assume that this path necessarily only
involves motion of the atoms A and B at the activated complex.
Possibly, a more reasonable a priori formulation in a simple
decomposition process would be to choose g as the coordinate
which tears the two decomposition fragments apart. Such a
coordinate would lead roughly to the relation

:'i‘:‘:-? = [(3}; + yl;;) / (HI—; + Ml—‘;)]% (I11.4)

where M, and M, are the masses of the two fragments of the
decomposition. It should not be surprising that such different
results evolve from the Slater method and the Eyring potential
method since, after all, the starting models are quite different.
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The use of the Slater (ug/u,)* as the temperature independent
factor does not obviously follow from a consideration of the
potential energy surface, and thus its use must be regarded as an
intermingling of the Eyring and the Slater approaches.

IV. UNIMOLECULAR REACTIONS

The formulation of reaction rate theory used in the previous
sections applies to bimolecular and higher-order reactions .in
general, but to unimolecular reactions only at high pressures.
We shall, therefore, reconsider the problem of isotope effects in
unimolecular gas reactions. We start with the recent elaboration
of the Lindemann hypothesis given by Marcus.4?

The assumed reaction sequence is

ky
A+N :;:A*+N (Iv.1)
2
ke
A* — A* (Iv.2)
k
A+ products (IV.3)

where A* denotes active molecule, 4 ¥ denotes activated complex
which is moving in the direction towards decomposition along
the reaction coordinate, and N is all species of molecules which
can cause activation or deactivation by collision. The steady-state
assumption for 4* and A#* leads to the following formulation of
the “‘unimolecular rate constant”

_ [ rad (/)

1+k./(kgp)
where p is the pressure. The integration takes account of the
variation of the individual k's with energy.

Marcus computes the unimolecular rate constant after classifying
the degrees of freedom in the active molecule as adiabatic, active,
or inactive. Adiabatic degrees of freedlom remain in the same
quantum state throughout the decomposition process. Active
degrees of freedom can transfer energy and contribute to the

kunl (IV.Q)
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breaking of the bond. On the other hand, inactive degrees can
transfer energy only when the molecule has essentially become an
activated complex, and hence they do not contribute energy
necessary for breaking the bond. Under the assumptions that the
active and inactive degrees of freedom are vibrations and rotations
and that the degree of motion along the decomposition path is a
translation, a general formula is derived for Auny as a function of
pressure. At high pressure the formula becomes equivalent to
the usual Eyring formula, which has been discussed in Section II.

Only one case of the formulation will be considered here. The
three rotations of the molecule as a whole (as well as the three
translations of the molecule, which make no contribution to the
rate) will be considered to be adiabatic. All the internal degrees of
freedom will be taken as active and as vibrations (except for the
actual motion along the decomposition path in the activated
complex). For this model, one finds

® =% dw
Runt = kcoj e IV.5)*
m o 1ta/p (Iv.5)

where %, is the high pressure rate constant, w is a dimensionless
integration variable, and

* For all the assumptions leading to this final equation, the reader is
referred to Marcus’ original paper. Some of the assumptions could con-
ceivably have an isotope effect. The assumptions necessary to arrive at
the zero-pressure isotope effect ratio, Eqs. IV.7 to IV.9, are essentially
the following:

(1) A semiclassical distribution function is substituted for the density
of energy levels at energy E (including zero-point energy) of # harmonic
oscillators (v,), i.e., N(E)=(E)*~/(I'(n)II;_;hv,). The harmonic approxima-
tion is of course assumed even for high excitation.

(2) Having assumed the above semiclassical distribution, one makes
the approximation

e
f E 41/25he, ¥ E +1/206, ¥

(3) The collision efficiency p is taken to have no isotope effect. These
approximations are currently under additional investigation.

)o-1e=BT 4E = (E,+ §Zhv ¥ )31 J‘ ~ERT gF
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$n-8
_ Q*IThv eBatE®inT
Q' hZy(E A Eg*)™T

Q+* isthe usual partition function of the activated complex referred
to the minimum in the potential of the normal molecule as the
zero of energy, Q' is the partition function of the three rotations
and three translations of the normal molecule, E, is the activation
energy of the reaction as measured from the minimum of the
normal molecule potential energy surface to the minimum of the
activated complex, E ¥ is the zero-point energy of the activated
complex, and the »,’s are the vibrational frequencies of the normal
molecule. Moreover, %,, the rate of deactivation of active molecules
to normal molecules, has been set equal to the collision number Z
times an efficiency factor y, assumed to be isotope independent.
At very low pressures

Funt = ko a-1p (IV.7)

One obtains then for the limiting isotope effect at very low pressure
for an activated complex with 3n—7 real vibrations*

k a Z ’ Sn_-du
Funiy _ e @3 21 Q11T Y0t gkt

kun!a k 02 @1 Z Q 2 ¢ My
E,+E, )3"‘7(”1;,*)/ Qst
X(Ea‘f'Eoz'l= vo ¥/ f+ Q) (av-8)

Equation IV.8 can be rearranged through the use of Eq. IL.5
and the Teller-Redlich product rule to give

3In-7

kunh (M’) ( a+%2 h‘l’"*)an 7/ a7 uu* (l—r““*)

I'(3n—6) (IV.6)

(IV.9)

3n-7

E +§z hvy *

The collision diameters have been set equal for the isotopic species,
and the assumption has been made that Z,/Z, is just the square
rodt of the in'verse ratio of the molecular weights of thedecomposing

kug  \M, /"' i “u* (L—evaek)

* Equation IV.8 may be derived from Eq. IV.4, kyy = J' kopd(RyfRy),
and the aforementioned assumptions.
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molecules, (M,/M,)* (one-component systems). The functions f
and # were defined in Section II.

Since in general »;, = »,,, one would expect the isotope effect
at lower pressures to be smaller than the high-pressure isotope
effect. However, the temperature dependence of the isotope effect,
which arises principally from the difference in differences of zero-
point energies, should remain independent of pressure.

Only two experimental investigations have been carried out to
study isotope effects in unimolecular reactions at low pressures.
Weston® has studied the tritium isotope effect in the isomerization
of cyclopropane to propylene, while Gray and Pritchard®! have
studied the individual rates of decomposition of octadeutero-
cyclobutane and unlabeled cyclobutane. Few details of the work
by Gray and Pritchard are available. The isotope effect does not
appear to change much with pressure. Strangly enough these
authors find that the reaction exhibits an inverse isotope effect
with £eo(CyHy)/ke(CiDy) = .

Weston'’s experiment was carried out with tritium at the tracer
level and, therefore, in the labeled molecule only 1 hydrogen
atom out of 6 equivalent ones is replaced. The reaction studied
thus has both an intermolecular and an intramolecular isotope
effect. Up to the approximation of no secondary isotope effects, the
high-pressurerate of isomerization of a protium atom in the labeled
molecule will not differ significantly from that of the unlabeled
molecule. With these assumptions Weston obtains (2y/k;) poo =
3.74-1.9at 775°K. The absolute error of the measurement is natural-
ly magnified by the statistical correction for the intramolecular
dilution. Because of this intramolecular dilution, a reliable tem-
perature coefficient of the ratio of rate constants cannot be ob-
tained by a least square treatment of the experimental data.
As yet, the temperature dependence as a function of pressure has
not been investigated.

At 776°K and 0.4 mm, the ratio k,/k; falls to unity and is
independent of pressure. This may be taken as the ratio of uni-
molecular constants at this temperature. The combination of the
product rule with Eq. IV.9, which is assumed to apply to the
isomerization of cyclopropane, leads to
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(RufRr) pacol (Ret/RT) pag = 4.8(L4F Ip¥ Ic¥*) 5 (I, * I* Ic*)r% x
[(Batd Shrait)I(Eotd Shonct) = x

8n-7
H (1._.3""1"* )/(l —e YHiF )

The isotopic ratios multiplying the mass ratio factor, 4.8, are
each less than, but probably close to unity. Thus the observed
factor of 3.74-1.9 for the change of the isotope effect with pressure
does not appear at all unreasonable. This theory predicts that
the low-pressure isotope effect should change from unity with
temperature.

We may utilize the experimental ratio (2y4/Rs) pumoo/ (Bt/R7) paso
to evaluate some of the factors in the high-pressure isotope effect.
In addition we assume [(E,+4 3 hvp¥)/(E,+4 3 hvy*) "o 1
and JJ*"® wr/uy, is evaluated from molecular data and the
product rule. One then obtains

(ku/Rr) pmco = 0-923'ﬁ6 [1—exp(—uy,)]/[1—exp(—uz,)|eF(du—dut)in
r

The product of the excitation factors and the numerical factor of
0.92 may be assumed, with sufficient accuracy, to be unity. If
the experimental data (ky/k;)p_o iS put in the form Ae?/7,
one finds from the experimental value of 3.7 at 776°K that B
is approximately 700 cm~!. In agreement with Weston, one must
conclude this to be a more reasonable value for the difference in
activation energies than 2060 cm~! obtained by least squares.

Certainly, additional experimental data on the pressure de-
pendence of the isotope effect in unimolecular gas reactions are
desirable.

V. EXPERIMENTAL METHODS

The theoretical calculations of the maximum isotopic effects
on rate constants summarized in Table I lead one to expect
differences in isotopic reaction rates ranging from a few per cent
for most elements to orders of magnitude for the isotopes of
hydrogen. Two methods can be used to measure the rates of
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chemical reactions: (1) measurement of absolute rates and (2)
competitive methods. In a small number of favorable cases an
accuracy of one-tenth of a per cent can be attained in the measure-
ment of the rate constant by absolute methods. More generally,
the accuracy is at best a few per cent. Therefore, the determination
of isotope effects by the comparison of rate constants measured
by the absolute method is practically limited to the isotopes of
hydrogen.

A. Chemical vs. Isotopic Competitive Methods

Two types of competitive methods can and have been used.
They are the chemical competitive and the isotopic fractionation
techniques. In.the chemical competitive method, the isotopic
compounds 4 or A’ compete with a chemically different species,
B, for reaction with C. The method is, therefore, not applicable
to unimolecular reactions and requires samples of 4 and 4’ of
appreciable isotopic enrichment. Furthermore, the species B must
react with C at a rate of similar order of magnitude as 4 or 4’ do.
Consider for simplicity reactions first order in each of the
reactants

A+CHx (v.1)
A'+C .’i; X’ - (V.2)
B+C2Y (v.3)
dujdt = k(ag—7) (co— (x+Y)) (V.4)
dx'[dt = k' (ag'—x') (co— (¥’ +Y)) (V.5)
dyjdt = kg (by—y)(co— (¥+2, %)) (V.6)
Then
dx dy v.7)

k(ag—7)  Epba—y)

in the experiment where 4 and B are intercompared. Similarly,
dx’ dy

F@o—7)  kglbe—y)

(6.8)
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in the experiment where A’ and B are intercompared. Integration
and combination of Eq. V.7 and V.8 give

¥ (1—f,) _In (1=f)
kIn (I_IAI) In (l".fBI)

(V.9)

where /,, ., and fg are the respective fractions of 4, 4’, and
B converted in the two competitive experiments. If the experiment
is carried out under conditions such that A, A’, and B are in
considerable stoichiometric excess, then

K lels (V.10)

Inasmuch as the fractional amounts of conversion can be
determined with an accuracy of better than a half per cent only
in a limited number of favorable cases, and because of the require-
ment of samples of high isotopic enrichment, the chemical com-
petitive method is essentially limited to studies of the isotopes of
hydrogen.

The isotopic competitive method is one of wide versatility and
simplicity, especially when the isotopic pair have an abundance
ratio of the order of 10-2 or less. For many of the stable isotopes,
e.g. C13, N15, 018 such studies have been carried out with material
of natural abundance and many difficult synthetic problems are
eliminated. However, in the use of this method, care must be
exercised to eliminate effects due to isotopic exchange between
reactants, intermediates, and products. In a number of cases the
problem of isotopic homogeneity arises. We shall discuss the
latter in connection with the problem of intramolecular isotope
effects.

B. Kinetics of the Isotopic Competitive Method

We shall consider, first, the kinetics of a system undergoing an
isotopic competitive intermolecular reaction, first order in the
concentration of the isotopic species and of arbitrary order with
respect to other reactants, Later we shall show that the results are
applicable to intermolecular isotopic studies of any higher order



38 JACOB BIGELEISEN AND MAX WOLFSBERG

in the isotopic molecular species if one isotope is present in dilute
or tracer concentration.

(1) Isotopic Analysis of the Substrate after a Known Amount of

Reaction
Consider the reactions

k
A+B+CH+...»-X+Y+... (V.11)

kl
A +B+C+...>X'4+Y+ ... (V.12)
From our assumption of reactions first order in 4 or 4’, it follows
—dAjdl = k(A)(B)"(C)‘: .. (V.13)
—dA'jdt = k' (A")(B)*(C)°. .. (V.14)

Simultaneous solution of this set of differential equations with the
boundary condition A’ = A’y when 4 = 4, yields

k '
(£ — 1) 108 (474 = 10g RyRy  (V.15)

where R, = (4/4’) after the fraction f of the substrate of

chemical species 4 has reacted, and R, is the initial ratio (4/4’),.

Since the fraction reacted, f, is given by the stoichiometric

relationship

A+A' A'(1+R,,)
At A’y A (14 Ry)

1—f = (V.16)

Eq. V.15 can be written

k log(Ral/Rao)
(1) = g (=Nt Ra(FRy] 17

The method then consists of the determination of the isotopic
ratios R, of the original substrate and R, after astoichiometrically
measured fraction, f, has reacted. Apart from the isotopes of
hydrogen (k/k'—1) is of the order of —0.1, if the primed isotope
is the light one and the reaction shows a normal isotope effect.
If a precision of a few per cent in the quantity ¢ = (k/k'—1) is
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desired and if the isotope ratios can be determined with a precision
of a tenth per cent, it is necessary to carry the reaction to greater
than fifty per cent of completion. The precision in & increases
with the amount of reaction and the absolute deviation in e

10

/
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/
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Fig. 2. Fractional error in k’/k, determined by isotopic analysis of un-
reacted substrate, as a function of the amount of reaction,

approaches the precision of the isotopic analysis when the fraction
reacted is greater than 90 per cent. At higher amounts of con-
version the precision drops as a result of errors in the determination
of the fraction of the substrate unreacted.

A similar but more detailed analysis of the effects of errors in
the determination of /%’ by specific activity measurements of the
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unreacted substrate has been given by Jones.?” Figure 2, taken
from his paper, gives the per cent error in %’/% for the case where
R,; and R,, are measured with a precision of the order of 0.1 per
cent, k'/k is 3, and the error in f, the fractional amount of reaction,
is determined by the absolute error in measuring the amount of
unreacted substrate. The curve is calculated for the case where
/ is determined by manometric measurements and ép = 0.05 mm,
while the initial pressure is 1560 mm.

(2) Isotopic Amalysis of the Product after a Known Amount of
Reaction
The kinetics of competitive isotopic reactions in terms of the
isotopic composition of the product are developed in a manner
similar to that in the preceding section. One rewrites Eq. V.13
and V.14 to read
dX/dt = k(A,—X)(B)*(C)°. .. (V.18)
aX'jdt = k' (A'y—X")(B)*(C). .. (V.19)
sets the boundary condition X = 0 when X' = 0, and writes
the fraction of reaction as
j_X (+Ry)
A’y (1+Ry)
where R,, = X/X'. These lead to the relationship for the ratio
of rate constants in terms of R,,, R,y and f

k (1+Rq)
(7{'" l) log [l_f (1+R,,)]
Ry—Re [(14Ry)/(14+-R,,)
Rao l"’f(l+Ra0)/,(l+Rar)

In the present case, where %’/% is determined by specific activity
measurements on the product, it is most desirable to make the
measurements on samples obtained from small amounts of con-
version. A complete discussion of the errors involved has been
given by Bigeleisen and Allen’ for the following parameters:
(1) tracer concentration of 4,, (2) (k/¥'—1) = —0.10, (3) the

(V.20)

= log [l + ] (v.21)
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error in the ratio R,,/R,, is 1073, and (4) the fractional amount
of reaction is determined with an accuracy of 0.5 per cent. Their
results are shown in Fig. 3.

10.0

20

N e

01 0.2 0.3 0.4 .50 60 70 .80 90 100

Fig. 3. Per cent error in (k/*’ — 1), determined by isotopic analysis of
the product, as a function of the amount of reaction.

It is important to note that, apart from the correction factors
to the amount of reaction (14 R,)/(14 R, ), the competitive
isotopic method involves the determination of the ratio of two
isotopic abundances and that absolute measurements of these
quantities are avoided. This is the basis of the precision and
accuracy of the method, since both mass spectrometric and
nuclear radiation methods of determining the relative abundance
are orders of magnitude greater than the accuracy of determination
of the absolute abundance.

(8) Application of the Isotopic Competitive Method to Systems at the
Tracer Concentration Level

When the isotopic ratio of the substrate 4,/4’, is small or the
fractionation factor is sufficiently small so that 14-R,, &2 14+ R,, .,
then Egs. V.17 and V.21 reduce to
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(;?; —1 ) log (1—f) = log Ryy/Rap (V.22)

and

l—:] (v.23)
1—f
respectively. There is no restriction to the effect that the heavy
isotope be the one present at tracer level. These equations have
been derjved previously by Downes and Harris?2 and Bothner-By
and Bigeleisen,!® respectively, for the more general case of any
order of reaction for A higher than zero. The differential equations
for the rate of production of X and X', or disappearance of 4
and A4’, can be written as first order in A4, if this is the isotope
present at the tracer level, and »—1 order in A’. The relationships
are?

k [ Rao Rzl
—_—— 0, —_f) = 14—

dX[dt = —dAjdt = k(4)(4")"(B)*(C)°
= k(do—X)(4")U(BP(C)F  (V.24)
dX'ldt = —dA'ldt = k'(4")"(B)*(C)°
= K (4= X')(4")"(BP(C)  (V.25)
which lead directly to the first-order Egs. V.15 and V.21

(4) The Low Conversion Apprbzimation

When the fraction of conversion is sufficiently small such that

In (1—f) @ —f (v.26)
then, Eqgs. V.22 and V.23 become, respectively,?
F(1—k[E') = In Ryy/R (V.27)
and
kjE = R,y/Ry (V.28)

Application of a simple error analysis to Eq. V.27 shows that the
method of isotopic analysis of the substrate is a very poor one at
small amounts of conversion. This conclusion has been reached
in Section V.B-1 and shown in Fig. 2. Eq. V.28 is a simple and
useful one.
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(8) The Method of Successive Product Fractions

The methods of continuous isotopic analysis of the product or of
successive product fractions have been applied to tracer systems,
where k/k'—1<1, by Ropp, Weinberger, and Neville,5 Downes,
and Schmitt, Myerson, and Daniels.® The expressions for
(k/k’—1) can be developed conveniently from Eqs.V.22and V.23,
Consider an experiment in which the reaction is allowed to proceed
to an extent f, of completion. The product formed between f,
and f, of completion is isolated for isotopic assay. From Eq. V.23
one obtains

(f_ B 1) log ( l__/Tz:f_,_) — log [H_Rar,—Ru. /a“‘fl] (V.29)

'3 - Ry 11—/
But
Ruy, = Rog(1—f)"" (V.30)
leading to

(5 1) 0g (;=22) = tog{ 1+ “otl A o i gy

For continuous isotopic analysis of the product or the removal
of small samples, (f,—f;)/(1—f;) < 1, we may limit the ex-
pansion of the logarithm to the first power and obtain the equation
of Downes?

kR,

s 1— 1-k/[k’ .32
k/ Rao ( fl) (V 3 )

Since R,, £ R,, under the above conditions
log Roy,[Rag = log k[k'+(k[k'—1) log (1—f)  (V.33)

A log-log plot of R,, versus (1—f;) will give a straight line of
slope (k/k’'—1). The method is entirely analogous to that of
cumulative isolation of the product (cf. Section V.B-2). Any
increase in precision results from the greater ease, in some cases,
of increasing the number of experimental observations. Further-
more, a knowledge of R, is not required. The latter is mainly
a matter of convenience, since it can usually be obtained ex-



44 JACOB BIGELEISEN AND MAX WOLFSBERG

perimentally either by extrapolation or by successive approxima-
tion in the cumulative product method. If R,, is known in the
successive fraction method, the intercept gives (k/k’'—1). This is
the equivalent of an additional experiment in the cumulative
product method.

For the case where (f,—/,) is appreciable one obtains the result
given by Schmitt, Myerson, and Daniels,5

(fe—1ta) Rog—gy  (A—f3)*/¥ — (1—f,)*/¥
= V.
(fa—=f) Roi-gy  (A—fy)*¥ — (L—fy)*/*’ (V.34)

which is valid only for small differences between R, , and
R,y in addition to assumptions implicit in Eqs. V.22 and
V.23. The method is a rather awkward one for systematic treatment
of the experimental data, and it is equally convenient to sum
R,, from the values of R,,, and use Eq. V.23, as Schmitt, Myerson,
and Daniels did.

(8) Intramolecular Isotope Effects — A Special Case of the Isotopic
Competitive Method

If a compound 4'BA’ decomposes to form A’'B and 4’, then
the decomposition of ABA’ into AB and A’ or into A'B and 4
will show an intramolecular isotope effect. or an intramolecular
isotopic competition. The general solution to the kinetics of such
a system involving the species A'BA’, ABA’, and ABA4 all
reacting at different rates to give the products 4'B, AB, 4’,
and 4 is rather unwieldy. We shall present several particular
solutions to the kinetics of the system.

First we consider the case where ABA’ is present at tracer
concentration. The general formulation of the kinetics at the
tracer level has been given by Bigeleisen.? The assumption made
is that one neglects the contribution of 4’ from ABA’ in com-
parison with its formation from 4A’'BA4’ and neglects the presence
of ABA. The results are, in the present notation,

a
Ry 100" (V.35)
Ray  (m+nky/ky)ffl
where
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o == kg(m-+nkg/ky) |k} (v.36)
R, = (A'BA/A’'BA’), (v.37)
and k,, Ry, ks, !, m, and n are defined by the equations

k1
ABAHCH ... 3 7 Xg+Y'+ .. ) (V.88)

ky 1

A'BA+CH ... 3 — (X+Y'+..) (V.39)
T B

A'BA+C+ ... > ~X'@t¥+..) (V.40)

A'BA' = A'BA'y—IX' (V.41)

A'BA = A’BA;—mX—nX'g (V.42)

Equation V.35 can also be written in the form
IRy~ (m—+nkslkg) R,y | -J

lRao l""'f
If Y is isolated and analyzed, either instead of or in addition
to X, one finds similarly

R,  1—(1—f)

(V.43)

(x—1) log (1) = log [ 1+

AR L V.44
R (mbaflatn) (V.44
and
(x—1) log (1—f) = log [1#’3"""(’""”/’@””)1{” / ] (V.45)
From Eqs. V.35 and V.44 one finds directly
kalky = Ry Ry (V.486)

Thus k4/k, can be determined by measuring the ratios R,,and R,,
without measurement of R,. The observed ratio R,,/R,, is in-
dependent of the amount of conversion and the coefficients !,
m, and n.

If on the other hand R,, is measured together with either R,,
or R,,, then one obtains from Eqs. V.43 and V.45, respectively,

Rylks = Rog/ Ry (V.47)
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TABLE I1II. Relative Yields of X, X', Y, and Y’ from A’BA’,
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A'BA, and ABA According to Egs. V.38-V.40 and V.57.

Initial || , ,
Species | concen- X’ X Y’ Y X X Y Y
tration
A’BA’ | (1—-Ny4)? ki(1--Ny4)? ki(1=Ny)? (1—-N4?) (1=N,)®
2ky , 2k, 2k, 2kq
3 _ _ - 8 N (1N Ikt —Ny) | 23 - —
A’BA (2N 4(1--Ny)|| 26N 4(1=N4) | 2kgN4(1=Na4) | 2ksN 4(1=N ) | 2kgN4(1—Na4) b AN NN | NG (=N | SN A (1N )
|
!
ABA N4t kyN 42 kN4t N2 N
kylky = Ryo/ Ry, (V.48) A'BA'+A'BA+ABA =1 (V.53)

expressed in male fractons

if the reaction is carried to a small fraction of completion. For
complete conversion, Eq. V.35 gives

kylkg = IR y/nR —mn (V.49)
while Eq. V.44 gives
ko/ky = IR o/mR ,, —n|m (V.50)

We now consider systems where the starting abundances of
both isotopes A and A’ are appreciable. Under these conditions
one must take into consideration all three species A’'BA’, A'BA,
and ABA and the products X, Y, X’, and Y’ formed from each
of them. The distribution of -4 and A’ between these species is
not necessarily given by classical statistics. For equilibrium
distribution,

K = 4/(148) = (A'BA)*/(A'BA’)(ABA) (V.51)
N, = (ABA'+24BA)[2(A'BA'+A'BA+ABA) (V.52)

where N, is the atom fraction of A. If the concentrations are
expressed in mole fractions

ABA+LE . A4E+ et

Solution of Egs. V.51 to V.53 by expansion through the first
power of é and the second power of N,, where A is assumed to
be the minor constituent, gives

A’BA’ = (1—N,)*(14-N 26) (V.54)
A’'BA = 2N,(1—N,)(1—N,8) (V.56)
ABA = N,*(1+9) (V.56)

Apart from the molecular species H, or systems at very low
temperatures, the values of 4 for all chemical species is of the
order of 10~2 or less.® Thus the cofrection for nonclassical equilib-
rium distribution to any species is at most one per cent. For
dilute material, N, o> 10~%, the correction is negligible. We
shall, therefore, develop the kinetics in terms of the classical
distribution. We assume kinetics either first order or pseudo first
order in the substrate. In addition to the rate constants k,, &,,
and %;, defined by Eqs. V.38 to V.40, we define the rate constant
k, through the reaction

ke
ABA+C+ ... > X+Y+... (V.57)
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The relative yields of X, X', Y, and Y’ from A’BA’, A’'BA,
and ABA as {f, the fraction of substrate converted, approaches
0 or 1 are given in Table III. For simplicity we shall consider
the case where [ =m = n.

We now define a set of fractionation factors, e,;, such that

k1/2ka = l+818 (V.58)
Bofky = 1455 (V.59)
etc.

Then in the approximation that ¢,V , is small compared to unity,
we obtain from the entries in Table III:

bfby = Ro/Reg (v.60)
kylks = R0/ Ryo (v.e1)
kafky = (Ruop/Rz)—1 (V.62)
kalks = (Rao/Ryp)—1 (V.83)
kslky = Ryo/R,0 = Ryy/Ry (v.64)

R, is still defined by Eq. V.37. The approximation ¢,,N, <« 1 is
valid for all concentrations of the isotopes of all elements except
hydrogen. We note that, in the classical distribution approxima-
tion, one obtains the identical relations for the ratios %,/%, at
/= 0 and 1 as we found previously for the tracer concentration.
Plausible arguments can be advanced to show that, even if the
original substrate is not in equilibrium according to Eq. V.51,
the distribution of 4 and A4’, again excluding the isotopes of
hydrogen, among the species A'BA’, A'BA, and ABA will not
be sufficiently skewed to affect the distributions given in Table III.

(7) The Determination of the Isotope Ratios and the Problem of
Isotopic Homogeneity

Two methods of measurement of isotope ratios have been
developed to a sufficient degree of accuracy to make them useful
for the determination of isotope effects on reaction rates. They
are measurements of radioactivity and mass spectrometry. We
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shall not go into the details of these methods of measurement,
but it suffices to point out that both methods have now been
refined to yield isotope effect values (k/k’—1) with an accuracy
better than 5 per cent for isotopes of the light elements. The ratio of
the specific activities of samples of carbon-1418 and tritium®3%¢can
be determined with an accuracy approaching 0.2 per cent. Relative
isotope ratios can be made readily mass spectrometrically with
an accuracy of 0.1 per cent and in some cases even one order
of magnitude better.% ’

The isotopic competitive method, whether the analyses are
made mass spectrometrically or by radioactivity measurements,
is very sensitive to impurities. In the use of radioactive isotopes,
the sample to be counted must be decontaminated of other chemi-
cal species containing the same radioactive nuclide and it must
be chemically pure to avoid dilution. Both of these effects must
be reduced to the order of 0.1 per cent, which is a very exacting
restriction. In the mass spectrometric method one must avoid
impurities which give ion peaks (m/q), either from the parent
or from a fragment, at the same m/g as the product analyzed. A
scan of the mass spectrum usually enables one to detect such
impurities and provides the basis for further purification processes.
The latter must all be isotopically nonfractionating.

In either the radioactive or the mass spectrometric determina-
tion only the relative isotope ratios need be determined for the
isotopic competitive method, except for the correction factors
of the form (1+R,)/(1+R,,).

In the mass spectrometric method it is usually most convenient
to convert both the substrate and product to the same chemical
species for isotopic analysis. This procedure, furthermore, elimi-
nates the difficult corrections which would have to be applied
for isotopic discrimination in the mass spectrometer. If the substrate
or products contain the isotopes 4 and 4’ in groups or substituents
other than the reaction center, there may be complications from
isotopic homogeneity. This has been pointed out previously.®
Recefitly Yankwich and Promislow™ have shown that there is a
1 per cent difference in the C!3 content of the methyl and aldehyde
carbons of acetaldehyde derived from the air oxidation of propane
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and butane, while the similar compound produced commercially
by successive oxidation of ethylene shows less than 0.1 per cent
discrimination.

The isotopic inhomogeneity problem may arise in either inter-
molecular or intramolecular reactions even when working with
isotope concentrations down to the tracer level. In general the
corrections are small. We shall illustrate the nature of the corrections
for the intramolecular isotope effect studied through Eq. V.62.
Let A and A’ be distributed on ¢ different sites in the molecule,
the number of equivalent sites be g, and the atom fraction of 4
on the 7th site be N,  Then the average ratio of A/4A’ in the
compound is

R= 2{1‘, = ;giNi/;gl(l'—NI) (v.85)

If the molecule ABA has one isotopic A atom per B group, then
designating the terminal groups by the subscript 1 and the center
group by 2, we have

& =2 (V.66)
g=1 (V.67)
R, = 2N,/(1—-Ny) (V.68)
Ry = Ny/(1—Ny) (V.69)
Let
NN, = 1446 (V.70)

Then, for small 8
ky/ky = Ryo/Rpy—1 = [2R(1—8/3)/R ;] —1 (v.71)

We define
R/R, = 1+s (V.12)

Then the fractional error in (kg/kg—1) is d/3e.
(8) Pre-equslsbria

It is well known that the rate controlling steps of many chemical
reactions are preceded by rapid reversible equilibria. If the equilib-
rium concentration of the substrate differs by a negligible
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amount from the stoichiometric one and the thermodynamic
equilibrium constant can be replaced by a concentration one, then
it is convenient to write the rate law in terms of the stoichiometric
concentration of substrate. The observed rate constant will be
equal to the true rate constant multiplied by the equilibrium
constant. In the other extreme the equilibrium concentration of
substrate may be negligible compared to its stoichiometric con-
centration (e.g. complete dissociation or complexing). In this
case it is convenient to write the rate law in terms of the con-
centration of the equilibrium species and the observed rate
constant is the true one. If such a system is investigated for a
kinetic intermolecular isotope effect, no correction is necessary.
For the case of weak complexing, the observed ratio of rate
constants will contain an isotopic exchange equilibrium constant
in addition to the true ratio of rate constants. The situation
becomes more complicated when one considers systems involving
inter- and intramolecular isotope effects,

As an illustration of the method of treatment of such systems,
we shall consider complexing as the rapid pre-equilibrium and
tracer isotopic concentration of the substrate 4 BA’. The limiting
cases of complete and of weak complexing will be considered.
Analogous to Egs. V.38 to V.40 we write

k

A'BA'+R = A'BA'R =+ X'+Y'+ ... (V.78)
k

ABA'+R = ABA'R — X+Y'+ ... (V.74)
A

ABA'+R = A'BAR /~ X'+Y+... (V.75)

One could also consider the case where ABA’R leads to X'and
Y while A’BAR yields X and Y. The kinetics of this system are
entirely analogous to those illustrated by Egs. V.73—V.75 and
will not be given explicitly.
(a) Strong Complexing
We note that
A’BA’'R = A’BA'\—-X' (V.76)
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There is a fractionation of A BA’ in the complexing reaction which
can be written in terms of the usual partition function ratios,
s/s' = f (cf. Section II), through the reactions

A'BA'R+ABA’ = ABA'R+A'BA’ (V.77)
K = /AB/fABA' (V-78)
A'BA'R+ABA’' = A'BAR+A’'BA’ (V.79)
K = f4a/lapar (V.80)
Then, at all times
ABA'R|A'BAR = f,p/far (V.81)
and at 1 = 0 '
fas
ABA'R),, = ABA' V.82
( ): i +f”( Jo (v.82)
far
A'BAR),, = ABA’ V.83
( )! fAB"*'}AR( )0 ( )

In a system in which 4’B4’ and ABA’ react to give products,
the intermolecular isotope effect is most conveniently measured
from the analysis of products obtained at small amounts of
reaction (Egs. V.47 and V.48). The intramolecular isotope effect
can be obtained from any amount of reaction (Eq. V.46).

From the usual first-order equations implicit in Egs. V.73—
V.76 and Eqs. V.82 and V.83, one finds

kl Rao fAB

—= V.84
ky Ry fapt+iar (V.34)
By _ R faz

== V.85
B~ Roo Tantian Ve

Similarly, from Eq. V.81, one finds at all times

kl Rz fAR

pht_ L. PR L V.86
R, las v:5)

The isotopic fractionation by the complexing equilibrium makes a
more important contribution to the intramolecular than to the
intermolecular isotope effect.
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{b) Weak Complexing
We introduce the equilibrium constants

__ (4’BA'R)
KA'BA' - m (V-87)
_ (ABA'R)
Kqp = ABA)(R) (V.88)
__ (4’'BAR)
Ky = ABA(R) (V.89)
and recall the symbolism for the partition function ratio
fapar = (ABA’)[(A'BA’) (V.90)

It follows again in a straightforward manner from the rate
equations implicit in Eqs. V.73—V.75

kl Ruo /AB

=007 V.91

k2 RDO fABA’ ( )
fl = 5‘.‘9 _f:‘_‘L (V.92)
ks RW fABA’

k2 Rz /AR

Ko Kalar (V.93)
ky R, f4p

The ratio f, 3/ .5 is an isotopic isomerization equilibrium constant,
while f,z 45/fapas is an isotopic exchange constant. The latter is
usually larger than the isomerization constant® and for weak
complexing a larger correction must be applied to the intermolecu-
lar than to the intramolecular,reaction.

Equations V.84—V.86 and V.91—V.93 relate the true ratio
of rate constants to the observed isotopic ratios.

VI. HYDROGEN ISOTOPE EFFECTS IN GAS REACTIONS

The isotopes of hydrogen have been used extensively in the
study of kinetic isotope effects.’” A theoretical discussion from
first principles of such isotope effects requires accurate potential
energy surfaces for the calculation of energies and frequencies.
Moreover, for the isotopes of hydrogen both tunneling and trans-
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mission coefficients might be especially important and would
conceivably lead to isotope effects. Attempts at such calculations
have been made with approximate potential energy surfaces.

Farkas and Wigner? have discussed the H+H, reaction in a
somewhat different manner. They employed the rates of the
hydrogen reaction and those of the isotopes in order to compute
satisfactory parameters for the activated complex. A similar
procedure was employed by Bigeleisen and Wolfsberg!8 in studying
the H,y+Cl reaction, which shall now be discussed in some detail
in order to demonstrate the procedure.

In the photochemical reaction between hydrogen and chlorine,
the slow step is usually assumed to be the reaction between
hydrogen molecules and chlorine atoms. The experimental data
used in obtaining information about the transition state are the
relative rates of reactions of H, and HT with Cl atoms.?? Ex-
perimentally one measures R, which is defined by the following
relations:

k
H,+Cl - HCI+H (VL.1)
hao
HT+Cl = TCI+H (V1.2)
by
HT+Cl = HCI+T (VL3)
ky
= S
ko, tRg, ( )

The isotopic rate equation from Section II is employed in the
form
Ryfky = (o * rar®) (1) (giglonn®1?)/ (1+gglua *1?)  (VLE)
The partition function ratio f for the isotopic hydrogen molecules,

including a correction for nonclassical rotation, is known. For
convenience a function f,* is defined

/»"' = yg * f*u*
n-7

- (sﬁ/s.ﬂ’iff(va,*/v,,*) TT oot (1—e-uu)/(1—e=wrt) (VL6)

The quantity f,* will be evaluated for two models, a linear state
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and an isosceles triangular state. In the present calculations we
utilize a prediction of Wheeler, Topley, and Eyring® that the
ratio of the H—H to the H—CI force constants in the transition
state is a small negative number (about 10-!). For the asymmetric
linear model, the symmetry number ratio s,¥ /s, * is equal to unity,
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Fig. 4. Relative rates of reaction of the isotopic hydrogen molecules with
chlorine atoms as a function of temperature. Solid.lines calculated from
the Wheeler, Topley, and Eyring potential for H,CI.

while for the isosceles triangular model, the ratio is two. This factor
of two is, however, canceled since the symmetric H,Cl complex has
two different but equally probable methods of decomposition. In
Eq. VI.6 two frequencies, one of which is a bending frequency,
contribute to the zero-point energy and vibrational excitation
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terms for a triangular activated state, while for a linear activated
state three frequencies, one of which is a doubly degenerate
bending frequency, contribute to these terms.

Wheeler, Topley, and Eyring® carried out approximate
calculations of the potential energy surface for the H,+Cl reaction
on the assumption that the activated state is linear. In Fig. 4,
the results of their calculations are compared with the experimental
data for the relative rates of H, and HT as well as some data
available for H, and D, and H,, HD, and D, mixtures. The fact
that the slope of log R versus 1/T is found to be experimentally
much larger than the theoretical slope indicates that the frequencies
in the Wheeler, Topley, Eyring transition state are too large.
These authors found 490 cm~! for the bending frequency in the
H,Cl complex. The contribution of such a frequency to f, * at
300°K may well be approximated by 14-4(x,*)%/24. The sym-
metrical stretching frequency should be of sufficient magnitude
so that the term [1—exp(—u,*H,)]/[1—exp(—u,*D, T)] may be
neglected. Thus Eq. VI.6 may be written

1 = F v ¥ )p 1/ (0¥ v F )y eheanFIRT (144 (u,*)%/24)°  (VL7)

where »* is the symmetric stretching frequency, »,¥ is the
asymmetric stretching frequency, imaginary in value and cor-
responding to motion along the reaction path, and g is the degen-
eracy of the bending frequency.

Let us now investigate the effects which the two different models
proposed for the activated state have upon the quantities k,/%,,,
Ry/Rg, and R. The difference in degeneracy between the two
models will introduce a change of ten per cent at the most on
account of the small magnitude of 1+4(%,+)2/24. In considering
the contributions of the entropy terms to k,/k,, one finds, from
Lechner’s formulas3® for the vibrations of a bent XY Z molecule,
that the ratio (»* »; ¥ )yrc/ (" * v, ¥ )u,c is rather insensitive to
large variations in the HTCl bond angle. Moreover the ratio
" *ura/?1 ¥ k,a 1S close to 1/4/3, while the ratio for the asymmetric
stretching frequency is close to unity. For a given set of force
constants » ¥ n,a itself is also fairly independent of bond angle.
Thus &,/k,, will not differ significantly for either a linear or a
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triangular model. On the other hand, significant differences are
obtained for %,/k,, depending on the choice of model. For the
linear model, the ratio of the symmetric stretching frequencies
is close to unity while the ratio v, ¥ 1yc/v. ¥ y1,c) is now close to 1/47/3.
Thus for the linear model k4, will be smaller than k,, roughly
by a factor exp (—0.30»,¥/T) where »* is expressed in cm=,
On the other hand for an isosceles triangular model, with CI at
the apex, k,,, and &y, are equal. Therefore the differences in »¥
calculated from R for the two models will depend on the variation
of the contribution of &,,/k,, to R.

The frequency ratios needed for the calculation are rather
insensitive to force constants. For the linear model, ratios are
calculated with the Wheeler, Topley, Eyring potential. For the
triangular model the frequency ratios have been taken from the
frequency values for HTO and H,0, since the product rule value
for the water molecule comes within the range of a number of
triangular complexes and since the »,* and v, * ratiosare practically
the same as for HTCl, H,Cl. Inasmuch as the bending frequency
makes only a minor correction, this is not too important an ap-
proximation. The frequency ratios for the H,Cl transition states
are listed in Table IV. One also needs to estimate now »,* and

TABLE 1V. Frequency Ratios for H,Cl1 Complexes

Linear Linear Triangular

HTCI/H,Cl THCI/H,Cl HTCI/H,Cl
»n¥ 0.597 0.998 0.618
v ¥ 0 680 0.938 0 831
v ¥ 0.993 ’ 0.595 0.986

v, ¥ for H,Cl. A value of 200 cm~! has been chosen for »,*, a
number which is smaller than 490 cm~! which was calculated by
Wheeler, Topley, and Eyring. Actually this difference in »,*
makes a difference of less than 10 per cent in the calculated value
of »,*. For the imaginary frequency, »; ¥y, the Wheeler, Topley,
Eyring value of 720 has been used.

One can now calculate » ¥ for both the linear and triangular
complexes by using the data for HT and H, at one temperature.
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The results are summarized in Tables V and VI. For the triangular
model, one arrives at a pre-exponential factor of 2.68 from the
frequency ratios and statistical factors, in very good agreement
with the experimental value 2(1.354-0.03). The choice of »,* thus
leads to very good agreement with experiment over the given
temperature range. For the linear model the agreement between
theory and experiment over the temperature range is not as good.

TABLE V. Frequency Assignment for Triangular H,Cl Complex.

v,F 1002 cm-! calculated from HT experimental data at 273.16° K
vy F 200 cm-! approximated
vk 720i cm-! calculated by WTE for a linear model
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Fig. 5. Relative rates of reaction of the isotopic hydrogen molecules with
chlorine atoms as a function of temperature. Solid lines calculated for an
isosceles triangular H,Cl complex, »,¥ = 1002 cm-1.
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TABLE VI. Frequency Assignment for a Linear HyCl Complex.
»+ 1460 cm-! calculated from HT experimental data at 273.16° K
vy ¥ 200 cm-! approximated

v ¥ 720i cm—! calculated by WTE

From the frequency assignments for H,Cl given in Tables V and
VI and the ratios analogous to those in Table IV, the theoretical
ratios &y [kp, and Ry yp are calculated as a function of tem-
perature in Figs. 5 and 6. The agreement between theory and
experiment appears good for both models, and more experimental
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Fig. 8. Relative rates of reaction of the isotopic hydrogen molecules with
<hlorine atoms as a function of temperature. Solid lines calculated for a
linear H,Cl complex, v, = 1460 cm-!.

data appears to be necessary before a choice can be made with
regard to the models.
Polanyi*’ has recently carried out a theoretical investigation
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of the rates of eight isotopic reactions between methyl radical
and hydrogen molecule, CH;+H, — CH,-+H. The potential energy
surface was calculated semiempirically using the standard Eyring
treatment. The system is treated as a three-electron problem.
The energy was determined as a function of three parameters:
7, the C—H separation; s, the H—H separation along the figure
axis; and w, the angle between the CH; umbrella and the axis.
The potential surface so obtained leads to a metastable complex
corresponding to a shallow potential energy basin and to a tran-
sition state which is fairly asymmetric in s and . The results
obtained with this surface after making a calibration for the
activation energy are fairly unsatisfactory. A calculation was
then carried out using a different semiempirical basis which
removes the shallow energy basin and causes the transition com-
plex to be close to symmetric in 7 and s. The isotope effects now
obtained are in much better agreement with experimental data.
These calculations point out some of the difficulties in the evalua-
tion of isotope effects through the use of rough a prior: potential
energy surfaces.

Calculations have also been made on the isotopic reactions
H+H,; — H,+H. As we have already stated, Farkas and Wigner?$
treated the theory of the isotope effect for this reaction by a
semiempirical method similar to that discussed in connection
with the H,+Cl reaction. The effect of isotopic substitution on the
transmission coefficient, to be discussed in the next paragraph,
was taken into account. Boato, Careri, Cimino, Molinari, and
Volpi!* have recently repeated the experimental work for the
reaction Hy+ Dy — 2HD and found that the previous experimental
work is somewhat in error because of the presence of oxygen in the
systems. On the basis of their work, they deduce new values for
the various isotopic reactions and also carry out a new Farkas-
Wigner type of calculation. The agreement between theory and
experiment is very good over a large range in temperature.

Hirschfelder, Eyring, and Topley®® have calculated a semi-
empirical potential energy surface for this reaction. This potential
energy surface has a shallow potential energy basin between two
equally high potential energy barriers along the reaction path.
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The existence of the basin leads then to two different activated
states for the forward and the reverse reactions, respectively.
The assumption is made that, once the system wanders around in
the potential basin, its chances of decomposing in the two different
ways are independent of the direction from which the system
entered the basin. This is equivalent to setting the sum of the
transmission coefficients, resulting from the basin in the surface,
for the forward and backward reactions equal to unity, i.e.,
%,+x, = 1. Then

Rk, = x,G,, k, = «G, (VIL.8)

where G, and G, are the rates in the forward and backward
directions computed without transmission coefficients. One has,
however, for the equilibrium constant K,

K = kyfk, = %G, [%G, (VL.9)
or

G,K G,K
Xy = G,+G'R, X, = -G—;—-:]:—G—I (VI.IO)

Equation VI.10 leads to transmission coefficients of one-half for
symmetricalreactionsbut otherfactors for unsymmetrical reactions.
These transmission coefficients must be taken into account in
calculating isotope effects. The agreement between the values
calculated by Hirschfelder, Eyring, and Topley?® and the recently
deduced experimental values of Boato, ef al.}¢ is fair.

VII. HYDROGEN ISOTOPE EFFECTS IN REACTIONS IN
SOLI;JTION

The literature on the effect of deuterium and tritium substitution
on the rates of solution reactions is an extensive one!’ and beyond
the scope of this chapter. We shall discuss briefly several different
types of studies that have been made.

A. Isotope Effect in the Elucidation of Reaction Mechanism

Melander?? has carried out a detailed and thorough investiga-
tion of the effect of tritium substitution at the aromatic nucleus
on the mechanism of aromatic nitration. He has studied the
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dinitration of benzene, toluene, bromobenzene, and the nitration
of naphthalene. He finds in all cases Ay/ky ~ 140.25 at 350°K.
From these results one concludes that proton lossin the nitration
is kinetically insignificant. The results confirm the hypothesis,¢
given in Eqgs. VII.1 and VII.2, of an intermediate formed without
loss of a proton.

H
slow /
ArH+NO,+ — Ar (VIL1)
AN
H
/ fast
Ar +A- — ArNO,+HA (VIL.2)
AN
NO,*

This conclusion is in agreement with that arrived at on the basis
of solvent effects on the rate.®

B. Location of Kinetically Significant Hydrogen

Westheimer and Nicolaides®? have utilized the deuterium isotope
effect to determine whether the C—H or O—H bond rupture is
rate controlling in the oxidation of isopropanol by chromic acid.
Isopropanol-2-d, was synthesized and found to react at ap-
proxxmately one-sixth the rate of the all protium compound.
This is conclusive evidence that C—H rather than O—H bond
rupture is rate determining.

C. Acid-Base Catalysis in H,O—D,0 Solvents
It was an early hope that the comparison of acid and base
catalyzed reactions in H;O and D,0 would prove useful in under-
standing the general aspects of such reactions. This expectation
has been realized only in part. One early observation was that
many acid catalyzed reactions, e.g. ester hydrolysis, proceeded
more rapidly in DgO than in HgO. The explanation of this result
was immediately obvious from the mechanism of the reaction.#
For specific acid catalyzed reactions, one finds
S+H+ = SH* — products (VIL3)

(Bn/kp)obs = (Ru/kp) (Kp/Kn)ais (VIL4)
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where %y is the rate constant for decomposition of SH+, and K,
is its dissociation constant. In the ester hydrolysis there is at
most a secondary isotope effect in 2y and the observed ratio of rate
constants is essentially the inverse ratio of acid dissociation
constants. Rule and La Mer’? have summarized much of the
work on the effect of deuterium substitution on acid dissociation
constants. The ratio (Ky/Kp)y. Vvaries between 2.74 and 4.16
for acids with K, from 10-% to 10-11, This explains the main
feature of the results obtained since the values of (kp/ky)qs in
hydrolysis reactions are about 2.

Similar studies have been carried out in HyO-D,0O mixtures.
The observed rate constant does not vary linearly with D,0
content. The dependence of the rate constant on the deuterium
content of the solvent has been explained by Gross, Steiner, and
Suess® in terms of the equilibrium

DH,0++D,0 = HD,O++HDO (VIL.5)
The distribution of protons and deuterons between the isotopic
water molecules and hydronium ions is not random.!¢
D. Secondary Isotope Effects

Shiner®® has studied the effect of 8 deuterium substitution on
the solvolysis of tertiary amyl chlorides. The mechanism and
classification of the reaction in the Ingold scheme is

slow +
CH,—CH,—C— (CH,), —~ CH;—CH,—C— (CH,),;+Cl-

fast
¢l Syl | E1
[P . A —
l l (VIL.8)
v
CH;—CHy;—C—(CH,), CH,—CH=C— (CH,),

|

OH

Over 80 per cent of the elimination reaction to give the olefin
occurs via the methylene group.?® The results obtained by g
deuterium substitution are given in Table VII.
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The results clearly show small secondary isotope effects in the
formation of the intermediate carbonium ion. For the methylene
hydrogen, the effect is 1.19 per deuterium atom, whereas it is

TABLE VII. Effect of § Deuteration on the Solvolysis of Tertiary
Amyl Chloride.
(80 per cent aqueous ethanol at 25° C.53)

Experiment 1 2 3 4
Deuteration none CH,—CD,—C C(CD,); CD,—C(CD,),
Relative % 16.72+4+0.15 11.1940.12 8.8340.10 6.6940.07
Olefin fraction 0.36 0.25 0.37 0.23

1.10 per deuterium atom for the methyl carbon calculated from
experiments 1 and 2 and 1 and 3, respectively. The ratio &,/k,
differs from #,/k, by a small, but definite amount. From the ratio
of alcohol to olefin product in the various experiments, one concludes
that there is no D—CH,; isotope effect in the substitution or
elimination reaction. Then, if we make the plausible assumption
that there is no D—CH, isotope effect in the substitution reaction,
one calculates from the experimental data a value of 1.80 for the
ratio of proton to deuteron loss in the elimination reaction. This
value is calculated by neglecting a possible secondary isotope
effect in the elimination reaction.

The isotope effect in the ionization process results from a slight
weakening of the § C—H bond in the transition state and has
been interpreted in terms of hyperconjugation.’® The isotope
effect in the elimination reaction is a primary one and, therefore,
rather small for C—H bond rupture, where factors of about 6 are
usual. This has been interpreted to mean that thereis appreciable
solvation of the 8 methyl proton in the transition state leading to
elimination. Since the zero-point energy of a normal OH bond
is greater than that of a CH bond (voy = 3400; vy = 2960) there
will be an appreciable cancellation of the zero-point energy
differences between normal and transition states. If we neglect
the entropy contributions from excitation of higher vibrational
energy states, we can write the product of the translational and
rotational entropy factors, and the rate of the crossing of the
barrier in the form
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3n-8

‘—j;—*.} =T (o) G ) (VIL?)

where A is the pre-exponential in the Arrhenius equation. If the
ratio of the products of inertia of the intermediate carbonium
ion and its solvated transition complex is unity, then the zero-
point energy contribution to (R4/Rp)eimination Will be the observed
factor of 1.8. One must expect the transition state to have a larger
product of inertia than the carbonium ion because of the solvation.
This will lead to a pre-exponential term A,;/A4, greater than unity
and its value will be in the range 1 to 4/2. The zero-point energy
contribution is, therefore, not very significant in the present case.

VIII. CARBON ISOTOPE EFFECTS IN DECARBOXYLATION
REACTIONS
A. Intermolecular and Intramolecular Isotope Effects

In addition to hydrogen isotope effects on polyatomic molecules,
there have been extensive investigations in complex systems using
principally the isotopes of carbon, nitrogen, and oxygen. For such
systems the theoretical analysis can be simplified through the use
of the G(u) formula and its approximation through the modified
first quantum correction. Carbon isotope effects in decarboxylation
may be taken as typical examples of such studies. The reactions
and rate constants for the decarboxylation of mono- and dibasic
acids may be defined by the set of equations:

ky
R12(C1200H), — C!20,+ R1?HC200H (VIIL1)
By
R13(C1200H), — C'20,+ R®¥HC'*00H (VIIL.2)
k ,
_C1200H = C130,+ R1?HC200H (VIIL3)
R12
N ke
C200H - (20,4 R1HC®00H  (VIIL.4)

Since the effect of the carbon isotope on vibrational frequencies
is. small, Eq. I1.21 may be used.

k/ » £ 3n—8 3n-7
Tk (1+ S Gu)du,—~ 3 Glu* )Au,*) (VIIL5)
€ [

kR v*
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Strictly speaking, Eq. VIIL.5, which is derived for gas reactions,
should be modified by a ratio of ratios of vapor pressures of
reactants and transition states. The latter correction may be
estimated to be two orders of magnitude smaller than the observed
kinetic effects in gases, and is, therefore, neglected. The correction
for quantum-mechanical tunneling is also neglected.

We shall first consider the isotope effects to be expected from
an oversimplified model of the activated complex: namely, all
frequencies in the activated complex are identical with those
in the normal molecule except the C—C stretching frequency,
which becomes a translation. The temperature independent
factorv, *’ /v, * will, first, be calculated from the Slater coordinate.
In addition we assume that the isotope shift in the C—C stretching
frequency is again given by the diatomic reduced mass relationship.

ky __~ (”m_*
nky *
v13 =~ 900 cm~! (Ref. 34, p. 195)

(vn*) __(vm) __(12-13 24 )%__1020
vetle Vg /i \ 25 1212/ T

At 400°K,

)L(I+G(ul)Au1) (VILL6)*

Y13

_ he vl) . ((1.438)‘(900)) .
Auy, = (1'438) 18 = 0.065
“w=\o0 ) B0
kynkg = 1.035 (VIIL.7)
ky (”w*')
nk,s it L( +G(uy)du,) 1

Therefore
Rylkg = ky[nkq

* The factor # is a statistical one, which is unity for the intermolecular
decarboxylation of monobasic carboxylic acids but 2 for the dibasic acid
(e.g. malonic acid). We use the subscripts 12 and 13 to refer to C'* and
C, respectively.
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We now consider the same model for the reaction but calculate
the temperature independent factor from the considerations with
regard to potential surfaces given in Section III. In addition, it is
convenient to avoid the calculation of the frequency shift, 4»,,
and evaluate the quantum correction through an approximation
(see Eq. I1.30) based on the method of the first quantum correction.
One obtains at 400°K
ky (46-59 104 )V’[l l( 1.438 )2(1 l) 4.50 x 105 12G(u)

nky, \ 105 4559 24\27-400) \127 13/1.402 x 10° u
where
12G (u)/u = 0.858 (using »; == 900 cm™!)
a,,(C—C) = 4.50 x 105 dynes/cm*
2N = 1.492 x 10-3t
Then
kynky = 1.029
ky (45 <60 104 )%
L= — ) =1.004
nk, 105 4559
k4/k3 = 1.025

This same quantum correction can be used with the Slater coor-
dinate for the temperature independent factor. This would give
ky/nkg = 1.045 at 400°K, and would not change the conclusions
to be reached.

These calculations may be compared with the rather extensive
experimental data given in Tables VIII and IX. All the data in
the literature have been corrected to the relations given in Section
V and wherever possible the appropriate corrections have been
made for isotopic inhomogeneity. The latter correction is un-
necessary for the C4 experiments. Finally we have omitted several
experiments where later work by the same authors repudiates
their own earlier work. Despite the considerable amount of
experimental work on malonic acid, the status of the experimental

* Thisis the contribution of the C—C bonding to the sum of the Cartesian
force constants of the carboxyl carbon atom (ref. 34, pg. 193).
t ¢ is the velocity of light and N is Loschmidt’s number.
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TABLE VIII. C3 and C* Isotope Effects in the Decarboxylation
of Dibasic Acids.

Correction®
for

Acid Ratio Isotope 7°C 100 & homogeneity Ref.
Malonic kofks Cis 138 2.0 8
ky/2ky C13 138 3.7 +0.2 8

kJky C13 138 2.6 +0.4 H 39

Rolks Ccm 138 2.0 39

Rofky Ct2 151 2.0 39

kJky CB 174 2.4 39

kky ~ C¥® 199 2.0 39

khks  CH 140 6 +2 48

ky/2ky C' 137 3.4 40

ky/2ky C13 149(?) 4.1 40

ky2ky CB  173(2) 3.4 40

kyf2ky C13 196(?) 3.6 40

ky/2k, CM 154 6.4 +0.8 50

kiR Cue 154 7.6 +0.6 50

kJky ~ C¥® 140 2.8 +0.2 72

Br Malonic koks Cus 117 24 +0.3 72
Malonic kalkg Cs 140 2.994-0.05 H 71
kJky C 140 2.7340.06 H 75

kolky Cue 140 5.47+0.36 76

kJky CM 140 5.77+0.20 32

Br Malonic kofky Cue 118 6.464-0.24 32
Malonic ky/2ky C1® 56 4.694-0.06 H 74
(solution 79 3.9140.09 H 74
in H,SO,) 100 3.63+0.04 H 74
129 3.60+40.07 H 74

¢ 5= (hu/nkig 10— 1).
® H indicates a correction has been applied from experimental data.

measurements still leaves much to be desired. There is a significant
discrepancy between the values reported for k,/k; for C* by
Bigeleisen and Friedman,® Lindsay, Bourns, and Thode,* and
Yankwich and co-workers.™ 72 76 Even different sets of exper-
iments from the same laboratories (i.e., Lindsay, Bourns, and
Thodeand Yankwich and co-workers) show discrepancies beyond
the statistical errors. Some of the discrepancy is undoubtedly
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TABLE IX. C® and C™ Isotope Effects in the Decarboxylation
of Monobasic Acids.

Acid Isotope I°C 100(2—1 - 1) Ref,
3

Mestoic Cis 61.2 3.740.3 15

Cus 60 3.8 10.1 58

C1s 92 3.2 40.1 15

Cu 60 10.1 4-0.7 88

Trichloracetate Cis 70.4 3.384-0.07 7

due to the necessary corrections for isotopic homogeneity. The
data of Lindsay, Bourns, and Thode®® do not have the precision
necessary to look for a temperature coefficient of k,/k; of the
magnitude predicted by the model discussed above.

In spite of the limitations of the experimental data and the rough
nature of the theoretical calculations, the agreement between
theory and experiment is rather striking considering the magnitude
of the effect under consideration. All the experimental data
support the conclusion that %,/2k; > k,/k5. This conclusion would
remain unaltered even if a correction for isotopic homogeneity
were applied to the experimental data. The conclusion from this
observation is that the simple model discussed above utilizing
the Slater decomposition coordinate is inadequate. In this model
the zero-point energy contribution to %,/k,; arises from isotopic
isomerism in the transition state, since 3**~® G (»,)4u, is identically
zero. The value of %,/2k, calculated by the use of the fragment
coordinate and the above model is again too low, and it is therefore
reasonable to conclude that the failure of the model is due to an
insufficient zero-point energy contribution to k,/2k,. It is rather
easy to see how the model must be changed toincrease the cal-
culated value of %,/2k,.

k v 3In-7
21: = ‘lz—L‘; [1+ ZG(“t (%419—13¢) — ZG u* (“u*“‘“at*):]
s Vi3, L
(VIIL.8)
kl -ylz , 3n—7
= o 1+ EG(“t (19— t1a) — 3, G (¥ ) (3 F —uy*)
2k4 Y12, L ]

(VIIL.9)
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Ry vy ¥ 27
2= S Gt —u¥)| (VIILI0)
1

ky v, Al

where (ug,¥ —u,,*) is hc/kT times the difference between the
ith frequency in the two isomeric transition states of
C1200HCH,C*#*0O0OH which lead to C'?0, and C*?0, respectively.
The ratio k,/2k, is increased by a decrease in the bonding in the
transition state of the carboxyl group which remains intact and
appears as acetic acid. One such model, which has been discussed
previously,® and was the first one advanced for this reaction, is
the loosening of both C—C bonds in the transition state. There
may also be a contribution from hydrogen bonding. If the tran-
sition state is nearly symmetrical, 24/k3 contains no zero-point
energy contribution. Such a model yields 2,/%; =1.020 (independent
of temperature) and £%,/2%k; = 1.035 at 400°K,3 if one uses the
Slater coordinate. This model could not explain a value of
k4/ky > 1.020, which a considerable body of experimental data
seems to support. Since the molecular fragment ratio of
V9 ¥ /715, L ¥ is much too small to account for the observed results,
such a model might favor the Slater coordinate. An asymmetric
decrease in the bonding of both carboxyl carbons in the transition
state will raise k,/2k, and may increase k,/2k, in either calculation.
If one takes into consideration the loss of the zero-point energy
of the bending and twisting modes of the carboxyl group which
gives CO,, both %,/2k; and %y /k; will be increased, but %,/2%,
will remain relatively unchanged. Further calculations are too
speculative at present and would be more meaningful if they were
based on experimental data concerning the temperature coef-
ficient of %,/k,.

Any of the models discussed above lead to the prediction that
there should be little difference between %,/k, and k,/2k;.12 This
result is true for both types of coordinates for the motion across
the barrier and is supported by the experimental data of Ropp
and Raaen.%®

Figure 7 shows an intercomparison of the experimental data
on the CB isotope effect in intermolecular decarboxylation
reactions with theoretical calculations based on the simple model
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of the loss of a C—C frequency in the transition state. The curve
S is calculated using the Slater type formulation, while the curve
N is based on the molecular fragment coordinate plus a modified
first quantum correction. The solution data of malonic acid in
80 per cent H,SO, join with those in the melt smoothly. The high-
temperature data on the molten samples may not correspond to

T T
© MALONIC ACID (MELT)
@ MALONIC ACID IN H,S0,
™ © MESITOIC ACID
o TRICHLORACETATE ION

T 50p - -t - -
" [ ]
x S L
E‘ ¢ ¢ . ,M”r)‘i’/
é /*""’T /0%
- / N [P
L
0200 50
' 10T 300

Fig. 7. C8 isotope effect in decarboxylation reactions Thcoretical curves

for transition state which has lost a C—C stretching frequency. Curve S—

Slater decomposition coordinate, curve N—molecular fragment coordinate
treatment

thermal equilibrium with the bath temperature. The dibasic
acid (malonic acid) data seem to lie consistently above those
of the monobasic acids. Thi¥ may be a manifestation of the
hydrogen bonding effect discussed previously in connection with
the problem of %,/2%,. The present data on the intermolecular
isotope effect alone do not favor either the Slater or the molecular
fragment treatment over one another. It is significant to point
out that a correction for the hydrogen bonding effect would lead
to two new curves for the dibasic acid which may be somewhat
higher and with slightly different slope than the ones shown in
Fig. 7. The magnitude of the shift cannot be estimated with
sufficient accuracy to draw any inferences.
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B. Catalyzed Decarboxylations

Quinoline and other bases catalyze the decomposition of -
keto acids.4s The effect of one such catalyst, quinoline, on the

TABLE X. Carbon Isotope Effects in the Quinoline Catalyzed
, Decarboxylation of Malonic Acid.

Ratio Isotope T°C 100 & Ref.
kyf2ks c 34 5.834+0.11 68
59 5.09+40.11 68

79 4.563+0.02 68

99 4.244-0.08 68

118 3.944-0.09 68

koks . Cis 86 4.4540.08 69
100 4.104-0.09 69

110 3.73+0.01 69

123 3.5664-0.02 89

138 3.1740.06 69

ky/2k, cre 7.5 4.21+0.06 73
(monoanion) 79 4.1840.11 73
98 3.954-0.07 73

119 3.8140.05 73

Eofks cu 85 8.5 32
95 8.1 32

105 7.5 32

115 7.0 32

125 8.5 32

135 6.0 32

inter- and intramolecular isotope effects in the decarboxylation
of malonic acids has been investigated. The experimental data are
summarized in Table X. Again the experimental data have been
recalculated to conform with Eqs. V.60—V.64 and have been
corrected for isotopic inhomogeneity. The true ratios of rate
constants can be obtained from the data tabulated in Table X
by multiplication by the appropriate equilibrium ratios, when
these are known, through the use of Eqs. V.84—V.86 or V.91
—V.03.

It is reasonable to assume that the difference in the isotopic
free energy function of the quinoline complex of malonic acid and
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its activated complex is the same as that of the uncomplexed
molecule, i.e.,

(274,) g mat — (EP4:) ¥ g mar = (ZF8i0)ma — (278:) ¥ (VIIL11)
We may tentatively ascribe the difference in the observed frac-
tionation factors observed in quinoline and in acid media to
complexing. The differences are of the correct order of magnitude.!?
It is significant to note that the quinoline complexing has a
larger effect on the intermolecular than the intramolecular
isotope effect. This would argue in favor of weak complexing and
is in agreement with the fact that the rate of decarboxylation
of malonic acid in dioxane catalyzed by quinoline is first order in
quinoline.?®® The C} data show the expected factor of 2 over
the C!3 data.t

C. CB versus C! Isotope Effects

At one time some workers gave serious consideration to the
hypothesis that the C1* isotope effects in decarboxylation reactions
are greater than twice the C!3 ones.”? A summary of the C!¢/C!3
ratios is given in Table XI. The data in Table XI provide little
basis for the hypothesis that there are significant isotope dependent
factors which have been neglected in Section II.

TABLE XI. Intercomparison of C and C!¥ Isotope Effects.

Reaction eC14/eC13 Ref.
Decarboxylation of mesitoic acid 2.84+0.3 58
Dehydration of oxalic acid 2.040.2 27
Enzymatic hydrolysis of urea  , 3.240.4 54
Hydrolysis of urea 1.840.2 53
Decarboxylation of malonic acid

(Ro/ks) 2.040.1 75
Decarboxylation of malonic acid

in quinoline (%,/k,) 1.940.1 (85°—135°C) 32, 69
Decarboxylation of malonic acid

melt (k,/2k,) 1.84+0.2 at 150°C 8, 40, 50
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I. GENERAL INTRODUCTION

Dielectric properties are essentially the dielectric constant &’
and the loss factor ¢, linked by the relation:

g = g —ig"” (1)

The dielectric constant is related to the polarization due to the
field, by the classical equation

(e—1)E = 4P (2)
where P is the polarization, E is the average macroscopic field.
e, &, ¢’ and the vector P are all macroscopic properties, related
to the microscopic structure of the dielectric, since the polarization
of the medium, as a whole, is obtained by summation of the polar-
ization of the individual molecules.

Structural modifications brought about by an electric field can
be of three kinds: (a) orientation polarization, which can only take
place for molecules having a permanent dipole moment, (b) atomic
deformation polarization, (c) electronic deformation polarization.

Dielectric constants and loss factors are generally independent
of the intensity of the applied field, but may vary considerably

77
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with its frequency and with temperature. In particular, the orien-
tation polarization is characterized by a relaxation, or decay time,
so that it disappears for high enough frequencies. It generally
decreases when the temperature is raised. The deformation
polarizations depend on the density of the medium and become
frequency dependent only in a region of much higher frequencies.
The dielectric loss factor is negligible for sufficiently high and
sufficiently low frequencies. It passes through a maximum value ¢;,
for a critical frequency », which is closely related to the relaxation
time of the orientation polarization. At zero frequency, we have
the static dielectric constant ¢,

By measuring the static dielectric constant of solutions of polar
polymers in nonpolar solvents, one may calculate a statistical mean
dipole of the macromolecule. With polar solvents interesting
information can be obtained concerning the interaction between
polymer and solvent molecules. Finally the study of relaxation
phenomena, including the accurate determination of the critical
frequencies may lead us to a better knowledge of the statistical
unit and of its interaction with its environment.

It therefore appears that a study of dielectric properties can
be useful to the polymer chemist and physicist. This method
should be used in conjunction with the more classical techniques of
viscometry, osmometry, light scattering, etc.

Unfortunately, dielectric properties are not always easy to
interpret, and accurate experimental data are lacking. For these
reasons, we can only aim at qualitative conclusions.

A number of monographs and review articles have recently been
published on this matter;3 11 20. 37. 41, 47 jn the present paper
knowledge of the basic principles underlying the theory is assumed.
The fundamental equations will only be recalled in so far as they
are useful to us and particular stress will be laid on the validity of
the approximations made.

II. THEORETICAL CONSIDERATIONS ON STATIC
DIELECTRIC CONSTANTS

The problem can only be solved by the methods of statistical
mechanics.



DIELECTRIC PROPERTIES OF POLYMER SOLUTIONS 79

Let us consider a macroscopic volume V, containing NV molecules.
Let E, be the mean macroscopic field due to electric charges
situated outside the volume under consideration. The average
moment (M) of the volume, in the direction of the field is

[ s enp [ =557 ax
f.. .J‘exp[-—kj'ir—ol]d)(

where M is the moment associated with given values of E and X,
U(X, E,) is the total potential energy of the N particles, and X
is a set of coordinates allowing complete description of the system.

The energy U depends on all interactions of all particles one
with another and also with the field E,. All these interactions
must be taken in consideration when calculating U and M. This is
obviously one of the major difficulties of the problem.

The moment M of the total volume is obtained by adding the
moments of its N molecules, and this leads to the following value:

<ME>=

(3)

M= glmt = gl[P-a""“ kg T my)] (4)
ki

where p, is the permanent dipole moment of the isolated molecule,
that is in the absence not only of an electric field but also of the
influence of electric charges situated in other molecules; « is the
polarizability, taking care of both the atomic and the electronic
deformation polarization.

The tensor product T,, - m, fepresents, in first approximation,
the field created by molecule £ in the region occupied by the
molecule ¢. The tensor T is a symmetrical dyad defined by

1 r,r
T =-—-[1—3-——"‘ "‘] 5
ik r‘ks r“cz ( )

7, is the distance between molecules 7 and %; 1 is the unit tensor.
This definition fulfils the condition

Tu =0 (6)



80 L. DE BROUCKERE AND M. MANDEL

Equation 3 is valid for any volume. For a limited volume
boundary conditions may be considered. Thus for a spherical
volume surrounded by its own medium (spherical cavity in a
dielectric), the field E, must be replaced by

3
T 2e0+1

A general solution of our problem is hard to find, the main
difficulty residing in the separation of orientation and deformation
effects. In order to overcome this difficulty use is made of a mean
effective, or internal field F defined by

™)

F = Eo-k§‘< (Ta - M) 2> (8)
Combination of Eqs. 4 and 8 leads to
N
Mp) = ‘Zl[<(u‘)s>+aF¢J (9)

Sometimes, 42 the internal field may be split up into two parts:
the cavity field G and the reaction field R.

The reaction field exists in the dielectric even when there is no
externally applied field, and leads to an increase of the dipole
moment as compared with that of the isolated molecule. Thus it is
necessary to introduce at this stage the internal moment p given
by the sum of the moment of the isolated molecule and the moment
due to the reaction field.

In the earliest and crudest theories, those ot Clausius-Mosotti
and Debye,!? the reaction field was completely ignored, so that
theoretical predictions were not confirmed by the experimental
facts except for gaseous dielectrics, and eventually for extremely
dilute solutions of polar molecules in nonpolar solvents.

Onsager4? has obtained better results by neglecting London-
Van der Waals and other short-range orientation effects, but not
the long-range electrostatic interactions between molecules.

A more general statistical treatment has been given by Kirkwood
for two simplified cases. He has shown® that for nonpolar
gases at low pressures Clausius-Mosotti’s equation is a first
approximation. Nevertheless, by refining Kirkwood’s theory,
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several authors, among whom we wish to quote Mazurand Jansen,40
have shown that even for nonpolar gases interaction effects must
be considered and polarizability should be influenced by pressure.

Kirkwood3! has also considered, and treated by statistical
mechanics, the orientation polarization but not the deformation
effects in a polar liquid. He considers a sphere tn vacuo containing
a set of nondeformable molecules characterized by an internal
moment p (and not w). The total potential energy U is divided
in two parts: U,, due to London-Van der Waals and dxpole forces,
is practically independent of the field; U, is due to electrostatic
interactions of the dipoles with the external field. In Kirkwood’s
model, one finds:

U(X, Eo) = Uy (X)+U, (X, E,)
and
Uy(X, Eg) = — 3 p,* Ey (1)

If p,E\/kT <« 1, the exponential in Eq. 3 may be expanded in
a power series, and the field E [actorized. The integration is
carried out for the whole configurational volume, in two stages, the
first considering all molecules except onc, the second extending to
all other configurations of this molecule. It is then shown that
the total moment of the sample (M) is related to the moment M,
of a sphere of radius 7, surrounding a molecule in a given con-
figuration. The radius 7 is such that the orientation effect of the
central molecule disappears outside the spherical cavity. The
evaluation of M, introduces a correlation factor g depending on
the angle y between a given molecule and its z nearest neigh-
bors:

M, = p[1+z{cos y>] = pg (12)

Thus {M;) can be expressed as a function of parameters which are
independent of the applied field.
In order to account for deformation polarization, Kirkwood
writes
(eg=1)(2e+1) _ 42N p%  4aN

S iahlly il S Wiatd 13
3¢ Vs TV (13)
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It must be stressed that in this equation the first term is the only
one which is calculated by statistical mechanics. The second term
which takes care of deformation effects is introduced in a complete-
ly empirical manner. The internal moment p is simply taken from
Onsager’s theory.

More recently, Harris and Alder, 2 keeping the general prin-
ciples of Kirkwood’s theory, have tried to calculate the polarization
effects more rigorously. Unfortunately their final equation does not
coincide as it should, with Onsager’s equation when it is assumed
that there are no short-range interactions ({cos y» = 0). This is
because some of Kirkwood’s equations are only valid when the
assumptions of the author are justified, and cannot be used as
was done by Harris and Alder, when a deformation polarization
is superimposed on the orientation polarization. For instance,
in presence of deformation effects boundary conditions cannot be
introduced in the same manner as in Kirkwood’s model (cf.
Frohlich 21).

These difficulties have been avoided by Frohlich?® whose
reasoning is very similar to Kirkwood’s but who has chosen his
model in such a manner that he need consider no boundary effect.
He has treated the deformation polarization as a macroscopic
phenomenon. Molecules are replaced by a set of nondeformable
point dipoles, having a moment p’ and placed in a continuous
medium of dielectric constant #%(n = refractive index), accounting
for deformation effects. The moment of a spherical molecule is

given by
, ni4-2
p =( 3 )u (14)

Frohlich finally obtains the general relation

— ‘O M
35, sira MY (15)

where N, is the Avogadro number; 4 is the density of the dielectric;
M is the molecular weight; p’ is the moment of a fundamental
unit, which may be either a molecule, a fraction of a molecule,
or a small set of molecules; and M* is the moment of a spherical
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cavity placed in a continuous dielectric when the fundamental
unit is fixed in a given configuration.
If the fundamental unit is the molecule itself,

{p’'* M*) = p'%g (18)
and Eq. 15 reduces to Onsager’s relation for g = 1. Notwith-
standing the crudeness of some of the approximations made, Frohlich's
treatment of deformation polarization is much less empirical than
Kirkwood’s, so that Eq. 15 is actually the best we have at present.

Theoretical calculations of dielectric properties according to
Kirkwood’s or Frohlich’s theories can only be carried out if the
correlation factor g is known from independent investigations on the
structure of the dielectric. Conversely, as was shown by Frohlich,
experimental determinations of the dielectric properties may give
us precious information as to the structure of condensed, and
particularly of liquid phases. In particular data concerning the
influence of temperature on the function

(eg—7?) (265473 T 47N,

B(T) = -
() 3egd kA

p'% (17)

should be very useful.

III. THEORETICAL CONSIDERATIONS ON DIELECTRIC
RELAXATION

Experimental data on the frequency dependence of dielectric
constants may be represented, in a very general manner, by the
following relation: ’

(t0—t) = Y (@) (18)

where w is the angular frequency 2n» of the field, » being the
frequency in cps, &, is a constant, and ¥ (w) is a decreasing function
of the frequency. The influence of frequency is only apparent in a
restricted range, depending on the dielectric and the temperature.
The function has two limiting values, (e,—e,) and zero, for
low and high frequencies. Qualitatively the decrease in dielectric
constant may be ascribed to the decrease and final disappearance
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of the orientation polarization, ¢, being due exclusively to the
deformation polarization.

Static dielectric constants could be related to microscopic
parameters through equations bearing on the equilibrium positions
of dipole units. Relaxation phenomena can only be understood by
considering the manner in which these equilibrium positions are
reached. No general, rigorous and complete solution of this problem
is available.

For time varying fields, Eq. 3 must be replaced by a more
general relation

M(t)y =C |.. f M ()/(X, E,, t) dX (19)

where the distribution function f(X, E_, t) depends explicitly, and
implicitly through E_, on the time ¢.
The distribution function must be such that for £,=0, (M;>=0.
Since the field, even if fairly strong, causes only a slight pertur-
bation to the statistical equilibrium distribution, a second bound-
ary condition exists
for w =0, E,=E,
HX, Eo) = fo(X)[1+H(X)Eo+t . . ] (20)

fo(X) being the distribution function in the absence of an external
field. Introducing these conditions in Eq. 19, we find that for
w = 0 (static field)

(Mg) = C' Eq [. .. [Mpfo(X)/(X)dX (21)
For a periodic field, we may write, in analogy to Eq. 20

HX, By t) = fo(X)[1 + fro(X)Eqert 4. . ] (22)
Only one problem remains: to find an explicit expression for
f ) Y
This has been attempted either by treating the problem as a
diffusion problem, or by applying the superposition principle,
that is by a macroscopical method. To understand the latter
treatment, suppose that a static field is applied and suddenly cut
off at ¢ = 0. At a given moment ¢, the distribution function will
be given by
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X, 8) = fo(X)1+H(X)E, @) +. . -] (28)
where ¢@(¢) is the decay function, characterizing the rate at
which orientation polarization disappears.

Suppose now that a periodic field is equivalent to a continuous
series of static fields, each being applied during an infinitely short
time du between » and u+du. It is found by applying the super-
position principle that the distribution function at a given moment
is

HX, Eo) = oK) I+HAX)( [, p@)eodz) B+ .. ]  (24)

where z = {—u.

The problem would be solved if only ¢(¢) were known. Un-
fortunately this decay function is probably quite complex, since the
rate of disorientation must be influenced by interactions between
dipoles and by the molecular field. Nevertheless it has often been
assumed that this speed of decay is proportional to the orientation
polarization itself, so that we have the well-known exponential law:

w(t) ~ et (25)

where 7 is the relaxation time of the macroscopic polarization.
In that case, Eq. 24 may be replaced by

X
HX, Eud= @1+ PO ppuy 7 )
“+ 17
leading to the classical relation
(E0—tw) . (Eg—Ew)wT
e = 0] 27
£ o 14 w? 72 14+ w?7? #7)
in which the imaginary part
(Eg—Emo) 0T
1o AP0 ToolTR 28
© T Yere (28)

is related to the energy dissipated in the dielectric, that is the
dielectric loss factor.

Debye’s expressions, Egs. 27 and 28, are in qualitative, but not
in quantitative agreement with experimental data. For condensed
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systems, the dispersion curve ¢’— log w, are in general flatter and
extend over a wider frequency range than predicted. The ab-
sorption curves are usually broader and the maximum value of the
loss factor ¢&”,, is smaller than the calculated one, (g,—ey)/2.
However the curves generally remain symmetrical.

Discrepancies between theory and practice are explained by
assuming that the very complex polarization phenomenon is
characterized by a range of relaxation times rather than by a
single one. ¢(t) in Eq. 23 must be written

o(t) —J- e"I"F(7) — (29)
where F(r) is the distribution function for relaxation times,
leading to

“F (r)dr
=f| = 30
he =], i 0
Equations 27 and 28 must be replaced by
® F(t)dr
‘g == 31
£ T 0o 14+ w22 (31)
and
T)wtdr
= 32
f TETy (32)

The actual distribution function cannot be deduced from ex-
perimental data. However it may be characterized by an empirical
or semiempirical coefficient. 1% 22

Many attempts have been made in order to interpret the ex-
ponential decay function on a microscopic basis and to relate the
macroscopic relaxation times to those of a single polar unit z*.

The earliest treatment of dielectric relaxation, on a molecular
basis, is that of Debye.!? He treated it as a diffusional process,
assuming that spherical molecules were rotating in a continuous
medium. Applying the Stokes law, he found

1/v* = kT /4dnr®y (33)
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where 7 is the radius of the molecule, # is the viscosity of the
medium.

Fuoss and Kirkwood 32 have obtained equations identical with
Egs. 31 and 32 without introducing, explicitly, the exponential
decay function. Like Debye they reasoned as if the problem were
mainly one of diffusion by Brownian motion under the influence
of an external force. Treating this problem as a Sturm-Liouville
equation, they developed /, , into a complete set of orthogonal
functions ;. A relaxation time 7, is associated with each of these
functions.

At present? 1522 orientation polarization is generally treated
as a rate process. It is assumed that the polar units jump from one
equilibrium position to an other. The speed of orientation depends
essentially on three factors: a frequency factor %’ related to the
number of collisions with neighboring molecules; an entropy
factor 4S* describing the disturbance of the local structure of the
medium during orientation; an energy factor, or heat of activation
AH* equal to the height of the potential barrier separating succes-
sive equilibrium positions. The classical relation between these
factors is
}_ —— k' g4S*k p—aH*[KT (34)
T*

In fact Egs. 33 and 34 are formally identical, since the viscosity
itself can be treated as a rate process and related to temperature by

1 .
_; — krveASv'/ke-—AHv‘lkI' (35)
Combining Egs. 33 and 35, ‘
1 — kT 'Y 8ASv‘/ke—AHv‘/kT (36)

T
the subscript v signifies that the frequency factor and entropy and
energy of activation are those characterizing viscous flow. For
viscous flow, as well as for orientation in an electric field, 4S*
and AH* are associated with the breaking of bonds between
neighboring molecules or submolecules. A polar unit can only
move from one equilibrium position into another if this new
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position is vacant. A “hole” must be made in the liquid. The
question arises as to whether the making of the hole or the rotating
of the polar unit in the molecule is the rate determining factor.

It is often assumed, although without actual proof, that there
exists a definite proportionality between the molecular and the
macroscopic relaxation times. A relation between v and * could
only be established if the actual field acting on the molecule were
known. Equation 27 is obtained if this field is identified either with
the external or with the Lorentz internal field. In the first case the
macroscopic relaxation time is identical with the molecular one.
In the second case 7 is proportional to z*. If Onsager’s model is
used, 3 it may be shown that in first approximation, the cavity
field G is itself subject to dispersion:

G(w,t) = B(w)Eewt (37)
B'y—1 ) (B'y— Dot
=|1
Blo) ( T Tered) T Tare (38)
with
By = _?’fl’___
26y + £

7’ is the relaxation time of the cavity field, supposed to decay
exponentially. Whether 7’ is equal to the decay time of the macro-
scopic polarization 7 or to that of the polar unit t* is difficult to
forecast. If we accept v’ ~ 7*, we obtain a rather complicated
expression which does not reduce easily to Eq. 27. On the other
hand, this reduction is easy if we write 7" ~ v and use the empirical
relation 43
7= B'yr*

The exact shape of the dispersion curves are as yet unknown
since no calculations based on a really accurate expression for the
decay function or for the internal field have even been attempted.
A complete and general theory is difficult to establish, since the
height of the potential barriers, depending as it does on local
structures, may itself be a function of time.

Although no convincing proof, either experimental or theoretical
bas been given for the exponential decay law, it is universally used,
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either in its simple form or in the more complex one corresponding
to a spectrum of relaxation times.

It must always be born in mind that discrepancies between
experimental and theoretical curves may be due to the inadequacy
of the fundamental exponential law rather than to a distribution
of relaxation times.

IV. THE DIPOLE MOMENT OF THE ISOLATED POLYMER
CHAIN MOLECULE

Two classes of polymer chain molecules must be considered: the
homogeneous and the heterogeneous.

Homogeneous chains consist of carbon atoms united by single
bonds. The vinyl (CH,—CHR), and substituted vinyl (CHy—
CR;R;), compounds are typical of this class.

Heterogeneous chains consist of different kinds of atoms as in the
silicones (SiR,;R,—0),, or of identical atoms united by bonds of
different length as in natural rubber (CH,—~C=CH-—CH,),.

CH,

All chain molecules, whether homogeneous or heterogeneous are
able to assume an enormous array of configurations as a result
of the considerable degree of rotational freedom about single
bonds. In the simple polymethylene chains, for example, an almost
limitless variety of irregular shapes may be realized by performing
rotations about the bonds of the chain. But if bulky side-groups
replace the hydrogen atoms, the number of possible configurations
is considerably reduced by steric effects. This can easily be shown
on molecular scale models. +

Each configuration is characterized by a dipole moment p
equal to the vectorial sum of the moments g, of its N monomers

N
=2 (39)

i=1
An average square dipole moment {u?> is defined in the same
manner as the average square displacement of the molecule: 8

N N
(pty = <121w : kzlw = Nptert? (40)
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where gerr is the moment of each monomer in an imaginary chain,
having the same moment as the real one but in which there is no
correlation between the orientation of the different monomers
(random flight). In general uetr is not equal to y,, the dipole mo-
ment of the monomer unit. &= 1/{(u?) will be called the mean
statistical dipole. Equation 40 can be transformed into

N
u*> = pg?[N +, 21<C05 Vi kD) (41)
o

where y, , is the angle between the dipole units of monomers
7 and k. Allowing that this angle depends on the relative positions,
and not on the absolute positions of the units in the chain, and
neglecting eventual end-group effects, we develop Eq. 41 into

U = p [N+ (N—1)<cos yy 9>+ (N —2){cos y, 3>
+ ... 2€00s ¥y, (v-1))+<COs y 0] (42)

In order to obtain the average value of {cosy, ;> all possible
relative orientations of dipoles 1 and § must be considered, and
each of the possible configurations must be given a statistical
weight equal to its Boltzmann probability. The angle ot the dipole
and the main direction of the chain must also be considered.

Rigorous mathematical treatment will only be attempted for
homogeneous molecules of the type (CH,—CXR),, the dipole
moment being localized in the side-groups. To an approximation
which is adequate for all practical purposes, it is permissible to
assume the length of the valence bonds in the chain, and the
valence angle between successive bonds to be constant for a given
polymer. Constancy of the angle between the dipole of X and the
chain bond to which it is attached will also be assumed. It can
be shown that the gemeral conclusions reached in this manner
may be extended to more complicated cases. For instance, these
conclusions remain valid when the angle between the dipoles and
the chain is not constant, as is the case for polyvinyl acetate studied
in this laboratory,® or for heterogeneous polymers having their
dipoles in the chain itself as in the polyoxyethylene glycols studied
by Benoit and Marchal. 3®
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As shown in Fig. 1, a unit vector a is chosen along each valence
bond of the polymer chain, and a unit vector b along each dipole.
It is obvious that vector b, is preceded by vector a, and followed
by vector a,, that vector by is preceded by vector ag and followed
by a,, or in a general manner that vector b, is preceded by vector
a,,_; and followed by vector a,;,, The constant angle between

Vs

Fig. 1

successive valence bonds is represented by 8, and the constant
angle between b, and a,, by f. v, is the angle between b, and the
plane containing vectors a,,_, and a,,,p,, is the angle between this
plane and that containing vectors a,, , and a,, ;. Each vector
a, is included in a set of Cartesian reference axes a,, a’;, a’’;, so
that the plane defined by a, and a’, coincides with that of a, and
a, ;.
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We now write

{cos yy, 1) = <by - by>
= (b, - [cos fay,+ (cos?y,—cos? )% a’y,+siny,a’’y]>  (43)

As the values ot {cos y, > corresponding to different values of ;
will have to be included in a summation function, it seems appro-
priate to express them all as functions of the same unit vectors,
for example a,, a’y, a”’,, and b,.

In order to do this the three components of b, will be projected;
first on a,; ,, a’y,_;, 2”5, _;; then on a,,_,, 2’5, ,, 2”5, ,, etc.; and
finally on a,, a’,, a”,.

This is done with the aid of the projective matrix:

sind cosd cosep cosd sing

(cos 0 sind cosp sind sing )
0 sin @ cos @

In this manner we find

{cosyy, ;> = by [a, cos fcos¥=20+T (3, B,%,, P2y P2r—1---P2) 1>
(44)

where T, ,(8, B, ¥), ®2j—1, - - - ®2) is a complicated function of all
angles included in the brackets when expressed in components
a,, a’y,a’"’,.

To reach the average values, integration must be extended to all
possible values, not only of all angles y, but of all the angles ¢.
It must be remembered that the probability associated with a
given p; may depend on angles § and 6. The final equation is
written

{C0s ¥,,5> = by * a,(cos f cos?~24)
+b,-C" f:" .. j:" Ty, Vo) T dy dp,, . .. (45)

where C'’ is a normalization function and V the potential energy
associated with a given configuration.

Thus even though we have limited ourselves to homogeneous
chains and assumed the constancy of the angle 8, our final ex-
pression can be given no general solution.
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Various specific cases have been treated in the chemical litera-
ture, sometimes by very approximate methods.

The simplest case is that of completely free rotation. That is
energies associated with all values of angles y and ¢ are supposed
to be identical.

Assuming the equality of angles g and 6, Fuoss and Kirkwood 22
using a method proposed by Eyring!* found the following value
for the mean square dipole:

2cos 6 ] (46)

2N = NN, 2[1 —
) = Nug T 1T cos®
More recently Debye and Bueche!® introducing an angle «
between vector b, and vector a,; , have obtained another value:

2 cos d cos f§ cos oc:l

2N 2
ity = Nygf 1425200 ¢ (47)
Marchal and Benoit3® have introduced a correction for steric
hindrance. They represent {cos ¢> by a constant { assuming that
this is the same for all bonds. They also assume that {sin ¢> = 0,
in other words that V () is a symmetrical function. Applying their
calculations to the specific case of polyethylene glycols they
suppose that the dipoles are associated with the C—O bonds, so
that angle y is constantly equal to zero and that § is equal to half
the valency angle §. Taking the tetrahedral angle for 4 they find,

for high degrees of polymerization,
12 1-¢2
8y — N2 w.
W =1 JA RN X TTENT

This equation is interesting in so far as it shows that the maxi-
mum value of & corresponds to { =0, as is the case for completely
free rotation. Thus it appears that, in some cases at least, restricted
rotation leads to a decrease in the mean statistical dipole, whilst
it almost always causes an increase in the mean statistical dis-
placement.? This is due to the fact that frans configurations are
energetically more probable than cis configurations.

But it must be stressed that Eq. 48 is only valid when the
dipole is in the polymer chain and not in the side-groups as is more

(48)
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generally the case. Even then some of the author’s assumptions are
rather crude. For instance it is almost certain that the average
value of {cos ¢, is strongly dependent on {cos ¢,_;)> and that it is
not constant along the chain. In the same manner, V (¢) is certainly
not always a symmetrical function as has been shown by Debye and
Bueche!? though this simplifying assumption is justified in the
absence of bulky side-groups.

Equation 42 may be simplified in an entirely different way.
Actually for sufficiently high values of s, {cos y, ,., ) is constantly
equal to zero, since the direction of a given bond is strongly in-
fluenced by the orientation of its predecessor in the chain, to a
much less extent by the second, even less by the third, and so on.
The value of s necessary to reach complete independence of
orientation is minimum for completely free rotation, {cos y, 5> =0.
For a completely extended rigid chain, s = N. For intermediate
cases, that is for all real polymer chains, having a considerable
amount of flexibility and a high degree of polymerization, s is
much smaller than N, so that we may accept with a reasonable
degree of accuracy N—s ~ N. Equation 42 simplifies to

Uy = Npg?[14-<cos yy, 3> +<c08 p1, 3>+ . . . {€OS ¥1 )] (49)
N 8
@ = ()spat [ 3By b)) (50)
jml

{u?) = Ny u,? (51)

Thus it appears, as shown by Kuhn,34 that a real polymer chain
is equivalent to a freely jointed chain in which monomer units are
replaced by statistical units containing s monomer units. The
number of statistical units in the molecule is

N,=N/s (52)
and the moment of a unit is defined by
Bo® = Spo® [,21 <by - b;>] (83)

It is extremely difficult to calculate u 2 as the different values
of (b, - b,) are not independent. They may even be of opposite
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signs so that an increase in s may cause a decrease in u,. Even if u,
is increased by introducing more monomer units in the statistical
element, this increase may not compensate the decrease in N/s,
the number of statistical elements. In fact the average moment of
the molecule is generally smaller for rigid chains than for flexible
ones.

This is easy to understand, the ¢rans positions of dipoles being
energetically more favorable than the cis positions as was shown
by Taylor.*® In these favored positions, there is a certain amount
of compensation of the individual dipoles, average values of cos ¢
are always positive, whilst average values of cosy tend to be
alternatively positive and negative. In rigid trans molecules the
dipole moment disappears completely.

In conclusion to this section, we note that the statistical mean
dipole moment of the molecule, as well as its mean displacement,
should be proportional to the squareroot of the degree of polymerization.
Hindrance to free rotation tends to decrease the mean statistical
dipole moment and to increase the mean statistical displacement.
Since hindrance to rotation must disappear at sufficiently high
temperatures, the mean dipole moment of the isolated molecule should
increase with temperature whilst the mean displacement should be a
decreasing function of temperature.

V. THE DIPOLE MOMENT OF POLYMER CHAINS IN
DILUTE SOLUTIONS

As was recalled in the first part of this paper, the dipole moment
of a given molecule, polymer oy monomer, depends on its environ-
ment, since there is always some polarization by electric charges
localized in the neighboring particles. In other words a reaction
field exists even in the absence of external field, so that the
internal moment p of a polymer chain in dilute solution may
differ considerably from the moment p of the same molecule in
vacuo.

The total polarization of a small volume of solution as measured
by the average moment (M) depends on the total energy of
interaction between molecules and between molecules and the
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field (Eq. 3). For polymer solutions three types of interaction
between particles must be considered:

(a) Interaction between solvent molecules.

(b) Interaction between solvent molecules and monomer units.

(c) Interaction between remote monomer units of a given chain,
or between monomer units belonging to different chains.

In this paper interactions between monomer units will be sys-
tematically neglected. This is permissible, since the number of
contacts between monomer units is small as compared to the num-
ber of solvent-solvent or solvent-polymer contacts. This remains
true even if there is a considerable amount of overlapping of the
polymer clouds, as the density of segments in these clouds is
always small.’® Actually, the number of monomer-monomer
contacts only becomes appreciable in the neighborhood of the
precipitation point.

In the case of polymer solutions apart from this general polariza-
tion effect, the solvent may influence the statistical mean dipole
moment by modifying the configuration of the molecule. This
question has been treated thermodynamically by Flory!® and,
though his treatment is open to criticism,? his general conclusions
are probably sound. Flory has shown that if the excess free energy
of dilution is positive, as is the case for all real polymer solutions,
the solvent favors the more extended configurations. Thus the
solvent should cause an increase in the number of monomers
contained in the statistical unit. Flory has also shown that the
influence of solvent decreases when the temperature is lowered and
disappears completely for a critical temperature 8 which is very
close to the precipitation point. At 0 the mean statistical dipole
moment, corrected for polarization effects, should be the same for the
dissolved and for the isolated molecule. This value may be very
different from the one calculated by the random flight approxi-
mation.

We may write

upp = &E(T) (o (54)

where (u?), is the mean square moment of the dissolved molecule,
{u?)y is the mean square dipole moment of the isolated molecule,
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and &(T) is an expansion or unwinding function, depending on
temperature.

Equation 54 is somewhat similar to that proposed by Flory for
the mean square displacement:

Hp = a(T)<h Do

But there is one important difference between the two: the
expansion coefficient «(7) always increases as the chain unwinds,
and is always equal to or greater than unity. On the other hand,
&(T) increases or decreases according to the positions favored by
the solvent. If the cis positions of the dipoles are favored, as has
recently been suggested for some ordinary isomeric molecules,
&(T) increases as the chain unwinds and is greater than unity. If
the trans positions are favored, é(T') is smaller than unity and
decreases as the chain unwinds. If the cis positions of the dipoles
are favored by the solvent, {(T’) increases with temperature. If
the frans positions of the dipoles are favored, &(T") decreases when
the temperature is raised.

Equation 54 may be replaced by

Wy = e(T)g (te2)o (55)

where s, is the number of monomers in the statistical unit of the
isolated molecule, and (u,2), the average square dipole unit of the
statistical unit én vacuo.

We may further write

N
</‘2>D,= ;; (#?)p (56)

where s, and (u,2)p are the number of monomers and the mean
square dipole moment for the statistical unit in solution. Com-
bining Eqgs. 55 and 56, we find

(4e2)p = Z‘;’em 2o = 2(T) ()0 (57)

where y(T) is the expansion coefficient of the statistical unit.
Evaluation of the mean dipole moment from experimental data
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on dielectric constants is difficult and uncertain. Because of the
strong polarization effects Debye’s equation may not be used, even
for dilute solutions in nonpolar solvents.? In this case, Eq. 58
derived from Onsager’s theory is more appropriate:

900KT M (2e4+n%)%(gp—e,)
4N, c e5(25,+¢,) (n?+2)?
where ¢, is the static dielectric constant of the solvent, # is the
refractive index of the solute, .# is the molecular weight of the
polymer, ¢ is the concentration in g/100 ml, and IV, is the Avogadro
number.

If ¢, is a linear function of the concentration ¢, (g,—¢,) may be
replaced by (ac) and if ¢, and ¢, are sufficiently close to allow the
approximation (2g-}-¢,) = 3¢y, Eq. 58 is simplified to
900RT M  (2¢9+n?)?

4nN, 3¢g2(n?+2)2

up =

(58)

wdp=a (69)

But it must be stressed that these equations rest on crude
approximations. It is assumed that the polymer cloud is of spheri-
cal symmetry and that the actual dipole is located at the center of
this equivalent particle.

Onsager’s equation has been used for slightly polar solvents
such as toluene. With strongly polar solvents, chloroform for
instance, Kirkwood’s or Frohlich’s theories must be resorted to,
and no value of the dipole moment can be obtained unless the
correlation factor g is known by independent data concerning the
structure of the solution.

It has been shown in a number of cases, that for a wide range
of molecular weights, the mean statistical dipole moment is
proportional to the degree of polymerization. This conclusion is
born out by experimental data concerning both hetero-
geneous% 3 46 and homogeneous %1328 chains. It seems to
indicate that the expansion coefficient £(T') is independent of the
chain length.

The influence of the solvent can best be seen by comparing
values of 4/{u®),/N (Table I) for a given polymer in different
solvents. The data given here will be published elsewhere in
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detail. They are the average of a considerable number of individual
values for a wide range of concentrations and molecular weights.
The moments were calculated by Eq. 58 extrapolated to infinite
dilution. The dielectric constants were measured at 23°C at
frequencies lower than or equal to 200 kc.

TABLE I. The Influence of Solvent on The Mean Dipole Moment
of a Polymer Chain.

(Values of the ratio v/{u®)p/N.)

Polymer
Solvent Polymethyl Polybutyl
methacrylate methacrylate
Carbon tetrachloride — 1.48
Benzene 137 1.51
Toluene — 1.39
Dioxane 1.50 1.65

It is seen that polybutyl methacrylate has practically the same
moment in the two typically nonpolar solvents: carbon tetra-
chloride and benzene. The expansion coefficient therefore, has the
same value in both cases, and it may reasonably be assumed, that
for these two liquids, £(T’) is equal to unity. According to Flory
the two solutions should then be in the neighborhood of their 6
temperature. This does not seem to be the case for carbon tetra-
chloride at 23°, since it may be cooled to —20° without precipi-
tating. ’

The dipole moments calculated for solutions in toluene or
dioxane are significantly different. This proves that there is some
interaction between the solvent and the solute. The orientation
interaction between polar toluene and polar polymethacrylates is
easy to understand. In the case of dioxane it must be remembered
that this is a nonpolar compound by ¢nfernal compensation but that
the strongly polar C—O groups must have considerable short-
range interaction with the polar groups of the polymer. Because of
these interactions, Onsager’s formula is no longer valid, and the
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dipole moments given in Table I, for the solutions in toluene or
dioxane, have no physical significance. They are given only in
order to prove the existence of polymer solvent interactions.

In benzene, the dipole moment of the methyl compoundis smaller
than that of the butyl compound. Thus, if the monomers have
practically similar moments, there is a better compensation of the
individual dipoles in the methyl ester where they can more easily
move into the energetically favored frans positions. The bulky
butyl groups, by mere steric hindrance, introduce a certain amount
of disorder, and the chain tends towards its random flight con-
figuration.

The influence of temperature on the mean dipole moment of
polybutyl methacrylate dissolved in carbon tetrachloride is
shown in Table II. The average moments were calculated from
Frohlich’s equation (see Section VI) taking unity as the most
probable value of the correlation factor. Since the Onsager theory
makes use of the refractive index of the solute, for which only
approximate values can be found, results obtained by Onsager’s
and Frohlich’s theories for solutions are not identical even in a
nonpolar solvent like carbon tetrachloride. The moments given in
Table II are not comparable to those given in Table I, especially
as they are not extrapolated to infinite dilution.

It is seen in Table II that the dipole moment of the polymer

TABLE II. Influence of Temperature on the Dipole Moment
of Polybutyl Methacrylate.

(Solvent: CCl,, concentration: 2.0 g/100 ml, DP : 789)

Temperature {u%>p Debyes fip Debyes
—20°C 1623 42
—10°C 2029 45

0°C 2439 49
+10°C 3039 55
+25°C 3810 60
+40°C 4015 64
+50°C 4007 65
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chain increases steadily as the temperature is raised. If it is as-
sumed that &(T) remains equal to unity at all temperatures, this
increase in fi, is due to an increase in f,.

It is our intention to measure the dipole moment and the mean
displacement as a function of temperature on the same solutions.
Considerations based on results of one type of experiment must
not be extended too hastily to the other type. It is quite possible
that the progressive liberation of rotation movements in lateral
groups has a different effect on the mean dipole moment and the
mean length of the molecule.

It would obviously be interesting to compare the actual experi-
mental moments with those calculated by the random flight
approximation. Unfortunately, this is almost impossible owing to
our ignorance of the true dipole moment of the monomer unit.
Moreover, experimental moments are calculated from very
approximate formulas. They have a relative value and may be
useful for comparison purposes, but their absolute values are
probably grossly erroneous.

Nevertheless, the monomer moment calculated from the random
flight model for polybutyl methacrylate in CCl, at 40°,is 1.90D, a
value which is very close to that of most aliphatic esters. This
would seem to prove that, at temperatures higher than 40°, the
moment has reached its highest possible value.

VI. INTERACTION BETWEEN POLYMER AND POLAR
SOLVENTS IN DILUTE SOLUTIONS

An analysis of the previously defined function B(T') for dilute
solutions of polymers in polar solvents may be helpful for the
understanding of the interaction between polymer and these
solvents.33 Applying Frohlich’s theory, in which deformation
polarization is treated macroscopically, we consider the solution
as a continuous medium containing polar units. The dielectric
constant of the continuous medium is taken as equal to the square
of the refractive index of the solution 7, This value is very close
to that of the solvent. Each polar unit is represented as a sphere
of dielectric constant 7,2, having a point dipole located at its
center. It must be stressed that polar units may be either whole
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molecules, submolecules, or associations of several molecules. In
a binary solution, two kinds of units have to be considered: those
of the solvent characterized by the internal moment p’;, and those
of the solute having a moment p’y. Equation 15 obtained by Froh-
lich for pure liquids must therefore be replaced by

(o—"0%) (269+7*)T _ 4m

3¢, T3k
where N, and N, are the number of polar units of solvent and
solute per unit volume of solution. M,;* and My* are the total
moments of a sphere having a polar unit of solvent or solute
located at its center in a given configuration. p’; and p’, are the
moments of the polar units of solvent and solute in this con-

figuration.
Introducing weight fractions z;, and z, in Eq. 60, we find

(80—"9%) (289+7%)T
3e0d

[P’y My*>N,+<{p’y - Mp*)N,]  (60)

B(T) =

4 N x z
=Tl S 2]
where d is the density of the solution, and .#, and .#,, the
molecular weights of solvent and solute.

In a dilute polymer solution there are many more solvent-solvent
contacts than solvent-polymer contacts so that one may assume
with a reasonable approximation that the value of (p’; - M;*>
in the solution is practically equal to its value in the pure solvent.
This is given by

(83—7&,2) (283+n32) T ~ 4.7ZN0
385 ds - 3k¢l1

where the subscript s refers to the pure solvent.
Combining Egs. 61 and 62, we obtain

B,(T) = Py MY (62)

4nNyx,

B(T)—a,B,(T) = ?kz—

P’y Mp*> (63)

The moments p’y and M,*, as well as their scalar product, depend



DIELECTRIC PROPERTIES OF POLYMER SOLUTIONS 103

on the mutual orientation of all the dipoles present in the macro-
scopic sphere under consideration. In a general manner, whatever
the nature of the polar unit, we have:

M,* = p’y+2{p") (64)
where z is the number of solvent molecules in direct contact with
the polar unit of the solute. (We neglect interaction between
solute units.) {p';) is the average moment of the solvent molecule
in the direction of p’,.

Introducing the angle y between the polar units of the solute
and solvent molecules, Eq. 64 leads to

@y Mty = PIHEE Cconpyily = ) (66)
2
The average of the product must be taken over all coordinates
describing configuration of the fixed polar unit. In a similar
manner {cos y», is given by

{Cos PPy~ j cos y ¢ day, (66)

where U is the total energy of interaction between polar unit 2
and the solvent, and w, is the solid angle described by the rotation
of polar unit 1.

The subscript 2 indicates that {cos y), is a function of the
coordinates of unit 2. In fact, the energy U depends on the dipole
p', and on cos y so that there is a different value of g for each
value of p’,. The average product {p',%¢) is difficult to use, and for
practical reasons we introduce a mean value g’, defined by the two
following equations: ‘

(p'a%) = {p'2*¢

2 {p'3p'1{cos D)
p'e®

In this manner we may obtain numerical values of g’ from which

qualitative conclusions may be drawn as to the interaction between
solute and solvent molecules.

Passing on to polymer solutions, let us first assume that the

g =1+

(67)
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polar unit is identical to a statistical element. This unit is obviously
attached to two other similar units but, by definition, each may be
considered, as far as orientation is concerned, as completely
independent of the other two.

From Egs. 656 and 67, we find

ML ' 2P P'1{COs ¥p)
<p 2’ M2 > = <¢a 2> l:l+ <;c,2> Lo :I (68)

In order to correct for the deformation polarization by the environ-
ment, we use Frohlich’s relation

2.1 9\2
% = o () (69)
Combining Egs. 57, 68 and 69,
', _ 19+ 2\2 2{(y) p #1COS V3D
R e e
., g2+ 2\? (70)
=g o<ﬂ02>0 (_*—'3'_“)

On the other hand if the polar unit 2 is identified to the polymer
molecule itself, we find:

21 9\2 v
@2 My = sy () [y a2 rw |

3.1 9\2 (71)
= g" (us™>o (no 3+ )

In both cases, g'" depends simultaneously on the expansion
factor 4(T') or £(T) and on {cos y>,. The two effects are difficult
to separate as very little is known about the expansion coefficients.
Moreover if £(T) is equal to unity in all nonpolar solvents as it
seems to be the case for polybutyl methacrylate dissolved in
benzene and in carbon tetrachloride, the expansion observed in
polar solvents may be due entirely to an interaction effect, so that
&(T) and (cos ), are probably not independent of one another.
More experimental work is necessary to confirm these views.
As has already been said, comparison of the influence of various
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factors on the mean displacement and on the mean statistical
dipole would be extremely useful.

Numerical values of g’ can be obtained by comparing values of
B(T)—«,B,(T) for a given polymer in polar and in nonpolar
solvents.

For instance, in solutions of polybutyl methacrylate in carbon
tetrachloride there is no orientation correlation either at solvent-
solvent or at solvent-solute contacts, that is {cos y>, = 0. Since
in this case £(T') = 1, the correlation factor g’ is also equal to
unity. From this we deduce:

__4nNyz, 4w N2,
B(T) = 3k M, 27 kM,

If u, is identified to the dipole of the polymer chain as a whole,

it may be calculated from Eq. 72. Values so obtained were given in

Table II and are quite reasonable. As the molecular weight of the

statistical unit is unknown, its dipole moment cannot be evaluated.
For polar toluene solutions, we have

. 47[Noxz
T 27k,

so that combining Eqs. 72 and 73, g’ for toluene solutions is
finally gi