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INTRODUCTION

This discussion of isotope effects on rate constants will be carried out with-
in the framework of transition state theory. Consideration of unimolecular
reactions at low pressures is excluded. Isotope effects on transmission co-
efficients and on tunnelling will generally be ignored. The energy of an
N-atomic molecule is described in terms of 3N independent degrees of
freedom corresponding to three translations, three rotations (only two for a
linear molecule), and 3N — 6 vibrations (3N — 5 for a linear molecule),
with the electronic energy, of course, taken as isotope-independent. The
vibrations will be treated within the harmonic approximation and the trans-
lations and the rotations will be treated as classical degrees of freedom. One
of the vibrational degrees of freedom in the transition state (with zero or
imaginary frequency designated by vi*) does not correspond to genuine
vibration and is treated in the standard manner of transition state theory.
Reference should be made to the literature for discussion of these assump-
tions?—3. '

For simplicity, the case in which only one of the reactants is isotopically
substituted will be considered. The isotopic rate ratio k1/k2 at temperature
T is then given byl
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1 Research at Brookhaven National Laboratory was carried out under the auspices of the
United States Atomic Energy Commission.
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Here, by convention, 1 and 2 refer to light and heavy isotopic species, re-
spectively; the numerators refer to isotopically substituted reactant; * refers
to transition state; I’s are principal moments of inertia and M’s are molecu-
lar masses; u = Av/kT where v is a normal vibrational frequency, % is Planck’s
constant and £ Boltzmann’s constant (u is dimensionless; with v in cm—1,
u = 1-4385 v/T). The transition state products and sums are over the
3N* — 7 real (genuine) frequencies. vy} refers to the zero or imaginary
frequency of the transition state which is sometimes referred to as the fre-
quency of decomposition. The symmetry numbers s which give rise only to
purely classical statistical factors have been omitted here and subsequently.
Equations (1) and (2) are completely equivalent and one may be obtained
from the other by means of the Teller—Redlich product rule!. Equation (2)
shows that the high temperature limit (also the classical limit) of the isotope
effect is vi1,}/var? since at high temperature, « - 0, exp (u1 — ug)/2 ~ 1, and
1 — €xp (-——uli)/l — €Xp (—u21) -—>u11/u21.

The first ratio of ratios in equation (1), which is completely equivalent
to vir}/vert multiplied by the ratio of ratios of #’s (which will be referred to
as VP) in equation (2), arises from the translational and rotational partition
functions and will be designated as MMI. The second ratio of ratios, in-
volving 1 — exp (—u) factors, arises from excitation of vibrations and will
be referred to as EXC. The last term arises from the vibrational zero-
point energies and will be designated as ZPE. The equations can then be
written, kif/ky = (MMI) X (EXC) x (ZPE) = (vizl/var}) x (VP) X
(EXC) x (ZPE).

METHOD OF CALCULATION

In order to use equations (1) or (2) for the calculation of k1/k2 correspond-
ing to given knowledge or assumptions about force fields of reactant and
transition state, one needs to know the normal vibrational frequencies
(vii, vat, vii¥, vai?) of all the molecular species involved. The calculation of
the normal vibrational frequencies corresponding to a given force field is
very tedious for all except very small molecules, if carried out by hand or
with a desk calculator. Consequently, exact calculations with equations
(1) or (2) have been carried out in the past only for small molecules.

The availability of large digital computers has changed this situation.
Schachtschneider? has written a machine programme for calculating the
normal harmonic vibrational frequencies of molecules which employs the
FG matrix method of Wilson®. It is now quite feasible to calculate the fre-
quencies of a molecule containing as many as thirty atoms. The input data
consist of molecular geometries, atomic masses, and force constants. I’s and
M’s are automatically calculated by the computer. We have modified the
Schachtschneider programme so that isotope effects on rate constants or on
equilibria are also automatically calculated. An IBM 7094 computer was
used for the computations. The rate isotope effect is calculated within the
framework of equation (1). The products and sums are taken over all the
real frequencies. The transition state automatically has 3N+ — 7 real fre-
quencies. In the case of an equilibrium, the transition state quantities in
the denominator of equation (1) are replaced by reaction product quan-
tities, and the products and sums are taken over the 3N — 6 real frequencies
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of the reaction product. (MMTI)/[IT(ugsfu1s)/II(ug:*/u1s*)] is automatically
evaluated by the programme. (It is again emphasized that the products are
taken over the real frequencies). For the case of a reaction rate, this ratio
equals vip!/var! [see equations (1) and (2)], while for an equilibrium it is
unity. In most of our computations, we have worked with models yielding
vi} equal to zero so that the above procedure is the method by which we
have obtained vir}/ver}. If one is dealing with a reaction model in which the
vi¥’s are not zero (but imaginary) or with an equilibrium, then the latter
machine calculation serves as a convenient check on the machine computa-
tion of the vibrational frequencies.

MODEL CALCULATIONS

The above computing machine programmes have been employed to study
isotope effects in some model systems. The calculations on these model
systems will be used here to discuss approximation procedures which have
been developed for the consideration of isotope effects. These approxima-
tions include both procedures to calculate isotope effects corresponding to
given models of reactants and transition states and also methods to deduce
information about transition states from experimental results. In the sub-
sequent discussion®, we shall use the model systems to gain some knowledge
about secondary isotope effects. The general philosophy of these calcula-
tions has not been to attempt to reproduce theoretically a given experi-
mental finding nor to deduce something about the specific properties of a
given transition state in a certain reaction. We are instead attempting to
gain some understanding about kinetic isotope effects within the transition
state framework.

The model reactions studied include the following: (i) RX —» (RX),
(7)) RX + X — (RX;)3, and (i) CHa(COOH); - (CH;COOH—COOH)?.
R here is an alkyl group. X has a mass of eighty. The bond angles in the
RX reactants were chosen tetrahedral with bond distances R(CC) =
1-54 A, R(CH) = 1-09 A, R(CX) = 1-91 A. In the (RX)* transition state,
the CX bond was usually broken. This situation is sometimes designated by
(R—X)*. A zero frequency of decomposition was achieved in this case by
setting the diagonal CX stretching force constant fox? equal to zero (with

‘no interaction force constant between the CX stretching coordinate and
any other coordinate). Sometimes, instead, a CC bond or a CH bond has
been broken by setting the relevant force constant ( foct or fom?) equal to
zero. The geometrical arrangement of the (RX)? transition state has usually
been kept the same as in the reactant [{(MMI) = 1-000]. Consideration of
lengthening, in the transition state, of the bond to be broken or of even more
serious geometric changes does not alter general conclusions, as will be
explicitly pointed out in the following discussion®. In the (RX5)?* transition
state, the geometrical arrangement about the carbon atom to which the two
X atoms are attached is a trigonal bipyramid with XCX angle = 180°,
H(C)CX angles = 90°, H(C)CH angles = 120°, R(CH) = 1-09 &, R(CC)
= 154 A, R(CX) = 2:25 A. In other ways, the geometry of R is the same
in reactant and transition state. The zero frequency of decomposition vp}
was achieved here by one of two different methods. In the first, one CX
bond in (RX3)* was broken by just setting one diagonal CX stretching force
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constant (say fcx}) equal to zero (with fox} > 0). In the second method,
vy} corresponds to motion in which one CX distance is decreasing and the
other is increasing. The zero vt was achieved by setting fox! = fox} =
JS12* where fi2t is the interaction force constant between the two stretching
coordinates. The CX-bond-breaking transition state for (RX)*t might cor-
respond to transition states in Syl reactions while the (RX3)? transition
states described above might correspond to transition states in Sy2 reactions.
The third type of model reaction considered corresponds to the breaking of
a carbon—carbon bond in malonic acid. We use this reaction as a model for a
decarboxylation reaction. A reasonable geometry was chosen for the
reactant?. The transition state geometry was left the same as the reactant
geometry, although again we have carried out other calculations in which
the CC bond to be broken was enlarged in the transition state. The zero
v} was usually achieved here by setting the relevant fget = 0.

Needless to say, the force constants in a given molecular species are inde-
pendent of isotopic substitution!. Within the philosophy of these calcula-
tions, no attempt has been made to pick “best” force fields for reactants.
Reactant force fields (and transition state force fields, for that matter, except
for the fis* interaction force constant mentioned above) have usually been
chosen to include only diagonal force constants, denoted by feoorainate,
(i.e., a so-called valence force field) for bond stretches, bond-angle bends,
torsions, and out-of-plane wags. The force constants used for the reactant
alkyl groups and for reactant malonic acid are reasonablet but specific
ones might be wrong by a factor of two when comparison is made with real
systems. We have, in fact, at times used different force constants for the same
reactant in different calculations. X might be a bromine atom, but no
special significance should be attached to its mass, or even to the fact that
both X atoms in (RX3)? possess the same mass, except that it is much heavier
than an H atom. Thus, while there might be some quantitative change in the
isotope effect if X were replaced by a polyatomic organic group, such re-
placement would not lead us to new qualitative conclusions. We are antici-
pating, in part, here and below, the results of the later section on cut-off pro-
cedure. RX force constants were sometimes chosen as though X were
bromine but at other times more arbitrarily. The magnitudes of the bending
force constants coupling X to the alkyl group were in the range of magnitudes
of usual bending force constarits. Qualitatively, the isotope effect depends
largely on force constant differences at the isotopic position(s) between
reactant and transition state. Generally, lower force constants in the transition
state than in the reactant lead to isotope effects £1/ka > 1, while higher force
constants lead to £1/k2 << 1. While some of the force fields used are indicated
in the tables in this and in the following® discussion, we have generally listed
only the important force constant differences between reactant and transition
state. Some of the force constant changes which were made between reactants
and transition states were necessary to obtain the one zero (or imaginary§)

1 The “ reasonable ” force constants used in the present and in the subsequent paper®
are not based completely on any one source but they are based in large part on compilations
of force constants such as found in reference 4.

§ All of the calculations explicitly presented in this paper correspond to zero values of

vri. Some calculations leading to imaginary values of v1.¥ have been carried out; these do
not alter any of the present conclusions.
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frequency which characterizes the transition state (as discussed above),
while other changes were made just to investigate the consequence on the
isotope effect. We have not necessarily asked the question whether these
latter force constant changes have reasonable physical bases. We have
generally attempted to avoid the drawing of conclusions which depend on
some peculiarity in the chosen force fields. We are aware of the possible
pitfalls in drawing conclusions from model calculations, and we hope that we
have avoided such pitfalls.

THE LOW TEMPERATURE APPROXIMATION

At low temperature, the vibrational excitation factor EXC is unity. We
will refer to

Fifks = (MMI) x (ZPE) 3)

as the low temperature approximation. Once a model for a transition state
has been assumed, MMI may be calculated just on the basis of geometrical
considerations and the masses of the atoms. Ifit is then possible to calculate
or to estimate ZPE+t, equation (3) can be applied to obtain £ /ks. Conversely,
if equation (3) is valid, ZPE may be obtained from experimental data at one
temperature if MMI is “known”. If experimental data are available over a
range of temperatures, both MMI and ZPE might be deduced.

EXC will be less than unity, at a given temperature, if all the frequencies
of the reactants are so large that the corresponding 1 — exp (—u) factors
may be considered unity while the transition states possess lower frequencies
which are excited. In considerations of more complicated situations, one
must always bear in mind that at very high temperatures (EXC) = (VP)-1
= (MMI)-1 x (viz}/ver}).

Table 1 shows that the low temperature approximation is generally a
good approximation at 50°K. Cases 1 and 2 correspond to the same transi-
tion state. For the hydrogen isotope effect, the lowering of HCX bending
force constant in the transition state with respect to reactant appears to
determine the negative deviation from unity in EXC at room temperature.
On the other hand, for the carbon isotope effect, the disappearance of the
low frequency, which is essentially a CX stretching frequency, in the transi-
tion state (it “goes over” into the frequency of decomposition vi}) makes the
major contribution to EXC at room temperature and leads to EXC larger
than unity. Case 6 corresponds to CH bond break and EXC differs very
little from unity even at room temperature. However, case 11 also corre-
sponds to CH bond break but (EXC) = 0-918 at 300°K. Case 11 is typical
of a number of cases in the table where MMI is larger than unity white at
room temperature EXC is smaller than unity. One should not draw the
conclusion that large MMI will invariably yield EXC less than unity because
models could easily be constructed which do not show this trend. Moreover,
MMI equal to unity does not necessarily mean EXC close to unity as
evidenced by case 10, where an increase in torsional force constants in the
transition state has led to a considerably smaller contribution from the

T Some attempts to calculate isotope effects on zero-point energies in molecules without

calculating all the normal vibrational frequencies have been undertaken®. The application
of these methods to transition states and to the evaluation of ZPE needs further investigation.
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torsions in the transition state to EXC than from these torsions in the reactant.
EXC in case 9 is also Jarge compared to the total magnitude of the isotope
effect. Here force constants which ‘‘determine” low frequencies in the
reactant have been lowered further in the transition state. One should, of
course, remember, as already noted, that at very high temperatures EXC
becomes equal to the inverse of MMI times vig}/vart.

Table 1 also lists apparent values of MMI (denoted AMMI) and apparent
values of ZPE (denoted AZPE) which were obtained by assuming that the
temperature-dependence of the isotope effect is indeed given by equation
(8). The procedure which is employed now is typical of one of the uses to
which we have put the results of model calculations. The model calcula-
tion ki1fks results are used as though they were experimentally observed
isotope effects and subjected to a type of analysis to which experimental
data might be subjected. The approximate values so obtained for certain
quantities are compared with the values which these quantities are actualy
known to have in the model system. It was possible to fit a plot of In (k1/kz2)
versus 1/T over a limited temperature span reasonably well by a straight
line. The straight line used for the present purposes was the one which
connects the points at 300 and 325°K but this line usually fits the point even
at 400°K quite well. The infinite temperature intercept of this straight
line was designated as In (AMMI) and AZPE was determined at 300°K
from ki/ke = (AMMI) x (AZPE).

The low temperature approximation does perform reasonably at room
temperature in some cases. The judgement on how well it performs depends
on the accuracy which is expected. There are some cases in Table 1 where
the approximation is quite poor. The AMMI values determined from the
room temperature values of isotopic rates in Table 1 do not appear to give
generally reliable information about MMI. In the subsequent discussion$,
these values are referred to as A. The AZPE values in Table 1 show a
similarity to the actual ZPE values and, at least for the model cases here, it
is possible to obtain some idea of the isotope effect on the zero-point energy
difference from the temperature dependence of the rate isotope effect.

Further comment on case 4 appears appropriate at this point, Melander?
has considered carbon isotope effects in Sy2 reactions and has indicated that
these may be large compared to carbon isotope effects in Syl reactions (see
case 2) essentially because of the large magnitude of MMI in the former.
Actually, we find that we can consider case 4 in two steps: (1) ¥CH3X 4
X = UCH3Xo, (2) 1¥CH3Xs - (14CH3Xs)*. The first step is an equilibrium
step with (MMI) = 1-113 while the second step is the reaction step, now
with (MMI) = 1-000. Some calculations have been carried out in which,
in the first step, all six facx? and both fex? in CH3X; were set equal to one-
halfthe corresponding values in CHgX. The isotope effect in the equilibrium
step is now found to be 1-005 at 300°K. The cause of the isotope effect in
the over-all reaction must now be found in the force constant changes at
the isotopic position during the reaction step 2f. It is of interest that case
5 gives rise to an inverse isotope effect in spite of the large value of MMI

{ We note that, within the philosophy of the present calculations, we have not attempted
to determine for what kinds of force fields, Sy2 type reactions would correspond to higher
isotope effects than Syl type reactions.
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which corresponds to this case. These examples have been pointed out to
show the general dangers which may be inherent in considering only one or
another factor in equation (1).

THE HIGH TEMPERATURE APPROXIMATION

For sufficiently small values of u = Av/kT, equation (2) (in logarithmic
form) can be expanded in powers of 1/7. The first non-vanishing term
involves 1/72 and is given below!, ¢

IN—6 3Nt—7
In (k1/ke) = In (viz#/ver?) + (1/24){X (ui® — uzi?) — X (uui?? — u2it?)}
= In (viz#/var®) + (1/24)(~/27kT)2 X (as — ay?) (mas~t — ma~2)

= In (vie#/var?) + (1/24) (/20 T)2 { 3 fis(gry — g2,4)
1,]
reactant
— Zfutlery — ga.u)t} 4)
1,1

The second and third forms of equation (4) contain the Wigner tunnelling
correction terml. a5 — ayt refers to the difference in the three diagonal
Cartesian force constants of atom ¢ between the reactant and the transition
state and m refers to atomic mass. The sum in the second formulation need
only include the isotopically substituted atom(s). In the third formulation,
fij refers to the usual force constants (2V = Y fi;qi9;) and gij to the corre-
sponding G-matrix elements of Wilson5. The sums need only be over those
coordinates g, g; which both involve the same isotopically substituted atom.
The second and third formulation have great appeal since they enable one
to calculate an isotope effect just from a knowledge of force fields, geometries,
and atomic masses. As has been pointed out, equation (4) just represents the
first term in an expansion. The complete series converges for all u < 2.
Because of the slowness of the convergence of the series near its limit of
convergence and because « <C 2 is very restrictive at room temperature,
the complete series has not been found of general utility. Equation (4)
should be valid for both # and Az = #; — ug small. In order to extend the
validity of equation (4) to larger «, it has been proposed! to replace 1/24
by #/24. 7 is defined in terms of the Bigeleisen—-Mayer function G(x) by
y = 12G(@) /it ,where i refers to some average frequency which is responsible
for the isotope effect. A table of 12G(«)[u has been calculated? and one can
determine that for large u, corresponding to high frequency, y is small while
it tends to unity for small . By definition, 7 is temperature dependent.
We have shown previously? that the application of the gamma-bar method
to carbon isotope effects in the decarboxylation of malonic acid (with just
a simple CC-bond-rupture transition state) shows only qualitative agree-
ment with the exact calculation by means of equation (1). While a fre-
quency of ~800 cm~! in the reactant involving (in part) CC stretching
motion seemed to be the one no longer present in the transition state, it
was found that, in the region between 300 and 500°K, 7 corresponding to-
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~1450 cm~1 was necessary to fit the data designated by ki/ks while
7 (~1800 cm~1) was necessary for £1/2k3. Perusal of calculated frequencies
shows that the difference in the isotope effect on frequencies between re-
actants and transition states for reactions of this type involves a wide range
of frequencies.

In Table 2, results are shown of applications of the high temperature
approximation to some primary carbon isotope effects and some secondary
hydrogen isotope effects. It has been assumed here that vip1/vart is known.
The determination of vip}/vert does indeed present a problem (see next
section). When one compares approximate k;/ks values with exactly calcu-
lated ones, one should bear in mind that one should really compare devia-
tions from the limiting value vi11/vert. Values of k1/k2 at 300°K calculated
with § = 1 are shown. So long as CH stretching force constants are not
involved in the force constant changes between reactants and transition states,
the agreement between the exact and calculated £ ratios in the table might
be described at least as fair (depending on degree of accuracy desired).
As expected, the agreement improves at higher temperature. Thus, one
calculates at 500°K in case 1, £1/ks(7 = 1) = 1:0751 while the exact value
is 1-0722. The table also shows the # values at 300°K and the frequencies
to which they correspond. ¥’s corresponding to such frequency are found to
give k ratios in reasonable (sometimes better, sometimes worse) agréement
with exact k& ratios over a temperature range (300-500°K). The average
frequencies are higher than one would anticipate. Thus, the CX stretching
frequency which disappears in the transition state in cases 1 and 2 has a
value of ~600 cm~t. § corresponding to 600 cm~1 equals 0-885 at 300°K+t.
Since the ¥ derived from the £ ratio for case 1 equals 0-751, it is seen that the
use of the 600 cm~1 value would remove of the order of 50 per cent of the
discrepancy between the deviation of the exact k ratio from virt/vert and
the deviation, from vi13/va1i, of the & ratio computed with ¥ equal to unity.
The “anomalously reasonable” average frequency in case 4 comes about in
spite of the fact that there are large positive and negative shifts in isotope
effects on frequencies over a large frequency region. In order that the aver-
age frequency as calculated by us should have meaning, it is really necessary
that either isotopic shifts in u values or differences of individual isotope-
dependent u’s between reactant and transition state should be small
Neither one of those conditions is well met by case 5, a secondary deuterium
isotope effect. In case 6, where the shift in frequencies between reactant
and transition state might be expected to be smaller, we find an average

T We have examined the calculated reactant and transition state frequencies for case 1
(Table 2) which corresponds to simple CX bond break. Besides the isotope effect on the
zero-point energy difference between reactant and transition state which results in the
600 cm—* region from the disappearance of the CX stretching frequency, there is a sizeable
effect in the bending frequency region ~1400 em~1, Thus, if only the calculated isotope
effect in the 600 cm~! frequency is assumed to contribute to the vibrational terms in equa-
tion (1) (see reference 2 for discussion of this type of approximation), one obtains &,/k, =
1-079 at 300°K. which must be compared with the exactly calculated value 1-099. Similarly,
the carbon isotope effect in the CH bond break (case 7, Table 2) is calculated to be 1-056
at 300°K if only the calculated isotope effect on the CH stretching frequency which disappears
is used (exact value is 1-035). On the other hand, for a primary hydrogen isotope effect in a
similar reaction (case 6, Table I), the one frequency approximation yields k;fk, = 7-44 at
300°K while the exact value is 7-28. The general quantitative significance of one-frequency
approximations in equation (1) is thus somewhat dubious even for simple bond breaks.
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frequency of 3280 cm~1 in spite of the fact that ~1/3 of the contribution to
the coefficient of $/24 arises from the change in the HCH force constant
(which contributes principally to lower frequencies). In general, the applica-
tion of the “gamma-bar method” as used here will become more confusing
if force constants which contribute mainly to large frequencies and force
constants which contribute mainly to small frequencies are changed at the
same time, especially if one set of force constants increases between reactant
and transition state and the other set decreases. 7 corresponding to a shift
in force constants which affect high frequencies will tend to be small, while
7 corresponding to a shift in force constants which affect low frequencies
will tend to be large. One could contrive a situation where: (i) force
constants corresponding to high frequencies are increased in the transition
state with respect to reactant (this increase by itself would tend to give an
inverse isotope effect—but with small value of §) and (i) force constants
corresponding to low frequencies are decreased in the transition state (this
latter decrease by itself would tend to give a normal isotope effect with
larger value of 7), in such a way that the coefficient of $/24 in equation (4)
vanishes. The over-all isotope effect in such a situation might be consider-
ably larger than vip}/vert. Case 9 of Table 1is an example of such a situation.
The gamma-bar method in the simple form presented here (i.e., an equation
with just one ¥; see reference 1) must fail completely in this situation.

Once an isotope effect has been obtained for a model system and % has
been calculated as in 7able 2, the gamma-bar method may be used very
successfully to predict how further force constant changes will affect the
isotope effect. Thus, for instance, according to equation (4), changes in
force constants not involving the isotopic position(s) should not change the
isotope effect; within limits, this is found to be the case. Also it is found, as
predicted, by equation (4), that the actual values of the force constants corre-
sponding to coordinates even involving the isotopic position(s) are not
very important, within limits, so long as these force constants have the same
values in reactant and in transition state.

For general qualitative reasoning about isotope effects, we find the high
temperature approximation and its very simple modification very useful.
For quantitative applications, methods for determining the average fre-
quency a priori have still to be found. We also know that there are situations
where the simple procedure will break down.

v} /v t—THE RATIO OF THE FREQUENCGIES OF
1L/ V2L
DECOMPOSITION

The factor vip!/vert has received considerable attention! during the past
decadet. At one time it was thought that, for simple bond rupture, the
isotopic frequency ratio vipt/var! is equal to the ratio of the square roots of
the reduced masses of the atoms forming the bond being broken (Slater

t Since vy ¥/vy; 1 is the high temperature limit of the isotope effect and because of the way
in which this factor appears in equation (4) and in some related equations, vy; ¥/v4;,+ hassome-
times been referred to as the “temperature-independent factor”. This somewhat unfortunate
nomenclature has led some workers® to conclude that an equation of the form kfk, =
(vylfverd) X (ZPE) may be implied. The latter formulation is, of course, not generally
meaningful.
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value). Subsequently, it was thought that the reduced mass corresponding
to the two fragment masses instead of the two atomic masses should be used
(fragment value). If we regard as simple bond rupture the case where the
stretching force constant of the bond to be broken is set equal to zero in the
transition state, we actually find that the fragment value is correct only if the
centres of mass of the two fragments lie on the extensions of the line corre-
sponding to the broken bond, as in CD3X ~ (CD3—X)*. Otherwise, the
fragment value is only an approximation since there will be relative rotation
of the two fragments in addition to relative translation in the decomposition
motion; the malonic acid decarboxylation model is an example of the latter
situation. If the usual designation of isotopic rate constants for malonic acid

&
decarboxylation is used, 12CHy(12COOH)2 — 12C0q, 12CH(12COOH)

ks
(133COOH) — 1BCOq, then vi1}/var for £1/2ks equals 1-0054, while the frag-
ment value is 1-0062 and the Slater value is 1:0198. Values of vi1}/va1! for
many model reactions are given in the tables of this paper and of the sub-
sequent paperé. While the interpretation of the numerical values of vir#/var?
is of interest, we do not intend to pursue this question further here.

Since the value of vi1,}/var.} throws some light on the nature of the transition
state, there has been interest in the determination of vi1.}/ver} from experi-
mental data in the region in the vicinity of room temperature (where most
experiments are carried out). We want to look critically at the methods,
which have been used principally for carbon isotope effects. For convenience,
the discussion is restricted to isotope effects with (ZPE) > 1.

The methods which have been proposed for determining or bracketing
the value of vir¥/ver} includells 12: (7) extrapolation of a straight-line plot of
In (ki/ks) versus 1/T to infinite temperature to yield a lower limit to In
(vit}/vart), (if) similar extrapolation versus 1/T2 to yield an upper limit to
In (viz}/vert), (i) similar extrapolation, within the framework of the
method, versus §/T2, and (iv) the Yankwich-Weber—Ikedals, 14 (YWI)
“semi-empirical” method. Methods (i) and (z) are indeed valid at high tem-
peratures where equation (4) is valid. Method (i1i) gives the correct result
if the value of the average frequency is known and if the ¥ method is applic-
able to the isotope effect; we have already pointed out the difficulty con-
nected with the problem of the average frequency.

In a temperature region in which the isotope effect is expressible by
equation (3), method (7) extrapolates to In (MMI) which does not neces-
sarily bear any relationship to In (vig}/ve1}). In intermediate temperature
regions, one can show that method (i) could lead to extrapolations higher or
lower than In (viz!/vart), which need not even lie between In (vir#/var?) and
In (MMI). The use of method (it) in the region where equation (3) is
applicable yields In (viz}/ver}) = In (MMI) + (ZPD)/(T1 + T3), where
ZPD is the isotope effect on the zero-point energy difference between react-
ant and transition state in units of °K, and 7% and T’ are the two tempera-
tures through which the straight line is drawn?t. Thus, if the zero-point

1 Over a limited temperature range (T3, T}, one can fit an equation of the form « 4 8/ T
reasonably well by an expression A + BT, and vice versa. Simple algebraic manipulations
show then B = BT\ T,/(Ty, + T,), 4 = w + B/(Ty + T,), or inversely, B = B(Ty + T)/
TWTo o= A — BJ(T\Ty).
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energy factor is made to increase without changing virt/var* or the other
factors in the rate ratio expression, the apparent value of vipt{ver? or, more
properly, the apparent value of its upper limit, from method (i), will
increase. o

In the YWI method, the isotope effect is written k1 /ks = (TIF) x (TDF)
where TIF (temperature-independent factor) refers to vir}/vert and TDF
(temperature-dependent factor) refers to the rest of equation (2). YWI
sought to establish a relationship between the temperature dependence of
In (k1/k2), in a given temperature range (103/7 = 3:00 to 2-75), expressed
by A In (ki/k2), and the value of TDF at the mean value of 1/7. With a
limited number of model calculations, Yankwich and Tkedal4 obtained a
narrow range of plots of {In (TDF))ay. versus A In (k1/ks) with slopes ~6-5—
9-:0t. In cases where A In (k1/k2) values are too high to be used with these
plots, we employ {In (TDF)Yay, = A In (k1/k2) X (0-16 £ 0-02)~1 in the
temperature range 103/7T = 2:75-2-50 as suggested by Yankwich and
Weber!3. The use of actual model calculations in the YWI method may
compensate for a good deal of the error inherent in the other methods for
determining vir!/var?. Still, the answers obtained only have meaning if the
actual experimental situation lies within the range of the models employed
by YWI.

Table 3 presents some results corresponding to the isotopic rate ratio in
the decarboxylation of malonic acid previously denoted as £1/2k3. Similar
results have been obtained with 13C-substitutions in other positions in
malonic acid. We follow here the previously discussed procedure of sub-
jecting the isotope effects calculated by the digital computer for various
force field assumptions to the same kind of analysis to which one might sub~
ject experimental data (i.e., methods (1)—(iv), above). Calculated data from
275 to 500°K were employed. As with experimental results, there was
usually no difficulty in making the straight line plots required, at least
through the points in the upper hundred degrees of the temperature
region.

Case I corresponds to the normal reactant force field and transition state
force field previously used by the authors?. Transition state geometry and
reactant geometry are the same. The carbon—carbon bond is broken in the
transition state by lowering the relevant foo from 4-4 md/A in the reactant
to zero in the transition state. Cases IT and III are similar to case I except
that both carbon-carbon stretching force constants in the reactant were
given the value 8-8 (case II) and 13-2 md/A (case III). These cases were
carried out to show that one obtains the result expected when the zero-
point energy isotope effect is increased. Case IV is again similar to case I,
but in the transition state, carbon—oxygen stretching force constants were
lowered in order to increase the zero-point energy isotope effect. Case V
corresponds to the normal reactant force field; the force constants in the
transition state were adjusted to yield a large value of vi1}/ver! (the decompo-
sition coordinate does, in fact, almost correspond to the so-called Slater
coordinatel) but the over-all isotope effect was kept approximately the

+This method bears some relation to the high temperature approximation equation (4),
which vyields in this temperature range <In (TDF)>ay, = Aln (k,/k;) X 5-75. If equation (3}
were valid, one would obtain {In (TDF))ay. = Aln (k/k;) x 11-5 + In (VP).
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same as in some of the other cases. In the use of the $ method here, the
“historic”l: 7 value of 900 cm—! was employed for the average frequency in
cases I, IV, and V. In cases II and III, where higher values of carbon-
carbon stretching force constants were used in the reactants, values of 1300
cm~1 and of 1600 cm—1, respectively, were employed. The values of
In (vizt/ver!) obtained in the various cases are listed in Table 3. The 1/T
plots do give lower limits here but the absolute values are not very useful.
It should be noted that both positive and negative deviations from In (MMTI)
= 0 occur. The 1/72 plot does not consistently lead to the low actual value
of wirt/ver} in cases I-IV which must be compared with the high value in
case V. The increase of ZPE does, as expected, increase the apparent
value of vjpt/vert (or rather its upper limit). The YWI method does not
perform much better than the 1/7?2 extrapolation. The ¥ method performs
best, especially in cases II and IIT where some compensation has been
introduced by making the indicated changes in the average frequency. As
already mentioned, if the proper value of the average frequency were known,
this method would vyield the correct results.

The conclusion to be drawn from these considerations is that there are no
generally valid methods available today for estimating v}/ vzr} from measure-
ments of rates in the vicinity of room temperature. In cases where one has
some g priori feeling about the nature of the transition state, either the YWI
procedure using model calculations or the ¥ method may function quite
well. ’

CUT-OFF PROCEDURE

As the molecules involved in the computations become larger, the compu-
tations become more cumbersome and consume more computer time. There
is some final limit for molecular size above which it is no longer feasible to
make computations even with a high-speed computer. Also, there may be
cases where the reaction centre is part of a large molecule whose exact
nature is not known. There is, therefore, good cause for looking for methods
of employing calculations with smaller molecules (or model molecules) to
predict the results which would have been obtained in calculations with
larger molecules. We have, so far, only carried out some preliminary in-
vestigations of this topic. All of these investigations have involved secondary
isotope effects.

In the subsequent paper® secondary isotope effects in the absence of
force constant changes at the isotopically substituted positions are discussed.
‘This discussion leads one to suspect that, in the calculation of secondary
isotope effects, the computational results would be little affected by large
changes in that part of the molecule (either in reactant or in transition
state) further removed from the isotopic atom(s) than two bonds, including,
possibly, complete cut-off of all of these parts of the molecule. If vir#/var* in
the “cut-off”’ calculation and in the original calculation differed, one would
expect to have to introduce a correction for just this factor to obtain the
same effect in the cut-off case as in the original molecule computation.
One should not, of course, cut off parts of the molecule containing atoms
which are involved in coordinates coupling them to the isotopic positions
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if there are changes in the force constants of these coordinates (such changes
contribute to the over-all isotope effect).

Table 4 presents some data for the model reaction n-CH3zCDyCHoX -+
X — (n-CH3CD2CH:Xz)! where the indicated changes in CH stretching
force constants and in HCH bending force constants on the 8 carbon atom
were made between the reactant and the transition state. The last two

Table 4. Cut-off calculations for CH,CD,CH,X + X - (CH;CD,CH,X,)$*

A. Values of isotope effect &, [k,

Reactant “molecule”
T(°K) n-CH,CD,CH,X"* C-CD,CH,X°* CHD,CH,X% C-CD,-C® CD,!

50 1-8763 1-8669 1-8762 2-0190 2:1224

200 1-1920 1-1918 1-1915 1-1917 1-2061
300 1-1244 1-1244 1-1255 1-1222 1-1296
500 1-0689 1-0690 1-0699 1-0661 1-0683
1000 1-0271 1-0272 1-0279 1-0243 1-0245
virHvar ¥ 1-0027 1-0028 1-0035 1-0000 1-0000

B. Decomposition of isotope effect at 300°K

MMI 1-0725 1-0756 1-1005 1-0000 1-0000
EXC 0-9547 0-9533 0-9321 0-9982 0-9965
ZPE 1-0982 1-0966 1-0973 1-1242 1-1336

* Reactant: fox = 40, fcp = 45 md/A, fpep = 0-53 md-A; transition state: fex,t = 00, fox:t = 4°0,

fept = 4:36 md/A, fpept = 0445 md-A.

P CH,CD,CH,X + X — (CH;CD,CH,X,)}
®C-CD,CH.X + X - (C-CD,CH,X )t
9 CHD,CH,X + X — (CHD,CH,X,)}

® C-CD,-C = C-C*D,-C

fCD, = C*D,
calculations actually just refer to calculations of isotopic equilibrium con-
stants with the same force constant changes at the isotopic positions, i.e.,
C-CDy-C = C-C*D3-C, CD3 = C*Dy (* indicates force constant changes).
In these two calculations, no vi! appears and, consequently, the apparent
value of vi1.¥/ver!t equals unity. Itisseen thatin the room temperature region
only the last calculation (CDy) performs atall unsatisfactorily. The C—-CD3z~C
calculation does give somewhat high values at very low temperatures.
The first two cases have almost identical vip}/vert. The introduction of a
correction for viyt/ver! values into the third and fourth cases (e.g., multiply
fourth case by 1-0027) brings these into closer agreement with the first case
at room temperature and above. Attention is drawn to the fact that the
MMI factors for the equilibrium cases are quite different, not because of
equilibrium, but because no X atom is added. Again it is evident that only
the triple product (MMI) x (EXC) X (ZPE) is important.

A number of other, similar cut-off calculations have yielded similar
results. It is of interest that when one examines the calculated fre-
quencies for different “cut-off reactions”, which all yield similar isotope
effects, oue finds different isotope effects on vibrational frequencies in differ-
ent frequency regions.

Some computations have been carried out in order to test the importance
of vi1}/va1! on the cut-off procedure. CD3CH:X + X — (CD3CHXs)t has
been studied both as a reaction (i.e., 20 real frequencies in CD3CH2Xs) with
vir}{vert = 1-0387 and as an equilibrium (i.e.,, 21 real frequencies in
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CD3;CH2X3) with no vi.t appearing. Theforce constant changesat theisotopic
positions were kept the same. The ratio of the isotope effect on the rate to
that on the equilibrium is within 0-4 per cent of vir.}/va1.} at 200°K and within
0-1 per cent at 300°K.

Obviously, further study on: cut-off procedures is necessary in order to
define the real limits of such procedures. Study on primary isotope effects is
especially necessary. (Some such study has already been carried out by
Sharp and Johnstonl5). For the present, we are much encouraged by our
preliminary results.

CONCLUSIONS

Computer programmes for the evaluation of kinetic isotope effects, on the
basis of given reactant and transition state force ficlds, have been employed
to study some of the approximation procedures which have been used in the
theoretical treatment of isotope effects. The general danger of just con-
sidering one part or another of the theoretical equations has been pointed
out. The interplay of the three factors which make up equation (1) suggests
further search for expansion methods which express the isotope effect even
at room temperature directly in terms of force constants, geometries, and
massest. The high temperature equation and the so-called gamma-bar
equation have been found of great qualitative utility, but there exists some
question about their general quantitative usefulness in the room temperature
region at present. Difficulties involved in obtaining the isotopic frequency
ratio of the decomposition frequencies from room temperature region
experiments have beeu pointed out. Indications have been obtained that
the isotope effects for very large molecular systems can be studied theoretic-
ally by working with smaller molecules,
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