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Data on quasi-unimolecular reactions have usually been compared with theoretical equations based on
classical treatments, because the expressions are simpler than those obtained on the basis of a quantum
model. The quantum reformulation of the RRK theory in Part I is used to compute the pressure dependence
of the rate constants and the limiting low-pressure rates for a variety of unimolecular reactions without
employing adjustable parameters. An asymptotic expansion of the integral for the limiting low-pressure
second-order rate constant provides a very simple expression for this quantity.

The errors inherent in corresponding classical calculations are estimated by comparing these results with
those obtained from the theory in its classical limit. The error is temperature dependent and at low pres-
sures increases from a factor of about three (under typical experimental conditions) for small reactants
such as O, and N,O to 10° or more for large molecules such as cyclopropane, C;Hs, and N3Os. In most cases
the rates calculated from the quantum form are in reasonable agreement with those obtained experimentally
when all of the reactant oscillators are assumed effective in intramolecular energy transfer.

INTRODUCTION

HE increasing availability of reliable gas kinetic
data has stimulated renewed interest in the ap-
plication of theories of quasi-unimolecular reaction
rates (e.g., references 1-9). Slater and RRK theories in
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their classical mechanical forms have been frequently
used to interpret experimental data! partly because of
the relative simplicity of the classical equations.!

There has been in recent years an increasing aware-
ness of the magnitude of the errors inherent in treating
vibrations as classical (cf. references 2-4) and of the
importance of anharmonicity in intramolecular coupling
of molecular vibrations in energetic molecules.**!
Only by neglecting these factors, however, was Slater!
able to develop his strikingly elegant and stimulating
theory of pressure effects on unimolecular reaction
rates.

To include both quantum and anharmonic effects, a
quantum mechanical transition state reformulation of
the RRK theory was developed.? It was used to predict’
the pressure dependence of methyl radical recombina-
tion and has been employed to explain data on the
life-times of energetic molecules® and on unimolecular
reactions?® and to interpret isotope effects at low
pressures.®> Attempts are in progress to apply it to the
interpretation of mass spectra.*

Some advantages of this formulation are (1) an
absence of the curve-fitting parameter appearing in the
generally used RRK formulation, and (2) applicability
under conditions where the assumptions inherent in the

1 For a detailed criticism of the quantum form of the Slater
%lig%, cf. F. P. Buff and D. J. Wilson, J. Chem. Phys. 32, 677

11 A review of the numerical values of the anharmonicity con-
stants for coupling of different vibrational modes (reference 39)
shows that they are of the order of ‘magnitude of 10 cm™?, some-
times much larger, Thus, a characteristic time for an anharmonic
coupling of vibrations of comparable frequencies is extremely
short, 3X10~% sec, and, recalling the hl.ifh density of quantum
states in high energy polyatomic molecules, suggests that there
will be appreciable energy transfer between vibrations in ve
short times. For purposes of comparison it is noted that the typi-
cal dissociative lifetime of a molecule in unimolecular reactions
having a “falloff region” around 1 mm. (p; in Table IV given
later) is of the order of 1077 sec, cf. E. E. Nikitin, Proc. Acad. Sci.
(U.S.S.R.), Phys. Chem. 129, 921 (1959) (Eng. transl.).
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Slater theory are not justified, e.g., when anhar-
monicity or quantum effects are important, or when the
molecule near configurations of the activated complex
has vibration frequencies which differ from those of the
initial state.

In spite of the uncertainty that still exists in regard
to the proper characterization of many gaseous reac-
tions, there are a number of decompositions and iso-
merizations of polyatomic molecules which are be-
lieved to proceed according to unimolecular mecha-
nisms.”? These kinetic data are used in the present
paper to test the quantum formulation mentioned
earlier and to estimate the magnitude of the errors
involved in calculations where the corresponding clas-
sical theory is employed.

Reduced quasi-unimolecular rate constants as a
function of pressure p are computed from the quantum
form of the theory for (a) cyclopropane—propylene,
(b) cyclobutane—ethylene, (¢) methylcyclopropane—
butene-1+butene-2 isomers, (d) N;0—N,+O, (e)
cis butene-2—irans butene-2, (f) C.H;Cl-HCI+4
CoHy, and (g) NyOs—NO,+NO;. Results on the effect
of temperature on shifting the logarithmic plots of the
reduced-rate constant vs p curves are calculated for
reactions (a) and (c) and compared with the experi-
mentally observed shifts.

Second-order rate constants are computed from the
limit as $—0 of the theoretical expression for reactions
(a)) (d): and (g)) and for (h) 08_)02+0: (1) on—)
OF+F, (j) NO,Cl-»NO.+Cl, (k) H,0.~20H, (1)
N:0s—2NOg, and (m) CoHg—2CHs,.

The error in classical calculations is estimated for
very low and very high pressures by comparing the
quantum expressions and their classical limit. Specific
calculations are made for each of the above reactions.

As discussed in more detail later, there is some
uncertainty in several of the reactions just cited, both
with respect to the accuracy of the results and the
correction for heterogeneity. In such cases, the esti-
mates made in this paper on the errors of classical
theory will still be substantially unaffected. Moreover,
an approximate correction factor, to amend the calcu-
lated logarithmic plots of reduced rate constant vs

_ kT P1+P}z+ exp(—E.,/RT) he
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pressure in case of subsequent corrections to the
experimental high-pressure Arrhenius frequency fac-
tors, is given in Appendix IV.

THEORY
Quantum Form

The derivation of an expression for the quasi-uni-
molecular rate constant as a function of p in Part I
was based on the reaction sequence

A+M=A*+M,
k2

ka
A*— A+—products,

where A* and A+ denote the active molecule (char-
acterized by internal energy greater than some critical
minimum) and activated complex, respectively. M is
any third body capable of deactivating 4*.

In the theory it was assumed? that each active mole-
cule was randomly distributed among all configurations,
those favorable to reaction and those which are not,
subject to energy and angular-momentum conservation.
The chance that an active molecule of any given energy
is in some critical configuration characterizing the
activated complex was then calculated by statistical
mechanical arguments, due account being taken of the
quantized nature of the vibrations. By multiplication
of this probability with a suitably weighted frequency
factor (describing passage through the potential energy
surface characterizing the activated complex in many-
dimensional configuration space), the specific reaction
rate constant %k, was calculated as a function of the
energy of the ‘‘active” molecule.

Steady-state considerations were applied to (4%)
and it was assumed (as one usually assumes in uni-
molecular reactions of polyatomic molecules) that the
fraction of energetic molecules having insufficient
energy to react has essentially its equilibrium value at
all pressures.” By integrating over all energies of the
active molecule, the unimolecular rate constant was
computed as a function of pressure. The result was
given by Eq. (1).1¢ :

[(E*—E*)/RTT?P(E.*) exp(—E*/RT)

~“% PP (r/2)1 0 Eq<E+
where

o .PR+ 1

[(E*—E*)/RTT”P(E)

1tka/kap HEH/RT), 0

Ttk (r/) s s

N*(E,+E*+Eo)

(2)

12 A F. Trotman-Dickenson, Gas Kinetics (Butterworths Scientific Publications, Ltd., London, 1955).

B1n the case of the dissociation of diatomic molecules, however, it appears that depletion of the upper vibrational levels
may occur. Compare E. E. Nikitin and N. D. Sokolov, J. Chem. Phys. 31, 1371 (1959); J. C. Polanyi, ibid. 31, 1338 (1959);
B. Widom, sbid. 34, 2050 (1961); H. O. Pritchard, J. Phys. Chem. 65, 504 (1961).

1 Comparison to Part I shows that a factor close to ¢1/o1*, namely Pi*/Py, has been replaced by oi/oi* in the equation for
kq in Eq. (2) and that the definition given below for E,; differs very slightly from that given in Part I, a change of definition
which, however, has no effect on application of Eq. (1). Justification for these minor changes will be given in Part III. In many
a})plications, a1/ort=Py*/ P, essentially (e.g., rigid complexes of this paper). In other cases, the ratios differ by at most a factor
of

2o0r3.



DISSOCIATION OF VIBRATIONALLY EXCITED SPECIES. II

Using the classification of the degrees of freedom
(called “modes” for brevity) as being either active or
adiabatic,' the principal symbols used in Eq. (1) and
elsewhere are as follows:

(r/2)!=T(14r/2), the gamma function.

a=number of equivalent optical or geo-
metric isomeric forms in which the
activated complex may exist.!®

s*, s=number of active vibrations of A+, A%,
respectively.

r, l=number of active rotations of A+, 4%
respectively.

P+, Py=partition function of the adiabatic ro-
tations of A+, A, respectively.

01/ort=ratio of symmetry numbers in Py*/P,.

Pgt, Prp=partition function of the r (the )
active rotations on A+ (of A4%),
respectively.

Py, Py=npartition function of all active modes of
A+, A, respectively.

Egt, Ey=ground-state vibrational energy of A,
A, respectively.

Qs*, Q2= the partition functions corresponding to
Pg*, P, but measured from the vibra-
tional potential ‘energy minimum of
A+, A, rather than from the ground vi-
brational state. Hence

Qyt=Py+ exp(— Ei*/RT),

Q2='-.P2 EXP(—EQ/.RT). (3)

U=potential energy of the least unstable
configuration of the atoms of A*
minus that of most stable configura-
tion of 4.

E,=energy of A* in its lowest vibrational
rotational translational state minus
that of A in its lowest state.

5 An adiabatic mode is defined® as one which is largely re-
stricted to stay in the same quantum state when 4* is formed
from A* because, for example, of momentum conservation. The
three translations and the two rotations of 4* associated with the
largest moments of inertia are adiabatic?. The third rotation has
also been assumed to be adiabatic in applications.237 The
active modes are those which are active in intramolecular energy
transfer. All vibrations are assumed active.2:37.8

18 The original equation? did not contain a. It applied to condi-
tions where the activated complex could be represented by a
unique structural configuration. If, however, the postulated
complex exists in « isomeric forms, as is the case in some reactions
discussed in this paper, % and %, must be multiplied by « to ac-
count for the full degeneracy of the quantum states.
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Et=energy of the active modes of 4+ in any
of the allowed states of A+ minus
Egt. Et+ was called? the ‘“nonfixed
energy” of the activated complex.
(It does not contain energy “fixed” as
zero-point energy.) It has contribu-
tions from the vibrations, nonadia-
batic rotations, and internal transla-
tion of A+.

E,t, P(E,*) =energy of the sth vibrational level of 4*
minus the zero-point energy of AT,
and degeneracy of this level, respec-
tively. (E,* was denoted by E, in
Part 1)

N*(w+ E,) =number of energy states per unit energy
of the active modes of 4* when they
contain a total energy w-+E, and
hence a “nonfixed” energy w. In
Part I, N*(w+E,) was denoted by
N*(w).

y+= E++ Egt, the total energy in the active
modes of A%,

ke=collisional deactivation rate constant,
i.e., the collision frequency multiplied
by some deactivation factor A usually
taken to be ~1,

h, R, T have their usual significance.
Some of the above terms are related
sttrd-1=s+¢, (4)
E,=U+Est—E,. (5)

It has been shown? that when p— in Eq. (1), the
limiting high-pressure first-order constant 2® is given
by an expression equivalent to that derived previously
by Eyring!”:

k>=a(kT/k) (Pi*Pst/P1P;) exp(—E./RT). (6)

The pressure dependence of the reduced rate constant
k/k* is obtained with the aid of Egs. (1) and (6)
from a knowledge of the molecular properties of the
active molecule, which is assumed to have the same
properties as the reactant, and from the properties of a
postulated rigid or loose activated complex.

In deriving Eqgs. (1) and (6), the vibrational energy
levels of A+ and (other than those of A*) of A were
treated quantum mechanically. This quantum treat-
ment manifests itself in the appearance in these equa-
tions of the quantum mechanical partition function P; of
4, and in the degeneracy factor P(E,*) and quantum
mechanical partition function Pyt of A*.

17 See S. Glasstone, K. J. Laidler, and H. Eyring, The Theory of
{iﬂf)Pracesses (McGraw-Hill Book Company, Inc., New York,
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A different treatment was employed for the high
energy levels of A4, i.e., for the levels of A*. Since the
energy of the active modes in the critically energized
molecule must be greater than E,, a quantity usually
much larger than sk T, a classical treatment was used to
compute N*(w+Ey) for a given energy range rather
than the laborious quantum mechanical calculations.

When, in addition to vibrations of 4*, some of its
rotations are active, N* becomes (using the results of
Appendix I)

vt Bo '
N*(wt-E) = f N.* (bt E)N A ()dz,  (7)

where N,*(x) is the number of active rotational states
per unit energy with rotational energy =x, and
N,*(w—=x+E,) is the number of classical vibrational
states per unit energy with nonfixed vibrational
energy w—x. It has been shown in Part I that for !
active rotations

N.*(x) = (x/RT)¥Pp/T(t/2) RT. (8)

The expression for N,*(w—x-+Ey) for a system of s
oscillators, of which the 7th has a frequency »;*, is
given by Eq. (9)218

No*w—z+By) = (w—a+E)=/T(s) [ Im. (9)

It may be shown from Eqs. (7) to (9) that

= Pp(w-Eo) 49/ (RT)MD(s+3) [ [wi®.  (10)

=1

When no rotations are assumed active, i.e., when
1=0, N*(w+Ey) equals N,*(w+ Ey), which is given
by Eq. (9) with x=0. Equation (10) reduces to Eq.
(9) for this case, as indeed it should.

When some of the vibration frequencies of the active
molecule are very high relative to the rest, a better
approximation than the above for the number of
vibrational states per unit energy is obtained by

18The appearance of the quantum-mechanical vibrational
ground-state energy E; in Eq. (9) resulted from its exclusion in
the original definition of the nonfixed energy of A*. Since the
classical treatment of harmonic oscillators considers the former
quantity distributable, it must be added to the nonfixed energy
w—2x to obtain the total vibrational energy, A detailed mathe-
matical justification of this intuitively reasonable statement will
be given in Part III, Equation (9) was termed in reference 2 a
semiclassical expression because of the appearance there of k.
Some detailed comparison of the semiclassical expression with the
exact expression may be found in the paper by Rabinovitch and
Current?. See also E. W. Schlag and R. A. Sandsmark, J. Chem.
Phys. 37, 168 (1962). A preliminary comparison for cyclopropane
indicates that at E,4-E*=70 kcal mole™, a typical value of

interest, their exact
B +E+
/ N'E
0

is 2.5-fold and 1.4-fold less than that computed from Egs. (9)
and (11), respectively.
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separating the frequencies into two classes and com-
puting the degeneracies of the high frequency group
by a quantum mechanical treatment. These de-
generacies become weighting factors for a series of
terms, each of the form of Eq. (9), involving the lower
frequency group. In the present work, this was done in
reactions (a) to (c) where the high-frequency C—H
stretching modes are treated in a quantized manner.
For example, if a molecule contains m C—H fre-
quencies, for which the geometric mean is b kcal/mole,
and if

m
D is Ef
i=1

for these frequencies, the modified N, *(w+E,) is
given by

nS et —m
N*(w+Ep) = D cale—nb)1/T(s—m) [ [ wi*,
n=0 fom]

(11)

where e=w+ Ey— E,’. The coefficients ¢, denote the
number of ways in which # quanta can be distributed
among m degenerate oscillators (n+m—1) |/nl(m—1) L.
Since the oscillators associated with the activated
complex, on the other hand, are likely to be in energy
states corresponding to low quantum numbers, a
strictly quantum mechanical summation was used to
determine the number of vibrational energy states for a
articular value of E+. The procedure used to evaluate
[(Et—E,*)/RTT*P(E,*) as a function of E*
involved merely a systematic method for enumerating
the number of energy levels. In the present work, the
frequencies of each activated complex were grouped in
integral multiples of the lowest frequency in order to
simplify the otherwise exceedingly laborious computa-
tions. The numerical values of these stepwise density
functions for the quasi-unimolecular reactions in this
paper are given elsewhere.!®
The quantum second-order rate constant for energiza-
tion of the reactant, kg9, is estimated from the limit of

Eq. (1) as p—0

0'1+Pl+ ©
ky=ky———exp(—E,/RT) | N*(E,+E++Ey)
O'IPIP2 (1}

Xexp(—E*/RT)dE".
Using Eq. (10), Eq. (12) becomes:

at Pt Py exp(—E./RT)
“aPy Py T[s+(30)]

w [ E.+Eo 24+ ()1 .
X/H [( RT )+x] e *dx,

¥ G. M. Wieder, Ph.D. thesis, Polytechnic Institute of Brook-
lyn, June 1961.

(12)

(13)



DISSOCIATION OF VIBRATIONALLY EXCITED SPECIES. II

1839

TABLE I. Experimental data for pressure-dependent calculations.

Kinetic data Spectral data
Vibrational
ot E» Point frequencies,
Reactant T°K (sec™?) (kcal) Ref. group reference
(a) Cyclo-CsH, 765 10117 65.0 a Dy, (App. IIT) &+t
(b) Cyclo-C;H, 722 1018 62.5 b Da j
(c) CHs-cyclo-CsH; 763.5 101548 65.0 c Cs App. III
(d) N0 888 1019 61.1 d Coso k
(e) cis-butene-2 742 10m.8 62.8 e Civ 1
(f) CsHsCl 729 1018 60.8 f C. m
(g) N:Os 300 10u.7 21 g Cso App. IIT

8 See reference 33,
b See reference 37.
© See reference 38.
d See reference 39.
© See reference 40.
! See reference 43.
€ See reference 35.
b See reference 54.
i See reference S5.

j (1) G. N. Rathjens, Jr., N. K. Freeman, W. D. Gwinn, and K. S. Pitzer, J. Am. Chem. Soc. 75, 5634 (1953); (2) T. P. Wilson, J. Chem. Phys. 11, 369 (1943).
k G, Herzberg, Infrared and Raman Specira of Polyatomic Molecules (D. Van Nostrand and Company, Inc., Princeton, New Jersey, 1945).

! C. M. Richards and J. R. Nielsen, J. Opt. Soc. Am. 40, 442 (1950).

@ L. W. Daasch, C. Y. Liang, and J. R. Nielsen, J. Chem. Phys. 22, 1293 (1954).

where ¢ and ¢ denote classical and quantum properties,
respectively. An asymptotic estimate of the above
integral is given in Appendix II, where it is shown
that when E,+E, is (as usual) large compared with
[s+(3t) —1]RT, the expression simplifies considerably

ot P+ Py exp(— Eo/RT) { EotEp\*+80-1
kﬂqgkt )
I(s+(3)]1 \ RT

The fractional error in going from Eq. (13) to Eq. (14)
is shown in Appendix II to be less than

0'1P1 qu

[s+(34) —1]RT/(E.+Eo).

The error can be further reduced by retaining additional
terms of the asymptotic expansion of (13) given in
Appendix II. In the reactions discussed in this paper,
two terms of the expansion sufficed to reduce the error
to 5% or less.

It may be seen from Eq. (13) that the limiting low-
pressure second-order rate constants from the theory
may be calculated from the activation energy at low
pressures and the vibration frequencies of the molecule.
Essentially no knowledge of the quantitative properties
of the activated complex is needed.

On the other hand, to calculate the 2/k® vs p plot
from the theory, it is necessary to know the properties
of the activated complex as well. These properties are
deduced from a knowledge of the high-pressure fre-
quency factor, guided by certain considerations de-
scribed later.

Classical Form

In comparing the quantum form of the theory with
its classical limit, it is convenient to introduce into
Egs. (1), (2), (6), and (13) quantities which change
less on proceeding to the classical limit, namely U,
Q’s, and y*. Q differs from its classical limit in second-
order quantities, while P differs in first quantities.?
U does not change at all, since it is a potential energy
term.

With the aid of Egs. (3) and (5), Egs. (1), (2),
and (6) become:

_ kT Pi*Pgt exp(—U/RT)

k=ay PP, (r/2)!
—\r/2
[[(E) 0]
= r=0 _ T
X[ iy (/R )/ RT)
(15a)
v —a\72
f +(y+ y) p(y)dy
o Pyt 1 o KT 15b)
ks T w1 NN U (
. RT PO+ (—U
= p0, exP(RT)' (16)

% Forexample, cf. expansion of avibra.tionalQ:lI;[ex_p 6:/2T) —
exp(—8:;/2T) ]‘1’ in powers of 8, where 8;=hri/k with the ex-
pansion of the corresponding P=I;[1—exp(—0:/T)
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In Eq. (15) () denotes a sequence of § functions,
peaked at the energy levels y,*(y,*= E;*+Es*) and
such that in the immediate neighborhood 7, of any
energy level y,t,

| s iy=P(E).
The y integral in Eq. (15) equals zero until y*+ exceeds
+

Proceeding now to the classical limit, Eqs. (15) and
(16) remain unchanged, except that now the (’s and
?(») denote the corresponding classical partition func-
tions and the classical density of vibrational energy
levels, respectively. Since the latter equals

s+
(y) =Y/ thaV‘“I‘(S“*) ,

the y integral in Eq. (15) then becomes a beta function:

g (y+—3)¥(y*) *1dy= (y*) **HB[s*, (4r) +1], (17)
where B[st, (37) +1] equals

D(sH)T[(3) +11/TLs++(37) +1].

The classical form of Egs. (15) and (16) reduces to
the classical Kassel equations® when r=¢=0, the pre-
exponential factor in (13) is replaced by A* (it proves
to be temperature independent for this case), Pit+/P,
is set equal to unity, and the effective number of
Kassel oscillators is taken to be s.

The ratio of limiting high-pressure rate constants for
classical and quantum theories is seen from Eq. (16)

to be
() /(&)
kot \ Qs Q/
The classical analog of Eq. (13) for the same U

is also obtained by introducing U and Q’s [using Egs.
(3) and (5)], then setting Est=0 and replacing

Q2 by O
ot Pit exp(—U/RT) [~ ( U )-+ an-1
k c=k —_— J— d :
oo aP: Ts+(E)] RT x ¢ax

(18)

Z=)
(19)

Once again, the asymptotic expansion in Appendix II
permits an estimate of the integral (with U replacing
E.+E, in the Appendix). The ratio of the leading
terms in these expansions of the £¢° and ko7 is given by

b _ Qs _exp(E*/RT)
ko? Q¢ (14 E¢t/U) +Go—1"

(20)

% 1. S. Kassel, The Kinetics of Homogeneous Gas Reactions
(Chemical Catalog Company, Inc., New York, 1932).
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ACTIVATED COMPLEXES AND THEIR PROPERTIES—
GENERAL REMARKS

Activated complexes in unimolecular reactions have
been classified? as “rigid” or “loose.” A rigid complex
has all the attributes of the decomposing or isomerizing
molecule, except that one of the degrees of freedom is an
internal translation (the reaction coordinate) which
has replaced a vibrational or internal rotational mode
of the reactant. A loose activated complex, unlike the
rigid model, possesses one or more rotations in addition
to those of the original molecule. For example, the most
common loose complex, the one with which we shall be
concerned in this work, occurs in some dissociations in
which a molecule ruptures into two fragments for which
the activation energy for recombination is close to zero.
In this loose complex, all rotations which the fragments
have in their free state are present. The stretching
frequency of the ruptured bond becomes the internal
translation in this case. A complex of this type was
used” to predict approximately the pressure dependence
of the rate constant for the dissociation of ethane to
form methyl radicals from the high-pressure rate
constant.

It is a rather curious fact that low activation energy
bimolecular associations of polyatomic species, such as
recombination of methyls,? of ethyls, of propyls® or of
perfluoromethyls,? or association of BF; with P(CHs)s
or with amines,® appear to have rather high pre-
exponential factors, corresponding to an over-all colli-
sion efficiency of the order of 1 to 0.1. Evidently, in
such reactions the two fragments rotate in a relatively
unrestricted fashion in the activated complex, which is
therefore a ‘‘loose” complex. Higher activation energy
bimolecular associations, such as dimerization of two
unsaturated molecules,” appear to have low Arrhenius
frequency factors, i.e., to possess rigid activated com-
plexes.

Possible explanations of this apparent difference
between high and low activation energy bimolecular
associations could be offered, though further data
supporting it would be desirable.” In the present work,
we merely content ourselves with using this apparent
result and assume accordingly that only the low

2 R, Gomer and G. B. Kistiakowsky, J. Chem. Phys. 19, 85 -
83;‘15;, G. B. Kistiakowsky and E. K. Roberts, ibid. 21, 1637
1K, J. Ivin and E. W. R. Steacie, Proc. Roy. Soc. (London)
A208, 25 (1951).
(1"55.) G. Whiteway and C. R. Masson, J. Chem. Phys. 25, 233

956).

3 P, B. Ayscough, J. Chem. Phys. 24, 944 (1956)

8 G, B. Kistiakowsky and R. Williams, J. Chem. Phys. 23,
.'234 (%955); G. B. Kistiakowsky and C. E. Klots, sbid. 34, 715

1961).

# G. B. Kistiakowsky and J. R. Lacher, J. Am. Chem. Soc. 58,
123 (1936); cf. S. W. Benson, The Foundations of Chemical
Kinetics (McGraw-Hill Book Company Inc., New York, 1960).
p- 302, for summary of data.

3 Such apparent exceptions as CHs+0; and CH;+NO may be
due to three-body effects, so that the reported rate constants
would indeed be too low. See Benson, reference 27, p. 301, for
survey of three-body effects.
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activation energy bimolecular associations (and their
inverse processes) have loose complexes.

In this study, computations of the dependence of the
quasi-unimolecular rate constants on pressure were
based on rigid activated complex models in reactions
(a) to (f), because in each of these cases the activation
energy of the reverse reaction, as estimated from
the difference between the experimental activation
energy and AH of the forward reaction, was greater
than 20 kcal/mole.® A loose complex, consisting of
freely rotating NO; and NO; radicals, was selected for
(g), because of the high-frequency factor for recom-
bination.® '

In the cases for which rigid complexes were postu-
lated, it was assumed that the product of the moments
of inertia of the activated complex was effectively the
same as that for the active molecule and that only the
vibrational degrees of freedom in both species con-
tribute their energy to the breaking bond. The ratio of
partition functions of the adiabatic rotations Pyt/P,
then reduced to the ratio of symmetry numbers a;/0,*.
Since r=¢{=0 by the second assumption, Pgt equals
unity and P, becomes the partition function of the
vibrations of the active molecule.

In the vibrational assignment to each rigid complex,
those frequencies of the reactant that would appear
to exert a relatively small contribution to the chosen
reaction coordinate were retained. Of the remainder,
one frequency was replaced by the internal translation,
and the others (usually not more than two) were
lowered to attain agreement with AS?, the experi-
mental activation entropy. The latter quantity was
determined for each reaction from Eq. (21), which is
obtained by equating the experimental high-pressure
frequency factor 4 to that given by Eyring (with
whose formulation the present theory is identical at
high pressures)

ASt=R[In(A*h/kT) —1]. (21)

This AS? for rigid complexes is related to S, and to
S,%, the vibrational entropies of 4 and A*, respec-
tively,

AS*=S,*—S,+R In(ae/oit). (22)

QUASI-UNIMOLECULAR RATE CONSTANTS
Properties of A+ and A

The assignments of vibration frequencies used for
the parent molecule, 4, were taken from the literature
(Table I) except for the two cases where the latter was
incomplete. For N:Os, the assignment was based on
some of the known fundamentals of N;Os and on
estimates of characteristic group frequencies in related

» The activated complex for reaction (¢), for which AH has not
been measured, was assumed to be rigid in analogy to reaction (a).
(1;“5%). Schott and N. Davidson, J. Am. Chem. Soc. 80, 1841

TasLE II. Assumed parameters for pressure-dependent

calculations.
Properties of
Properties of activated complex active molecule
Reactant Type aiF @ r aa(4) ¢
(a) Cyclo-
CH, I. Rigid 2 1 0 3.9 0
II. Rigid 1 1 0 3.9 0
(b) Cyclo-  Rigid 4 1 0 5.5 0
Hg
(¢) CHi-cyclo- Rigid 1 8 0 5.0 0
C:H,
(@) N;O Rigid 1 1 0 3.3 0
(e) cis- Rigid 1 2 0 5.0 0
butene-2
() CsH:Cl Rigid 1 1 0 5.5 0
(g) N:Os Loose 4¢ 1 4 6.0 1

2 Complex has an internal symmetry number of 12 due to free rotations of
NOs and NOs groups. the 01" refers to the adiabatic rotations.

compounds. A similar procedure was used for methyl-
cyclopropane, and subsequently compared with a recent
assignment for that compound. In N,Os, the internal
rotations were assumed to be unhindered, to obtain
agreement with its approximately known entropy.
These procedures and properties are described in
Appendix ITT.

The frequencies of the activated complexes were
estimated as described in the previous section. All three
external rotations of 4 (and hence A*) were taken to
be adiabatic. As a compromise in the loose complex for
N:O;, one of the two internal rotations was assumed
adiabatic, i.e., =1. Properties are given in Appendix
II1.

E, for these reactions was determined from the
limiting high pressure activation energy E® by equat-
ing Eq. (6) to the Arrhenius expression [k®=A%
exp(—E=/RT)] and logarithmically differentiating
both sides with respect to (1/RT) '

Eo=E®—}(r—t4+2) RT+ (E*)— (E;*), (23)

where (E,*) and (E,*) are the mean vibrational
energies (in excess of the ground-state energies) of the
active molecule and activated complex, respectively.
Both (E,*) and (E,*) were determined from the
properties of 4 and A4+,

The rate constant for collisional deactivation &
was determined from the usual kinetic theory collision
frequency. '

Tables I and II summarize, respectively, the experi-
mental data and assumed parameters used in the
pressure-dependent calculations. (The grouped acti-
vated complex frequencies are given in Appendix IIIL.)




1842

TasLe III. Experimental data for low-pressure calculations.

. Vibrational
Kinetics frequencies,

Reactant T°K E°(kcal) ref. ref. Eg*(kcal)
(h) O, 373 24.0 a 1 2.50
() F.0 533 39.0 b m 1.85
(d) NO 888  59.2 c n 3.36
(7) NO.CI 476 27.5 d 0 6.51
(k) Hy0s 723 48 eg p 14.35
@) N0, 217 11.0 h  q(App.III) 13.9
(m) C;Hs 473 LLj n 37.6
() N:Os 300 19.3 k  App. IO 14.1

8 S. W. Benson and A. E. Axworthy, Jr., J. Chem. Phys. 26, 1718 (1957).

b W. Koblitz and H. J. Schumacher, Z. physik. Chem. (Leipzig) B25, 283
(1934).

© See reference 39.

d H, F. Cordes and H. S. Johnston, J. Am. Chem. Soc. 76, 4264 (1954).

° P, A. Gigudre and 1. D. Liu, Can. J. Chem. 35, 283 (1957).

f D, E. Hoare, J. B. Protheroe, and A. D. Walsh, Nature 182, 6541 (1958).

& W. Forst, Can. J. Chem. 36, 1308 (1958).

b T, Carrington and N. Davidson, J. Phys. Chem. 57, 418 (1953).

! Reference 22; R. E. Dodd and E. W. R. Steacie, Proc. Roy. Soc. (London)
A223, 283 (1954).

) E. W. R. Steacie, J. Chem. Soc. 1956, 3986.

k Reference 35a.

! M. K. Wilson and R. M. Badger, Jr., J. Chem. Phys. 16, 741 (1948).

™ H, J. Bernstein and J. Powling, J. Chem. Phys. 18, 685 (1950).

8 See Table I, reference k.

° R. Ryason and M. K. Wilson, J. Chem. Phys. 22, 2000 (1954).

P R. L. Miller and D. F. Hornig, J. Chem. Phys. 34, 265 (1961).

9 See reference 58.

Integration

The integration region E* in Eq. (1) was divided
into successive intervals, so chosen that P(E,t), a
piecewise constant function, had a constant value in
each interval. N*(E,+E,+E*) can also be treated
as such a function (a good approximation since the
interval size is so much less than (E,+E¢+E*). In
almost all cases of this paper the frequencies v; were
grouped in multiples of the lowest frequency »*, for
convenience. In each interval, nkv* to (n-41)kvt,
where #=0, 1, 2, --+, P(E,*) had a constant value.

The integration was cut off at an upper limit for
which the error of neglecting further terms is small.
Since the error is a maximum? at p= o, and the value
of the integral is known exactly at p= o, the cut-off
could be chosen so that in no instance was the error
greater than 4%, other than (e). In (e), > P(E;*)
rose very rapidly with E*, and for large Et (greater
than 21.1 kcal) the sum was converted approximately
to an integral to keep the error below the 4%, limit

2 P(E¥)
E4<E+
was replaced by C(E*)" for Et+>21.1, and C and #»
were evaluated by fitting this function to the ) ,P(E,)’s
from 18 to 21 kcal. %, incidentally, was about 10.

G. M. WIEDER AND R. A. MARCUS

SECOND-ORDER LIMITING RATE CONSTANTS

Table III gives the experimental data employed in
the low-pressure calculations. It was assumed that
t=0 for each reaction except (g) and that i=1 for (g).
Equation (13) was used to calculate the rate constants,
with the aid of the approximation and error estimate of
Appendix II [cf. Egs. (A2) and (A3)]. To use Eq.
(20) for ky/ke, estimates of Egt were needed, and are
given in Table III.

" An additional calculation was also made for (m),
the dissociation of ethane, upon the assumption that
two rotations of the four in ethane are active, in order
to compare with the results obtained when all rotations
are considered adiabatic. The pertinent rotational
partition functions are given in Appendix III.

In each reaction except (m), E, was evaluated by
differentiating the logarithm of the appropriate expres-
sion for the second-order constant with respect to T,
multiplying by 27% and equating the result to E, the
experimental low-pressure activation energy.

RESULTS AND COMPARISONS WITH EXPERIMENT
Pressure Dependence of the Rate Constants

a. Isomerization of Cyclopropane to Propylene

There has been some controversy regarding the
choice between either a C-H migration or a C-C
breaking reaction coordinate. Recent studies®? favor
the formation of a trimethylene intermediate followed
by a CH migration in the latter to give propylene.

In model I of Table II, the frequency assignment of
the activated complex based on a ring-rupture model
results from the removal of one of the ring deforma-
tions of cyclopropane and the lowering of two other

-04

~0.6]
tog &
-08

=l0
=12

-4

log p (mm)

Fic. 1. Pressure dependence of the reduced-rate constant for
the isomerization of the cyclopropane at 765°K.

3 B, S, Rabinovitch, E. W. Schlag, and K. B. Wiberg, J. Chem.
Phys. 28, 504 (1958); see also reference 8b. Since the rates of
geometrical and structural isomerization do differ, the activated
complex of the latter presumably involves more a ring
opening, namely some CH migration. Model II is presumably
more appropriate than I which only has ring opening.

235, W, Benson, J. Chem. Phys. 34, 521 (1961).
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frequencies to become torsional modes in the complex.
Figure 1 shows the theoretical 2/k® vs p plots, where A
is the assumed collision efficiency, with the experi-
mental curve obtained at 765°K, by Pritchard, ef al.3
The calculated curves were based on a quantum me-
chanical treatment of the C-H stretching frequencies
in the active molecules involving Eq. (11), and the
approximate curve was obtained from Eq. (9).
Alternate calculations (model II) based on an
activated complex involving the elimination of a
C-H stretch and the weakening of several others
shifted the theoretical curves shown to lower pressures
by only 0.06 log p units.”® The p dependence of & was
also determined at 710°K on the basis of the second
model, and the temperature decrease of 55° shifted the
calculated logp by 0.25 units towards lower pressures.
This result is in diasgreement with the experimental
value of 0.53 units reported by Schlag and Rabino-
vitch® from their data at 718° and those of Pritchard
el al., corrected to 773° by Johnston and White.®®
However, the comparison may not be on a sound basis,
since the experimental runs were performed in different
laboratories and may have been subject to systematic
errors which were not comparable. Incidentally, the
maximum shift predicted by Slater’s approximate
expression'? for this T variation is 0.22 for n=14.

b. Decomposition of Cyclobutane lo Ethylene

Recent deuterium isotope studies® suggest that
reaction occurs via a C-C rupture rather than by a
hydrogen migration mechanism. A plausible reaction
coordinate, and the one assumed here, is the simul-
taneous expansion of two opposite C—C bonds in the

4
/
calc.—>’ f~—expt.
)\-.20/ P

log p {mm)

Fi6. 2. Pressure dependence of the reduced-rate constant for
the decomposition of cyclobutane at 722°K.

#H. O. Pritchard, R. G. Sowden, and A. F. Trotman-Dicken-
son, Proc. Roy. Soc. (London) A217, 563 (1953).

# E. W, Schlag and B. S. Rabinovitch, J. Am. Chem. Soc. 82,
5996 (1960).

s ga) R. L. Mills and H. S. Johnston, J. Am. Chem. Soc. 73,
938 (1951); (b) H. S. Johnston and R. L. Perrine, ibid. 73, 4782
(1951); (c) H. S. Johnston and J. R. White, J. Chem. Phys, 22,
1969 (1954).

® R. Srinivasan and S. M. B. Kellner, J. Am. Chem. Soc. 81,
5891 (1959).
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F16. 3. Pressure dependence of the reduced-rate constant for
the isomerization of methylcyclopropane at 763.5°K.

square ring formed by the four C atoms, leading to the
separation of two C,Hs molecules. The frequencies of
the resulting planar rectangular complex were obtained
by the removal of a ring stretching frequency of the
reactant and by substantially lowering the out-of-plane
ring bend and two of the ring deformation frequencies
chosen so as to fit AS? at high pressures. The theoretical
curves are shown in Fig. 2 with the experimental data
of Pritchard et al.¥

c. Isomerization of Methylcyclopropane to Butene-1 and
cis and irans Bulene-2

The kinetics were investigated by Chesick® in order
to determine the effect of substituents on an activated
cyclopropane molecule. He concluded that the iso-
merization is a truly homogeneous unimolecular reac-
tion, and that, since the falloff in the rate occurred at
~1/30 the pressure at which the decrease was observed
in the cyclopropane rearrangement, the addition of the
methyl substituent increased the lifetime of the active
molecule.

The products found were four isomeric butenes:
butene-1, ¢is and f{rams butene-2, and isobutene.
Formation of the last product was accompanied by an
activation energy that was about 2.3 kcal higher than
that for any of the processes yielding the nonbranched
butenes. In order to simplify the calculations in the
present work, the isobutene reaction was neglected,
since the rate of its production contributed only about
8% to the total decomposition rate at 763.5°K. The
pre-exponential factors and activation energies of the
rearrangements producing butene-1 and butene-2 are
approximately equal.

The reaction coordinate was chosen to be a partial H
migration combined with an unsymmetrical ring de-
formation resulting in an activated complex with eight
optical isomeric forms.’® One C-H stretching frequency

% (a) H. O. Pritchard, R. G. Sowden, and A. F. Trotman-
Dickenson, Proc. Roy. Soc. (London) A218, 416 (1953); (b)
C. T. Genaux, F. Kern, and W. D. Walters, J. Am. Chem. Soc.
75, 6196 (1953).

# J_ P, Chesick, J. Am. Chem. Soc. 82, 3277 (1960).
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Fic. 4. Pressure dependence of the reduced-rate constant for
the dissociation of nitrous oxide at 888°K.

of the reactant was removed and three of the skeletals
were lowered in the complex to fit the experimental
AS*. The theoretical curves are shown in Fig. 3 along
with experimental curve obtained by Chesick at
763.5°.

The experimental kinetics at 710.1°K show a logp
shift towards lower pressures of 0.3, units relative to
the curve at 763.5°. The theoretical displacement based
on detailed calculations at these two temperatures is
0.30-units, in excellent agreement with experiment.

d. Dissociation of NyO to Ny and O

N0 is one of the few small polyatomic molecules for
which the decomposition kinetics have been studied
over the broad pressure range required for the ob-
servance of quasi-unimolecular behavior. In this detailed
analysis Johnston has expressed doubt, however, both
as to interpretation of mechanism and role of con-
commitant heterogeneous reactions.® Currently, the
reaction has a rather low A=, a result consistent with
the fact that the dissociation involves a violation of the
spin conservation rule.®® (More precisely, the ground

leg p (mm)

Fi6. 5. Pressure dependence of the reduced-rate constant for
the isomerization of c¢is butene-2 at 742°K.

¥ H. S. Johnston, J. Chem. Phys. 19, 663 (1951). [For recent
?ifggir)lc:tis on comphcatlons, cf. C. P. Fenimore, ibid, 35, 2243
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F1c. 6. Pressure dependence of the reduced-rate constant for
the decomposition of ethyl chloride at 729°K.

state of N,O is a singlet while those of N, and O are
singlets and triplets, respectively.)

The reaction coordinate was taken to be the anti-
symmetric stretching vibration (of the O away from
the N). The theoretical curve in Fig. 4 is based on a
transmission coefficient « of 0.018, to get agreement with
A= [« is to be introduced into the numerator of both
Egs. (1) and (2) ].

e. Isomerization of cis bulene-2 to lrans bulene-2

Rabinovitch and Michel® have recently studied the
kinetics over a wide pressure range. They suggested
that the considerable lack of agreement between the
high-pressure Arrhenius factors previously obtained
by Kistiakowsky and Smith% and by Anderson e! al.®
was due to the presence of side reactions which strongly
affect the observed kinetics above 10-mm butene-2
pressure. However, Rabinovitch and Michel have cited
evidence that the reaction is a simple elementary

1 1 ! 1
-1 0o | 2 3

log p (mm)

F16. 7. Pressure dependence of the reduced-rate constant for
the dissociation of nitrogen pentoxide at 300°K.

4 B, S. Rabinovitch and K. W. Michel, J. Am. Chem. Soc. 81,
5065 (1959).

4 G. B. Kistiakowsky and W. R. Smith, J. Am. ‘Chem. Soc.
58, 766 (1936).

#@W. F. Anderson, J. A. Bell, J. M. Diamond, and K. R. Wil-
son, J. Am. Chem, Soc. 80, 2384 (1958).
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Tasie IV. Quasi-unimolecular rate constant behavior.

1 (expt) Ref. E,
Reactant T°K (mm) (from Table I) p;(expt)/p1(g)* (kcal mole™)

(a) Cyclo-C:H, 765 4.6 a 3.6° 62.7
(b) Cyclo-CHs 722 0.23 b 6.0 59.8
(c) CHs-cyclo-CsH; 763.5 0.17 c 4.6 62.2
(d) N:O 888 1.3X104 d 36 T 59.5
(e) cis-butene-2 742 0.019 e ~24 61.7
(f) C:HsCl 729 0.90 f ~2.0 57.5
(g) N:Os 300 290 g(3) 2.0 20.1

2 All collision efficiencies assumed unity.

b When H migration is used as reaction coordinate, this value becomes 4.0 (cf. text). The 4.6 in (¢) is also based on an H migration.

process below 2-5 mm, and from an extrapolation plot
determined the value of the limiting high pressure
rate used in the present work. Any such uncertainties
are of course multiplied in the determination of 4.
There is now believed to be considerable doubt about
the validity of this 4® [B. S. Rabinovitch (private
communication) J.

A torsional skeletal motion was assumed for the
reaction coordinate, and the activated complex fre-
quencies were obtained by the removal of one of the
skeletal modes of the reactant and lowering the methyl
torsional frequencies slightly. The approximate theo-
retical curve [from Eq. (9) ] is shown in Fig. 5 with the
experimental plot.

Quantization of the C-H frequencies would be
expected to have approximately the same effect for
C4Hs as for cases (b) and (c¢). In the latter cases, the
more accurate curve was shifted about 0.43 logp units
to the right along the abscissa, and the same shift was
assumed for C4Hs to obtain the calc A=1 curve of
Fig. 5. The uncertainty in the data did not warrant a
separate and perhaps more accurate calculation of this
curve.

f. Decomposition of CoHgCl to C:Hy and HCI

This reaction was included in an investigation of the
kinetics of a series of HCl elimination reactions by
Howlett.** Since the reported A values for those
reactions believed to be unimolecular were somewhat
scattered, an approximate weighted geometric mean
value of 10" was used in the present work to minimize
the experimental error. E® was lowered by about 2
kcal to obtain agreement with the reported rate
constant using the mean frequency factor above.

It was assumed (cf. reference 12 and others) that
reaction takes place by way of a cyclic activated
complex. The frequencies were obtained by the removal
of a C-H stretching mode of CoH;Cl and by the adjust-
ment of some of the other frequencies. Figure 6 shows
the approximate theoretical -pressure-dependence plot

4 K. E. Howlett, J. Chem. Soc. 1952, 3695, 4487,

with that from the experimental data. Quantization of
the C-H frequencies was assumed to have approxi-
mately the same effect for C;HCl as they did for
CsHe, namely a shift of 0.27 logp units to the right.
The resultant curve is given as calc A=1 in Fig. 6.

g Decomposition of NyOg to NO, and NO,

The complex decomposition of N,Os has been quite
thoroughly investigated,* and the Ogg mechanism is
generally accepted. The thermal decomposition has
been studied over a very broad pressure range in the
presence of NO, under conditions in which the initial
rate is that of the primary unimolecular step. Applica-
tion of the consistency theorems deduced by Kassel®
to the experimental data led both Kassel and Johnston
and White® to conclude that there was some systematic
error in the high-pressure region. Rather than attempt
to make some of the rotations in the loose activated
complex hindered to account for the apparently low
A®, (the data at present do not appear to warrant
such refinements) a simple, less accurate, but self-
consistent procedure was adopted. Both % and %, were
merely multiplied by a correction factor of 0.016 to
equate the calculated A® with that found experi-
mentally. Figure 7 shows the theoretical curve with the
plot given by Johnston and White summarizing the
data. '

h. Summary

As a summary of the isothermal pressure dependence
calculations, the pressures at which the rate constants
attain one-half their high-pressure values are given in
Table IV, where p; (expt) and p;(¢) denote the
experimental and quantum mechanical results, respec-
tively. All results are based on quantization of C-H
frequencies in 4 * as discussed previously.

Since the experimental values of A® may subse-
quently be improved through further studies, an ap-
proximate estimate of the corresponding effect of such

# See S. W. Benson, reference 27, for a review.
# L. S. Kassel, J. Chem. Phys. 21, 1093 (1953).
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TaBLE V. Limiting second-order frequency factors (mole~*cm? sec™).

Ref. No. terms
Molecule T°K A (expt) (from TableIII) A(g)/A (expt) 04(4) ¢ E, (m4-1)»
(h) O 373 4.6X10w a 1.1 3.35 0 23.1 1
(i) F:0 533 2.5X10v b 0.12 4.5 0 38.4 2
(d) N:O 888 5.2X10% c 16 3.3 0 59.2 2
(j) NO,Cl1 476 6.3X101 d 11 6.7 0 27.6 2
(k) Hs0s 723 4.6X10% e 0.07 3.5 0 48.0 2
(1) NyO, 217 2.0X107 h 2.2 5.3 0 11.8 2
(m) C;sH, 473 5.5X10%b j 2.9 3.5 0 85.0 2

7.6 2

(g) N2Os 300 3.1X10® Ref. g(3) of 0.19 6.0 1 19.5 2

Table I

® m+1 is the number of terms used in Eq. (A2) of Appendix II to reduce error of Eq. (13) to 5% or less.
b This value was obtained from a third-order rate constant for recombination of CHj radicals of 2.7)X10% mole™® cm?® sec™! and a Kgiss of 1073% mole cm™* (cf.

Gill and Laidler in reference 1.)

a correction on the theoretical logk/k® vs logp plots is of
interest. In Appendix IV, it is shown that an error of a
factor of ¥ in A approximately causes an error of a
factor of 4% in p4(calc) and roughly shifts the plot
along the logp axis by an amount (1—6) logy, where
0=[s+(3t) —1JkT/(E,+ E*+ E) and E* is a suitable
average of E+ (as described in Appendix IV). Typical
values of 8 for the various reactions in this paper are
given in Appendix IV.

Second-Order Rate Constants

The results are reported in Table V, where 4 (expt)
and A(g) denote the experimental and quantum fre-
quency factors, respectively. The corresponding activa-
tion energies are equal as a result of the procedure
outlined earlier. Equation (13) and collision efficiencies
of unity were applied in all cases.

Error Estimates of Classical Theory Calculations

The ratio of limiting high pressure-rate constants for
classical and quantum theories is given by Eq. (18).

TasLE VI. Estimate of error in classical theory.

Reactant Bot/k®  kot/bo? Reactant hoo/ko?
(a) Cyclo-CsHs 4.1X10¢  0.98 (k) O 5.0
(b) Cyclo-CiHs 3.1X10¢ 0.53 (i) F:0 3.1
(6) CHycyclo- 4.5X10* 0.145 (j) NOCl 48.5
C;Hs
d) N;0 2.7 0.61 (k) H0: 120
(¢) cis-butene-2 2.8X10* 0.75 () N,Oy  1.1X10°
(f) C:HiCl 8.6X108  0.38 (m) C;H, 2.%><1o)=

t=0
(g) N:Os 1.1X10*  0.10 1.5X108

(t=2)

The ratio may be computed using the properties of A*
and A4 found earlier.

The ratio of limiting low pressure rate constants for
classical and quantum theories is given by Eq. (20) if
one uses the leading term of the asymptotic expansion.
By way of comparison, the ratios calculated from the
“exact” Eq. (13) and (19) were 5.4X10* and 2.8 for
cyclopropane and N0, respectively, compared with
4.1X10* and 2.7 calculated from Eq. (20). To calculate
the ratio for systems (a) to (g), the properties found in
the previous section were used. In the case of the reac-
tions (k) to (), it was necessary to estimate Egt as
well, for Ey* had not been previously determined.
The results are tabulated in Table VI.

DISCUSSION
Estimates of Error in Classical Theory

The errors in the classical theory are seen from
Table VI to be considerable in the low-pressure region,
particularly in cases involving four or more atoms. At
very high pressures, on the other hand, where the
unimolecular rate constant is not pressure dependent,
the ratio depends only on the ratios of the classical to
quantum partition functions for A+ and for 4. These
species differ only in one or two degrees of freedom and
50 k.°/k,? is not far from unity.

Results from the Quantum Form of the Theory

The py(expt)/p3(g) ratios in Table IV show that,
with the exception of the cis butene-2 isomerization and
the N;O decomposition, the half-pressures predicted
by theory are in agreement with experiment, within a
factor of 6. As mentioned previously, there is some un-
certainty about these two reactions, and about those
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involving C;H;Cl and N0 Adding to this list the
systems studied by Rabinovitch and co-workers38 it
may be concluded that the correspondence between
theory and experiment is reasonable in view of the fact
that Eq. (1), upon which the calculations are based,
does not contain the arbitrary parameter for fitting the
experimental pressure-dependence curves and in view
of possible errors in 4®. The results do not appear to be
markedly sensitive to the choice of reaction coordinate
as long as the selection is reasonable and the experi-
mental entropy requirements are satisfied, as illustrated
by the use of alternate activated complex models for
the cyclopropane and'® N,O reactions.

Itis seen in Figs. 1-7 that in every case, except for the
decomposition of N;Os, the computed rate constants
are too high at low pressures. It will be recalled that
introduction of the C-H quantization in the active
molecule lowered the rate at low pressures without, of
course, affecting it at high pressures. Further refine-
ment, by introducing a similar treatment for the mode-
rately high frequencies of A* would continue this
trend, and so tend to reduce still further the
py(expt) /p3(g) ratio.”

A portion of the discrepancy of the factor of 4 or 5
could be due to a deactivational collision efficiency less
than unity. The effect of introducing collision efficiency
parameters of 0.25, 0.20, and 0.22 for reactions (a),
(b), and (c), respectively, is shown in Figs. 1-3.
Since these A values are still of a magnitude of the order
of unity, this suggests that collisional deactivation is a
relatively efficient process for large molecules in accord
with the results of various kinetic studies in the presence
of foreign gases.:372.48

In the case of very small molecules, such as N;O
the assumption that the population of molecules having
energies just below the critical amount is the equili-
brium one may be contributory to some additional

46 It is interesting to note that the calculated ratio, 50, of py’s
for the cis-butene and cyclobutane isomerization is approximately
equal to the corresponding ratio of the A*’s, 100. This result is not
unexpected since rigid complexes were used for both, both reac-
tants have the same number of active modes, and both reactions
have the same E™. Raising the A® factor for the cis-butene reac-
tion would result in improved agreement between theory and
experiment.

47 Indeed, recently a more accurate calculation of N* has been
made using the nonclassical summation for all frequencies of the
active molecule, not just for the C—H ones, A 709 computer was
programmed for estimating these sums and excellent agreement
with the experimental curve was obtained. These calculations and
comparisons with the data have now been made for % CH,NC
and for cyclopropane [ (reference 8(b)]; D. W, Setser and B. S.
Rabinovitch ECan. J. Chem. (to be published)]. These authors
used a o of 5.9 A (we used 3.9) and an A% of 10%-® (we used
1057), Use of the former would have shifted our logk vs logp
curve 0.10 units to the left along the p axis while use of the latter
would have shifted it 0.05 units to the right [see Eq. (A11) and
Table VII of Appendix IV]. The net shift due to these two sources
is, therefore, negligible and the better agreement of S. and R. is
;S)resumably due to their accurate calculation of N*. See also

chlag and Sandsmark.8

4 D. J. Wilson and H. S. Johnston, J. Am. Chem. Soc. 75,
5763 (1953); H. S. Johnston ibid. 75, 1567 (1953); M. Volpe and

H. S. Johnston ibid. 78, 3903 (1956); R. E. Harrington, B. S.
Rabinovitch, and M. R. Hoare, J. Chem. Phys. 33, 744 (1960).
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error, because of possible depletion effects (cf. dissocia-
tion of diatomic molecules.’?)

The tendency of the lifetime of the active molecule
to increase with increasing molecular complexity, as
illustrated, in general, experimentally [and particularly
by the decreased falloff pressure for the rate of reaction
(c) relative to (1), seems to support the assumption
that energy flows relatively freely among the vibra-
tional degrees of freedom of the active molecule. When
the vibrational modes of the methyl group in methyl-
cyclopropane are at least weakly coupled to the re-
acting part of the molecule, they add to the number of
energy sinks, and thus decrease the k,/k; ratio. The
theory predicts a p; lowering by a factor of 30 upon
methyl side-group substitution of cyclopropane, as
compared to the experimentally observed decrease by a
factor of 27.

The kinetic study by Frey and Kistiakowsky of the
isomerization of “hot” cyclopropane® (formed by the
attack on ethylene by methylene generated from the
3130 A photolysis of ketene) showed that the lifetime
of the energy-rich cyclopropane was much shorter than
that observed in the thermal isomerization. It corre-
sponds to a &Z.~2.5X10° sec! for A=%. Extrapolation
of Table 12 of reference 19 gives for this %, value an
E+~33 kcal, which when added to E.(=63) yields
96 kcal for the nonfixed energy of the photochemically
produced cyclopropane molecules. This last quantity
should be compared to the heat of the reaction, CHy}
CHs=cyclo-C;Hg, which although, unfortunately, un-
certain appears to lie in the range 67-84 kcal mole™.
If we take Benson’s estimate? of AH="78 as reasonable,
the nonfixed energy of the cyclopropane molecules
would be about (84-+¢*) kcal mole™! (cf. Appendix V),
where €* is the portion of the excess energy of CH,
available for subsequent thermal excitation of the
cyclopropane. Our results then suggest that e* is about
12 kcal mole™. This is consistent with what may be
expected, since the photons by the ketene* have an
excess over the dissociation energy of about 15 kcal, of
which a fraction may be taken up by methylene. Ac-
cording to the basic assumption of this paper all excess
vibrational energy of the CH; should be available for
the reaction. At most mc,n,/Mc;n, of the excess transla-
tion energy of CH; would be available.®

The predicted influence of temperature on logk/k®
in the case of reaction (c) is in excellent agreement with
the kinetic investigation by Chesick at two different
temperatures. It would be desirable, in regard to
cyclopropane, to be able to base the comparison on

¥ H, M. Frey and G. B. Kistiakowsky, J. Am. Chem. Soc. 79,
6373 (1957).

% D. W. Setser and B. S. Rabinovitch [Can. J. Chem. (to be
published) ] have studied the behavior of hot cyclopropane using
a variety of CH; sources and have made an extensive analysis of
the energetics. Their Table II indicates that their estimate of E+
from the %, data of reference 49 is slightly higher than ours, per-
haps due to a more accurate count*” for N*, obviating thereby
the necessity of assuming A=4%.
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accurate data collected under the same experimental
conditions.

The results in Table V show that the calculated
frequency factors for the energization rates are in
moderate agreement with the observed parameters.
The effects of anharmonicity on the density of energy
states, a factor which we have not considered, would be
greatest with small molecules, since then all the energy
needed for reaction has to reside in only a few vibra-
tions. For F30, Rice® suggests that anharmonicity
might increase the calculated rate about threefold.

Concluding Remarks

The results of this paper, together with those of other
workers,?8:3#347 gupport the assumption made here
that @/l vibrational modes participate in energy ex-
change in the active molecule. Normally, when the
Kassel classical theory is fitted to the data, one of the
theoretical parameters thereby evaluated is the “effec-
tive”” number of oscillators s, which usually proves to
be substantially less than the number of molecular
vibrations. Since these vibrations are actually quantized
rather that classical, they are not fully excited in the
sense of energy equipartition, and so from a classical
viewpoint they appeared to behave, more or less, as a
smaller number of oscillators. The estimates of classical
error made in this paper show that, although classical
mechanics may be used to a fair approximation when
- small reactants are involved, other things being equal,
a quantum treatment should be employed for complex
molecules, especially at low temperatures.

The results of this paper, together with those of other
workers,3847 also indicate that the theory employed
here has yielded approximate but encouraging results
for quantitatively relating pressure effects in quasi-
unimolecular reactions, as well as second-order ener-
gization rates and unimolecular reaction rates of hot
species, to fundamental molecular properties, without
having to invoke adjustable parameters. The theoretical
expression for the Arrhenius frequency factor of the
energization rate depended (with the exception of a
minor factor close to unity) only on the activation
energy and on the molecular properties of the parent
molecule, A. The theoretical expression for pressure
effects in quasi-unimolecular reactions depended also
on some estimate of the properties of the activated
complex, as inferred from the high-pressure Arrhenius
frequency factor A®. Fortunately, where tested, the
theoretical predictions were rather insensitive to the
exact assumptions about this complex, as long as agree-
ment with 4* was made.

The agreement between theoretical and experimental
quasi-unimolecular behavior was least satisfactory for
the N;O and cis-butene reactions, in both of which com-
peting heterogeneous processes occur, though they
have been, at least in part, unraveled. At the present
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time, it is not clear, therefore, whether the disparity
is due to shortcomings of theory or of experiment.
Johnston, who analyzed the N;O data, expressed con-
siderable doubt of their validity® and Rabinovitch
(private communication) has expressed a similar doubt
concerning cis-butene results. When these results
become freed of heterogeneous and other complications,
the effect of these errors in experimental 4% on the
logk/k* vs p plot can be obtained from Appendix IV.
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APPENDIX I. VALIDITY OF APPROXIMATION
INVOLVING THE UPPER INTEGRATION LIMIT
IN EQ. (7)»

In Part I, the upper integration limit in Eq. (7)
corresponded to w instead of w--E,. Introducing Egs.
(8) and (9) for N.* and N,* into Eq. (7), it is seen
that the replacing of w by w+ E, introduces negligible
error when

Eo
fN (w+ Eo—x) 28014y

«l1. (A1)

+ E0
fw (w4 Ey—x) x40 1dx

=0

In the numerator of (A1), 249! does not exceed
(w+ Eg) 491 if (}£) —1 is positive or w®9-1 if (§4) —1
is negative. Hence, in either case x#9—1<m, the maxi-
mum of these. Introducing this inequality, the nume-
rator may be integrated at once and the left-hand
side of (A1) becomes less than

m { Eo )’ I'[s+(3%) ]
(w+E)¥"\w+Eo/ T(s)T(3)
Remembering that s is usually large and that ¢ is
normally small (e.g., 0, 1, or 2) the second factor

proves to be overwhelmingly small when w is set equal
to E;+ E*, the value of interest. The third factor

(s44/2—1)1
(s—1)1(3—1)!

is of the order of unity. Even if ¢ could be large (i.e., 4*
would then have many free internal rotations), ap-
plication of Stirling’s formula for x! shows that the

5t In all of the small molecules in Table V, ¢ was taken equal to
zero (rigid activated complexes), so that Eq. (9) is used for N*,
rather than Eq. (7) and this discussion in Appendix I becomes
irrelevant. We consider then the case ¢70, and note that part of
the subsequent notation is ridiculous for ¢=0.
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third factor is either small or at most is of the order of
unity, if 3/<<s.

If the lhs of Eq. (A1) had not been small in the
systems of present interest, configurations in which %
is of the order of E,+ Et, i.e., in which the rotations
have most of the energy leaving little for the vibrations,
would make a significant contribution, and these are
represented very poorly by the classical vibration
distribution expression (E,+ Et+ Ey—x)+49-1 when
vibrational quantum effects are important. Physically,
this cannot occur when $i<s and E,+ E++ E, is large
relative to the zero-point energy E,.

APPENDIX II. ASYMPTOTIC EXPANSION]OF EQ.
(13) AND ERROR ESTIMATE

Making the substitutions W= (E,+Ey)/RT, y=
Wz, the integral in (13) is

W [ yre~vdy,
w

where n=s5+ (%) —1. Call it J. Successive (m-+1)-fold
integration by parts leads to a value for this term of

mo pl nle"

J—Zjﬂ )] Wkt P— f y—m=lgudy, (A2)

Only if # is an integer does the series terminate.

Let Rnyy denote the error which results in retaining
only the first m+1 terms of Eq. (A2). The fractional
error is

f myu—m—l e—udy
.Rm+1 n I L4

7 (n—m—-1)1 .,
yrevdy
w

The integrand in the numerator is dominated by
y1(y/W)™H, since y/W 2 1. Accordingly,

f my"ﬂdy
Rm-}-l— 1’1,! W—"'—" w
J T (n—m—1)! o
f yrevdy
w
nl
=— W1 (A3
(n—m—1)! (A3)

Thus, if only the first term is retained, as in Eq. (14)
of the text, the fractional error does not exceed n/W,
which was to be proved. Further reduction of the error
can be made simply by retaining more terms than the
first in Eq. (A2), the behavior of Eq. (A3) with in-
creasing m for nonintegral m, being that characteristic
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of asymptotic expansion (i.e., for some m and W, the
approximation eventually gets worse®® with increas-
ing m).

APPENDIX III. FREQUENCY ASSIGNMENTS,
GROUPINGS, AND OTHER PROPERTIES

(a) Cyclopropane. Model 1: The frequencies of the
activated complex were grouped in multiples of 0.64
kcal, the number in each group being in parentheses.
0.64 (2), 1.92 (2), 2.56 (2), 3.20 (5), 4.48 (3), 8.96 (6).
Pi+=57.0. Model II: 1.80 (5), 3.60 (10). 9.00 (5).

(8) Cyclobutane. Frequencies of the activated com-
plex grouped in multiples of 0.26 kcal, 0.26, 0.52 (3),
2.60 (5), 3.38 (8), 4.16 (4), 8.32 (8). P;+=1490.

(¢) Methylcyclopropane. When this work was in
progress, a complete vibrational analysis had not been
performed on methylcyclopropane and approximate
frequencies were assigned® with the aid of the cyclo-
propane frequencies®-*® and the partial assignment to 1,
1-dimethylcyclopropane®® as a guide. This assignment
was: CHj torsion (350 cm™!), skeletal (350, 400, 680),
CH, twisting (739, 739), CH. rocking (854, 1188, 1188),
CH; wagging (866, 866), CH; bending (963), CHj rock-
ing (1000, 1050), ring deformation (1029, 1029, 1188),
CH; deformation (1400, 1450, 1470), CH, deformation
(1442, 1442) C-H stretch (methyl) (2870, 2933, 2954)
C-H stretch (ring) (3020, 3020, 3038, 3082, 3102).

The frequencies of the activated complex were
grouped in multiples of 1.03 kcal: 1.03 (5), 2.06 (5),
3.09 (7), 4.12 (5), 8.24 (7). Pst=>589.

(d) Nitrous oxide. Frequencies used for the activated
complex were 1.68 (2), 3.36. P;+=3.12.

(e) cis butene-2. Frequencies used for the activated
complex were 0.66 (3), 1.98 (3), 2.64 (3), 3.30 (5),
3.96 (7), 8.58 (8). P;+ = 2.71. Because of an error
these »*, in conjunction with =2, fit an A* one half
that in Table I. With sufficient accuracy, this error was
corrected simply by taking a=1.

(f) Ethylchloride. Frequencies used for the acti-
vated complex were 0.40 (2), 2.80 (4), 3.60 (2),
4.00 (5), 8.40 (4). P;+=53.5.

(g) Nitrogen pentoxide. The frequency assignment
used for N;Os was: middle bending (250 cm™), NO.
wagging (500, 680), end (NO,) bending (730,* 730%),
out of plane bending (760, 760), middle sym. stretching

8 For example, A. Erdelyi, Asymptolic Expansions (Dover
Publications, Inc., New York, 1956).

8 The vxbratlonal partition function of P; based on the approxi-
mate assignment in the present work is in agreement to within
2% with that derived from the recent assignment to methyl-
cyclopropane by L. M. Sverdlov and E. P. Krainov, Optics and
Spectroscopy 7, 296 (1959).

“H, H. Ginthard, R. C. Lord, and T. K. McCubbin, Jr., J.
Chem. Phys. 25, 768 (1956)

&P, M. Mathaa G. G. Shepherd, and H. L. Welsh, Can. J.
Phys 34 1448 (1956)

Cleveland, M. J. Murray, and W. S. Galloway, J.
Chem. Phys. 15, 742’ (1947).
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TasLE VII. Factor for correcting k/k® vs p plots for

errors in 4%,
Rea Reac-
tlon 0(2=0) 0(p=o) tion 6(p=0) 0(p=)
(a) 0.260 0.241 (& 0.335 0.304
()] 0.328 0.298 () 0.252 0.234
() 0.345 0.308 (¢) 0.195 0.186(from E°— F,

experimental)

(@) 0.141 0.127 0.182 (from postu-

lated 47%)

(1030), middle asym. stretching (1335), NO. sym.
stretching (1240,* 1240*), NO, asym. stretching
(1720,* 1720%). The asterisk denotes spectroscopic
assignment.” The remaining frequencies were esti-
mated roughly from N;O, fundamental frequencies,®
Raman spectra of solutions of NoO; in CCl4 and CHCl,,%
and infrared studies of nitric acid and nitrate esters.®

Moments of inertia of N,Os were calculated assuming
N-O distances of 1.2 and 1.35 A in the NO, end group
and in the bridge, respectively, and ONO and NON
bond angles of 125° and 110° in the NO; group and in
the bridge, respectively. To obtain agreement with the
value®! of 85.043.5 eu for the standard entropy of
gaseous N3O using the above properties, it was neces-
sary to assume free internal rotation in N3Os. A sym-
metry number of 2 was used for each internal rotation.
The value so obtained, neglecting coupling of internal
rotations, was 82.0 eu.

Based on the assumed structures and properties of
N:Os and NO; (see below), the pre-exponential factor
of the equilibrium constant at 300°K for the reaction,
N.Og=NO,+NOQ;, was calculated to be 3.6X10°
mole/liter, in very good agreement with the approxi-
mate experimental value of 3.3)X10° estimated by
Schott and Davidson.

Two of the rotations of the loose activated complex
were taken to be those of a quasi-diatomic molecule
with an internuclear separatlon of 3 A and masses of
NO; and NO;. The remaining six rotations and the

nine vibrations of the complex were taken to be those -

of NO,®2# and NO,. NO; was assumed to be planar and
to have N—O bond distances of 1.33 A (cf. 30). Its
vibrational frequencies were taken to be those of the

% W. G. Fately, H. A. Bent and B. Crawford, Jr., J. Chem.
Phys. 31, 204 (1959).

B8R, N Wiener and E. R. Nixon, J. Chem. Phys. 26, 906 (1957).

% J. Chédin, Compt. rend. 201, 552 (1935).

® J. F. Brown, J. Am, Chem. Soc. 77, 6341 (1957).

&t J, D. Ray and R. A. Ogg, Jr., J. Chem Phys. 26, 984 (1957).

® G, R. Bird, J. Chem. Phys. 25, 1040 (1956).

“G. E Moore J. Opt. Soc. Am. 43, 1045 (1953).
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NO;~ ion.% The frequencies used for the activated
complex were 2.06 (2), 2.15, 2.36, 3.00, 3.78, 4.04 (2),
4.62 kcal.

In Eq. (1) the rotational partition functions (p.f.)
of A* and of 4 occur only as the product of all rota-
tional contributions, and there is no need to decompose
them into active and adiabatic parts. In Eq. (2), how-
ever, Pzt occurs alone and we estimate it by dividing
the rotational p.f. of A% by its adiabatic part, P;*.
To estimate P;* for the loose complexes of N;O and
C.Hs (Prt=1 for rigid complexes) we note that NOs,
CHj and (approximately) NO. are symmetric tops with
moments of inertia I4, Ip=1I¢c. The I4—p.f. of this top
is (8731 4kT)}/c4h. The Ipl¢ contribution is

87U Bk T/ O'Bo'chz,

so the effective Ip—p.f. is (8#a2skT)¥/osh.

For N,O; with /=1, two of the four adiabatic rota-
tions are those of the diatomic rotor described above.
The motion of the other two adiabatic rotations of A+
approximates that of the remaining two assumed
adiabatic rotations in 4*, which will be presumed for
convenience to involve in some rough manner rotations
of the two NO; groups in N:Os. Accordingly we treat
as adiabatic the rotation of NO; about one of its NO
bonds and the rotation of NO,; about its symmetry
axis. These contribute

(872 gNO%T)}/2h and (8x pNO%T) V/2h,

respectively.

For C.Hg with {=0, two of the four adiabatic rota-
tions involve the CHj groups, treated as a diatomic
rotor, and two involve rotation of each CHj about its
own symmetry axis. The latter two each contribute
(8w I,CH3kT)¥/3h. When (=2, only the first two
rotations are adiabatic. The properties assumed for
C,H; and CHj; were those employed in reference 7.

APPENDIX IV. EFFECT OF ERROR IN FREQUENCY
FACTOR ON THEORETICAL LOGk/k= VS LOG p PLOTS

Let us suppose that for a given k%, an error § in the
high-pressure activation energy E® causes an error of
a factor of v in the frequency factor 4.

ke=vA= exp[— (E=+38)/RT], (A4)

where A® and E® are constants and where y=1 when
6=0. Then
v=exp(8/RT). (AS)

84 R. Teranishi and J. C. Decius, J. Chem. Phys. 22, 896 (1954).
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We may investigate the effect of -y on the logk/k® vs
logp plot in an approximate way by keeping all vibra-
tion frequencies of A+ fixed and merely introducing v
as a multiplicative factor into Eq. (2) for k,. We also
observe from Eq. (23) that an error of § in E® causes
one of § in E,.

The value of p which corresponds to any given value
of k/k depends on y. We find from Eq. (1) that ()
is the solution of Eq. (A6).

/w f(BYAEr fw J(E*)dE*
0 14ka(v) /Rep(v) Yo 14+ka(1) /R2p(1)’

where f(E*) is the function obtained by equating either
side of (A6) to k/k™. k.(y) and p(y) denote the
value of %, and p at y="1, while k,(1) and (1) denote
the values at y=1.

ka(y) depends on 7y both directly through v as a
multiplicative factor and indirectly through N*(E,+
o+ E*+E,). From Eq. (2) we find

(A6)

XCOV/XEV
=y (Eat-6+ B+ B) /(Eort B+ Bo) THirt00-),

Remembering that & is very small, we may use the
approximate formula [14 (x/%) J"=2¢* to obtain

ka(7) /ka(1)22y exp{—[s+31—116/(Ea+E++Ey) }
=7(1—0)’ ) (A'])
where we have used Eq. (A5) and introduced 6
0=[s+3—1]RT/(E.4+E*+E).  (A8)

If 0 were independent of E*, the solution of Egs.
(A6) and (A7) would be

p(v)/p(1) =+, (A9)
Since ¢ depends but slightly on E* (see Table VII),
Eq. (A9) still provides a good first approximation, and

for the E* in 6 one then employs the average value
(E+) at the given pressure p

(B+)= fo " Etg(EY)dE* / fo "g(EY)dE*, (A10)

where g(E*) denotes the integrand of Eq. (1). A
special case of (A9) is

pi(calc) () /py(calc) (1) =+, (A11)

For the reactions in this paper, the extreme values of
6 are those given in Table VII for p=0 and p= c-

(We note that (E*)=0, essentially, at p=0 and
(E¥)=E™—E® at p=w.) At p=co (E+) was from
its computed value

(14+4r) RT+ ihu..+[exp(hu,-+/k1‘) —17

The latter, in turn, is derived from Egs. (A10) and (1)
at p=co, making use of the interchange of summation
and integration described in Part I. Physically, the RT
is contributed by the internal translation, the RT/2
by the active rotations and the remainder by the
vibrations of 4.

In summary, we note that when <1, an increase
in A° of a factor of v shifts the logk/k*= plot uni-
formly along the logp axis by an amount logy. When 6 is
not negligible, the shift is still approximately uni-
form, since 6 varies but slowly with E*, and the shift
amounts to (1—6) logy, with @ given by (A8). The
corresponding change in p;(calc) is given by (A11).

APPENDIX V, INFERENCE OF AMOUNT OF
ENERGY OF A HOT SPECIES

The nonfixed energy E* of a hot species (e.g., hot
molecule or hot radical) whose %, corresponds to some
Etis E,+4E*.% This E*, about 63433=96 kcal mole™!
for the cyclopropane reaction, is to be compared with
the one estimated from the following thermochemical
and kinetic arguments.

Consider a hot molecule D which is the sole product
of an exothermic elementary step, be it uni- or bi-
molecular.

B—D, (A12)
B+C—D. (A13)

The “standard” energy reaction of either step AE? at
the given temperature is

AE0= AU+AEO+ <AE0 )+ (AErot)'i' (AEtrana )9 (A14)

where the terms on the rhs are, successively the change
of potential energy, zero-point, thermally averaged
nonfixed vibrational, rotational, and translational ener-
gies, respectively, accompanying the elementary step.
In the unimolecular case (A12) any excess transla-
tional and (neglecting centrifugal potential) rotational
energy of B can’t add to E*, the nonfixed energy of D,
because of momentum conservation. In the bimolecular

% As will be discussed in Part III, one should also include an
average difference in centrifugal “potential” energy of the
adiabatic rotations, a term which, however, is normally less than
or about equal to RT. In the cyclopropane isomerization where
we assumed Py*/Py=0;/01*, this extra term is zero.
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case (A13), any excess translational energy of the
center of mass and much of any excess in the two
relative translations which contribute to the rotation
of D can also not add to E¥, for the same reason.

Let e be that portion of excess energy of the reactants
in (A12) or (A13) (in excess of the thermal averages

of the various degrees of freedom) which can contribute
to E*. E* then becomes

Case (A12)
E*=(—AU+EP+ (EB )+e*) — EP,
Case (A13)
E*=(—AUA+E®#C+ (EBC )+ (EpP:C)
+3(RT)+€*) —EP, (Al6)

(A15)

where RT/2 arises from the sixth translation of B and
C. Combining these results with Eq. (A14), the non-
fixed energy of D, in each case, becomes essentially

E*=—AE+ (EP )+¢* (A17)
upon introducing the typical values for the thermal
averages. For example (AEuans)= (AEr:)=0 for
case (A12), etc.

Equation (A17) may also be expressed in terms of
the heat of reaction AH’=(AE’4+AnRT), where
An=0, —1 for case (A12), (A13). In the reaction
cited in the text, Az is —1, (E,) for cyclopropane is
about 8 kcal mole™. Using Benson’s rough estimate
of AH, —78 kcal mole™!, we find E*=284+-¢*, so €*=212
kcal mole™.




