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PREPFACE

The theory of unimolecular gas reactions 1is of
interest because of its intimate connection with the
fundamental problems of intere~ and intramolecular energy
transfer as well as the other basic principles of chemistry.
In the past, several theories varying in their degree of
empiricism have been advanced but the most rigorous and
detalled is the recent treatment by N, B. Slater in which
calculations are based upon the normal coordinates of
vibration of the reacting molecule. However, prior to the
present work there had been very few test cases for the
Slater theory (only one in complete detail) owing to the
fact that only a small number of molecules exhibited
unimolecular behaviour and at the same time were simple
enough for the necessary vibrational analysis, With the
appearance of more kinetic and spectroscopic data as well
as the development of more powerful mathematical methods
of analysis, it has been posslble to apply the Slater theory,
either rigorously or in an approximate fashion, to about
five new reactions, Comparison of these calculations with
experiment along with a similar comparison based upon the
older theories has afforded a critical evaluatlion of the
respective models assumed and Indicated the postulates

necessary for an ultimately satisfactory theory.
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Much of the work contalned here, with the
exception of the chapter on ethyl chloride, has already
been published by the author and his research director (1)
(2)(3)(4). The thesis standardizes the notation and
mathematical approach used in the various reactions umder:
consideration and then discusses the Slater and older
theorles in the light of the collective results of all
previous calculations,

The author is greatly indebted to Dr, H, J,
Bernsteln of the National Research Council for his advice
and constant readiness to discuss and assist with the problems
of normal mode analysis,

Throughout the course of the work, Dr, N, B,
Slater of Leeds University has provided many valuable
suggestions which are gratefully acknowledged. Thanks are
also due to Dr. G, Herzberg and Dr. D, A, Ramsay, both of the
National Research Council, for discussions which have served
to deepen the author's understanding of vibrational
spectroscopy. His sincere gratitude must further be conveyed
to the entire stalff of the Computing Centre at the Uhiversity
of Ottawa without whose assistance the calculatlons by
digital computer could not have been begun, while more recently
Dr, 3, Baxter and his staff at the N.R.C. Structures Laboratory
have been wnstinting with their time and efforts devoted to
the solution of the matrix problem by Ferranti computer,

These studies were made possible financlally by the National
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Research Council of Canada through theilr generous award of
two studentships.

Finally, the author owes his most profound debt
of thanks to his teacher and research supervisor, Prof.
K. J., Laldler, whose unremitting encouragement and 1nexhaustible%
patience during periods of difficulty were the determining

factors in bringing this work to conclusion.,
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ABSTRACT

A brief review 1s made of the various older

theories of uimolecular reactions and then the present
situation is examined with particular attentlion to the
theory of N. B, Slater. The assumptions implicit in the
different reaction models are made clear and the model of
Hinshelwood, Kassel, Rice and Ramsperger (HKRR) is contrasted
with that of Slater. Molecular vibration theory is sketched
and it 1s shown how the Wilson FG matrix method may be
conveniently adapted to the calculation of the Slater
parameters,

Both the HKRR and Slater theories are tested on
the experimental data for the decompositions of NZO ’
03 » H202 ’ GH30H261 and more approximately in the case of
N205 and CZH6 . Slatert's calculations on the isomerization
of cyclopropane are discussed, From the results of these
calculations certain deductions are made regarding the
nature of a reacting specles and especially the possibillties
for energy transfer between normal modes. At the same time,
a number of inadequaclies in the Slater theory, hltherto
not appreciated, have become evident and these lead to a

critical evaluation of the entire theory,
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Through the use of an electronlc computer in the
ethyl chloride cslculations there has evolved a systematic
approach to the standard problem of adjusting potential
constants to produce a desired set of frequencies, Certain
considerations in the cholice of program and the form in
which the problem is submitted to the computer have

become apparent and are fully discussed.
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GLOSSBARY OF SYMBOLS

General molecule undergoing reaction

Molecule with sufficient energy to react
Activated complex

Concentration of the specles A
Amplitude factor doefficient., See [26] and [104]
(Slater)

Coefficlent of kinetic energy. See [65]

Matrix of elements Bij
Transpose of [B]

Inverse of [B]

Determinant of elements B
See [203]

€*/xr = E_/RT . See [10]
Coefficlent of potential energy. See [6l]

Molecular bond distances

Generalized internal coordinate. See a[99].

it matrix

Experimental activation energy.

High-pressure activation energy. See [60] et seg.
Ixponential

Potential energy matrix in symmetry coordinates,
Elements Fjl . Sece [76].

Potential energy matrix in internal coordinates,
Elements f,, . See [751].

Generalized potentlal energy force constant in
internal coordinates. See [203].

Inverse kinetic energy matrix in symmetry coordinates.
Elements Gjl . See [78]

Inverse kinetic energy matrlix in internal coordinates.
Elements g;) » See [02]

[(GI[F] . see [180].

See [34]. (Slater).

Jacoblan matrix of elements J_, . See {2071
Mirst-order rate coefficient. See [5].

Rate constants as defined on pages 19 and 22,

1j
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Kassel frequency factor. See [1ll] and [15].
Second-order, high-pressure fregquency factor.See [3].
Boltzmann constant

Specific dissociation probability. See [28] et seq.
(slater)

Matrix of transformation from symetry to normal
coordinates, See [90].

a=th column of [L] or a=th eigenvector of [GF],

See [92].

Matrix of transformation from intefnal to normel
coordinates., [r] = [1]1IQ] .

aeth columm of [1]. See [97].

Holecular weight

Number of intermal coordinates in molecule

Number of atoms in moleculeg Avogadro's number
Number of vibrational degrees of freedom in moleculej
number of modes contributing to the critical
coordinate (Slater).

Pressurej critical distance in molecule. See [100].
(Slater)

Pressure at which K.l/ko0 =1/2

Critical coordinate in molecule. (Slater)

Column matrix of normal coordinates

Normael coordinate of the i-~-th mode,

Generalized molecular coordinate

First time derivative of ¢

gaes constant

Column natrix of symmetry coordinates Rj
Holecular bond distances,

Column matrix of internal coordinates r.
Symmetry vector for atom t and coordinate R
See [79].

Vector quantity for atom + and coordinate T .
See ‘lable 1.

ffumber of effective "oscillators" in wmolecule,
(Hinshelwood and Kassel)
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<

Ho< S
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Temperature; kinetlc energy.

Time; generalized atom of molecule.

Matrix of transformation from internal to symmetry
coordinates, See [72].

Potential energy

Init vectcor, See Table 1.

Scalar product of vectors

Vector product

Reaction rate

See [35]; generalized vector

Gas collision number

Amplitude factor for i-th normal mode. See [26].
(Slater)

Molecular interbond angles

Garma function of =z

See [2)] and [98], (Slater)

Internal energy of molecule

Molecular internal energy necessary for reaction
Fnergy in the i1-th mode of vibration. See [95].
Diagonal matrix of >\i . See [91]

unvia . See [69].

Normalized amplitude factor for i=-th normel mode. See(ll7]

Reciprocal mass of p-th atom., See [81]
Frequency factor. See [33] (Slater)
Frequency of i=th mode of vibration
Collision frequency per molecule. See [29]
lolecular collislon dlameter

See [36]. (Slater)

Dihedral angle of molecule

Tanction of s and b, See [9].
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CHAPTER 1

INTRODUCTTION

This work professes to be & study of the nature of
unimolecular processes in the gas phase and in particular a
eritical evaluation of the recent theory of N, B, Slater as
compared to its predecessors., The basic postulates and
assumed model of each of the existing theories are examined
and, whenever possible, compared to experimental data in an
effort to judge their validity and construct a more realistic
picture of the phenomenon,

A wmimolecular reaction is defined as one in which
the activated complex consists of a single, activated,
reactant molecule. As soon as the existence of certain element=-
ary wnimolecular reactions was definitely established,
difficulties arose in accownting for the manner in which the
molecules became activated. For if activatlon occurred by
collision it was thought that the kinetics should be second-
order whereas in fact such reactions exhibited first-order
kinetlcs over a broad range of pressures, Perrin (5)
postulated an activation by the absorption of radiation but
this idea was abandoned when it was realized that these
reactions did indeed change over from first to second-order
at sufficiently low pressures, In 1922 Lindemann (6) showed
how activation by collision could give rise to first-order
kinetics under certaln oircumstances and his postulates

remain the basis of all modern theorles of wmimolecular




reactions,

LINDEMANN THEORY
Postulates

By means of inter-molecular collisions,energy of
translation 1s converted into intermal forms of energy
producing "activated” molecules A*, l.e. molecules possessing

sufficlent energy to undergo reaction:

A +A — ~— A% + 4
ko1

The actlivated species subseguently react at a rate k2 s

2
3
A > produects

If the activated molecules are converted into products

slowly compared to the rate wlth whlch they are deactivated
by collision, and if they are in equilibrlum with the normal
molecules, then a stationary concentration of the former may
be bullt up. If concentrations are denoted by square brackets
this steady-state postulate for [A*] may be written:

%

S A S L T s [ 7Y I 7 B [1]
from which it follows that the rate of formation of products,
v, i8 given by: klk2[A12

v = k,[4%] = (2]
k_l[A] + k,
Then at sufficiently high pressures k_l[A] P k,
and k2
v = —L:— [A] = kCD [Al (3]
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so that the reasction is firsteorder with respect to [Al.

On the other hand, at low pressures, k_,[A] K X,

v & [AF [4)

where the reaction is now of the second order, Notice that

this second-order rate constant kl is simply the rate of
energization which occurs in the first step of the reaction,
If a first-order rate coefficient K; 1s defined by
v = KH[A] (5]
then from [2] and [5]

K- 1
£ . 1 6
ke " {6]

1+ —B—
k_, [A]

kﬁo is computed from the highepressure measurements and K;
from [5] over the entire pressure range., If the theory is
correct a plot of Ksl/kOD against [A] should yield a curve
passing through the origin and rising asymptotically to umity
for large [A]l. Such curves have been observed experimentally
in a number of instances, confirming that the theory is
quelitatively correct, but quantitatively the deviations are
too large to make the theory acceptable without modification.

Criticism
From [6] 1t 1s found that K'/ky = 1/2 when
= - k . k
fa] = [“1/2 = 2/k_1 = cb/kl « k, 1s measured
experimentally but if kl is estimated from aimple collision
theory as
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ky = Z; exp ( - €'/xT) (71
where Z1 = gas collision number
k = Boltzmann constant
€' = minimum energy required by the molecule
in order to react,
it 18 found that the values of [A]l/2 which result are much
higher than those observed, This would indicate that kl is
in fact greater than the value given by the simple function
{71.
Furthermore, it follows from [6] that

2, 1

xt I,k k, (4]

which predicts l/K; to be a linear function of 1/[A]l. The

(81

curved function which is found in practice would imply that

kz may not be & simple constant as the theory assumes,

HINSHELWOOD THEORY

Hinshelwood was able to overcome the first defeect
of the Lindemann theory mentioned above by recognizing that
the rate constant for the energization process, kl’ may be

greater for & complex molecule than for a simple one,

Postulates

The energy € that a molecule possesses may be
distributed in any fashion among its n total number of

degrees of vibrational freedom but it is assumed that the
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molecule is capable of reacting only when the requisite
*
energy € , or greater, is confined to s specified degrees

of freedom. The reaction scheme is thought of &8s having an

additional step:

A+A T T AT+ A
k-l
*
k2 . k
A¥ —~ A >~  products
k_2

where A" = "energlzed molecule" having energy €* or greater
distributed among a specified 8 of its n degrees
of vibrational freedom.
A* = "agctivated molecule™ having €* or greater
concentrated in the bond or bonds to be broken,
It is also assumed that a complete redistribution of energy
occurs on each colllslon so that virtually every impact suffered
by an A¥ molecule will be de-energlzing. Consequently k-l
is set equal to the collislon number Z—l' Now with the
classical approximation of continuous energy to allow
integration over all states, Hinshelwood (7) derives that
the fraction of molecules with energy e* or greater

dsstributed among & specified degrees of freedom 183
N Bel #\Sm2 m
1 € 1 € €
[}s - 1)1 <kT> Y s -2n (kT) e {J exP(' KT

g (s8,b)exp(-v) {9l




where b

€/x? = E,/RT [10]

Under the assumption of a steady-state concentration of [a¥*],
this fraction [9] is equal to kl/k_1 . The resulting
expression for k1 1s then:

ky =2y # (s,b) exp (<b) (11]

Criticlsm

Although the Hinshelwood modification will indeed
predict much larger values for kl and smaller pressures
[A]1/2 there are certain other difficulties. The most
obvious is the absence of any & priori knowledge of the value
of s or its relationship to n (other than 8 < n) .

Secondly, the theory would predict ka> to be given
bys

ky = ky # (s,b) exp (=b) [12]

and since k2 48 considered econstant the pre-exponentlal
term should be strongly temperature dJdependent as seen from
the definition [9] of @ (s,b). However such temperature
dependence has not been observed,

Finally, the second objection to the Lindemann
theory, relating to k, , has in no way been removed. From
these considerations 1t would appear that k2 may no longer

be considered constant,

KASSEL THEORY

A ‘theory of unimolecular reactions developed by

B x|

SR
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Kassel (8)(9) and very similar work by Rice and Ramsperger
(10) make the more realistic postulate that the coefficient
k2 increases with the energy possessed by the molecule,
The greater the energy of the excited molecule the sooner

*
will € pass into the bond that is to be broken.

Postulates

Kassel considers the molecule as & system of
loosely coupled harmonic osclllators of equal frequencies
and makes a statistical calculation on the number of ways
in whilch energy quanta may be distributed among these
oscillators, Passing to the classical model as an
approximation it is deduced that the probability that a
molecule which contains energy € in 8 of its osclllators é

will have at least €* in one oscillator is:

< € o 6*')8 -1 [13]
€

The rate constant k2 , the rate with whleh the required
energy passes into the particular oscillator, 1s proportional

to this quantity and so

t (€ o e*\a-1
k, =k ( z ) (14]

This is combined with [11] from Hinshelwood to obtain k_

-]
k. klk /(E E)s 25 (s,b) exp (=b) de

=2 exp (=b) {15]
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An expression which will predict the variation of

1

the first-order rate coeffieient K~ with pressure is

obtained from

Ié' = i klkZ/k"l

[« 2+ i/ le_y A1)

de [16]

in which k, and k, are now functions of € , [11] and
{14], and k_, 1is taken as the collision number 2Z_; . This
integration will reduce to

K- 1 8-1 -
E - £.—exp. L ax (171
ky (se1)}) 1+ B(z 5=
where B = k*:/(z_llA]) (18]
x= (€ -€")/ur [19]
Criticism

The application of Kassel's expressions to a n.mber
of reactions has been extremely satisfactory but there remains
the empiricism in the cholce of s , the value required
frequently being about half the total nunber of degrees of
freedom in the molecule. Moreover, the physiocal sigznificance
of 8 1in the Kassel formulation is quite vague. The s
"ogclllators™ to which this author refers seem to have a
status somewhere between that of a normal mode of vibration
and of an interatomic distance 1n the molecule, l'or purposss

of comparison with later theories it 'will be considered that

e
Y ERRARN 03

s
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an "oscillator" is a normal mode of vibration the principal
motion of which is the extenaion of the bond to be broken.

(A more explicit account of ™normal modes" is given in the
next chapter,) lf may be regarded as an adjustable parameter

in [17] or a measurable quantity found from k.

GENERAL FEATURIS OF HINSHELWOOD-KASSEL THEORIES

In the foregoing theorles, beginning with that of
Hinshelwood, & molecule is considered to be energized 1if
amongst its vibrationsl degrees of freedom there is distrlbuted
sufficient energy for the molecule to undebgo reactlion when
this energy eventually finds its way into one particular
normal mode. An essential feature of these theories is
that the energy is able to flow freely between a number
8 of the modes, and indeed an estimation of Kassel's i
leads to the conclusion that a redistribution of energy
takes place on approximately every vibration. In the Kassel
and Rice-Ramsperger modifications the rate with which the
energy passes into the critical normal mode is considered
to be greater the more energy that is present in the
energized molecule, This is the form of the theory that
will be considered below; for convenience 1t will be

referred to as the HKRR thneory.

SLATER THEORY

Only a sumary of Slater's theory of unimolecular




SHOH

B it

-27-

reactions (11)(12)(13)(1L) will be presented here,
adhering closely to that author's notation, and a more
explicit account of its application will be glven in

chapter 2 following the section on normal coordinate

analysis,

Postulates

A molecule with n distinet normal modes of
harmonic vibration is considered as a classical dynamical
system which maintalns its harmonicity up to the point of
dissoclation and which may be deseribed by a set of n
coordinates. These coordinates are generally the changes
in bond lengths or angles between bonds so that the time=
variation of a coordinate is the sum of n harmonic terms
contributed by the normal modes, with amplitudes and phases
determined by the last collision of the molecule, It is
assumed that a molecule dissoclates when one particular
coordinate attains a certain critlcal length. This length
will be attained only when the energles in the normal modes
are sufficiently large, and only if the harmonic terms
comprlsing the extension of the particular coordinate come

sufficiently into phase before a further collislon removes

the high energles,
If the chosen molecular coordinates Ay qz,...qm

(m 2 n) are extensions from equilibriunm distances or angles

then it is a good approximation to write the kinetic and

potential energles as
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m_——l
v=1/2 ) > e, [20]
h,j=1
m
and Vv =1/2 Z ththqj [21]
h)jzl

which are the forms used in the vibratlional analysis,
Solution of the equations of motion gives q, &8s a sum of

vibrations in the n normal modess:
n
q, = E U, cos 2r (v;t + ¢i) [22]
i=1

where Uhi 1s the amplitude of qy, i1n the normel mode of
frequency v; and phase ,ﬁi .

If the reasction coordinate or critical coordinate,
p (not necessarily one of the g's), is alsoc an extension
from an equilibrium value then 1t may be expressed in a
form similar to [22] or

n

P = Z @y | €; cos 2r (vt + ¢i) (231
1

where o, 18 the "amplitude factor™ of the i-th mode (to
be defined later) and €; 1s the energy in that mode.
A quantity Yie1 1s caleculated for each coordinate

and made as follows:
N = U M€, [24]

As all displacements are assimed small, the reaction
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coordinate can be expressed as a sum of the contrlibutions

from each of the q's:
n

p = Z Ay [25]

1

where the coefficients 4, are calculable from the

geametry of the molecule., For example, if p coincides
with, say, aq then A3 is unity and the other A's are
fractional or zero depending upon the extent to which the
motions in the other coordinates affect A3 o The amplitude

factors &y of p are defined by
m
E : AL Yy (26]
1l

and are found from [24] end [26]. Finally, a set of

normaelized smplitude factors ,; are computed by

; < 2
by = |°‘1\/\J Z_f‘i (271
1

Slater obtalns for the first-order rate coeffiolent

K the expression (13)

N a[Al L (=b) o a€,;
Kl“'l'zlﬂ' at // je?L/w lll<le> (28]

where W = gollision frequency per molecule

(he? {wme/n) (4] (291
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G = molecular collision diameter

M

molecular weight

L = "dissociatlon frequency" per molecule.
From [23] it is seen that the reactlon coordinate p which
is to attain a critical value p, at dissociation is a
function of time:

p = F(t) (301}

The fraction of activated molecules for which p rises %o
Py in a short time &6t 1s assumed to be L6t . A formula
by Kec (15) is used to find the asymptotlc frequency 2L of
the zeros of F(t) = Po in the case where the frequencles
vy are linearly independent and the 151'5, after collision,
are randomly distributed over the range (0, 1). Hence ot
is obtained as an average of L over an equilibrium
distribution of the energles €; within the molecule (12).
In the highe-pressure region L/w >> 1 and [28]

becomes

B — k, =/ eee /S L exp (=b) H(dei/kT) {31]

The substitution of Kac's formula for L and integration
yields

k, =V exp (=b) (321]

where

y = \‘ Z(p.ivi)?' [33]
i
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Since the frequency factor v 1is this "weighted" root-
mean=-square of the vi's it must always lie between the
least and the greatest of the fundamental frequencies (16).
If there are several equivalent critiecal coordinates in
the molecule then [32] is wmultiplied by this factor. An
example would be the twelve hydrogen to remote carbon
distances in cyclopropane.

The expression for K; at general pressures 1s

found by integrating [28] end when k_ 1is divided out the

result is
Kl _ _ 1 c;(n-l)/a (-X)
;- = I (8) = [‘“ln +1)/2 1+ x(n-i??Z o1 ax [3L]
@ - 0
x=(€=-¢€¥)/kr = (E=~E)/RT (35]

' n
o= ( @/l @22 L (n+1) H by [36]

1
and es before b = EO/RT .« | (z) denotes the gamma
function, equal to(z = 1)! for integral values of =z } for

half-integral values 1t may be calculated from the relatione
ship

[T@] wrwvar=22-2 {7 [ s 037

By 18 the continued product of the u factors,
It should be mentioned that in [3}] and [36] n

18 no longer the total number of degrees of* vibrational
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freedom in the molecule, but now the number of modes
effectively contributing to the coordinate p j thet is,
the number of modes for which W8y is not zero,

If degenerate modes are present giving, say, the

three equal fregquencies vic » these are

Via » Yip ?
grouped together (13) so that n is only the number of
distinct frequencies in the contributing modes and the

amplitude factor for the vi's is

2 2 2
a; =

%ia + %4y + e [38]
At a specified temperature, [A] and consequently

w and € , are functlions of the pressure, If, for a

given reaction, the number of contributing modes of

vibration n 1s determined,and the activation energy

measured experimentally, then K;/ka) = I_(8) will be a

function of the pressure, Numerical values of ;n(e) have

been calculated from [3L] énd tabulated by Slater (13) as

a function of log @ for a number of different n values.

These functions are plotted in Figure 1 and will be utilized

in the subsequent sections,

Genersel Feetures of Slater Theory

It 1s seen that the basic assumptions of Slater'!s
theory are entlrely different from those of HKRR., In the
former case energlzation of the molecule by collislon causes

the energy to be distributed statistiocally among the degrees

|
i
|
B et
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of freedom available and during subsequent vibration of the
molecule this energy is assumed incapable of passing from
one mode to another. Attention is fixed on a critical
coordinate in the molecule and reaction occurs when this
coordinate, due to in-phase contributions from the various

vibrational modes, exceeds a limiting extension,

Critlicism

Although Slater's theory is the most explicit
and in some ways the most satisfactory to appear ao far,
the approximations involved should be clearly wnderstood
at the outset. These may be summarized as follows:

(a) The system is considered to be a classical
one with continuous energy states, a feature common to
previous theories as well. The guantum harmonic oscillator
model has been discussed by Slater (16) who draws the
conclusionss (i) The freguency factor v is still glven by
[33] but the p; are now temperature dependent, The two
models tend to coincide in this respect as T —c0 or the
vy tend to a cormon value., This effect is found to be
small for practical tempedbature ranges. (i1) E, is a
complicated function of temperature. The form of the
function In(e) will be the same as for the classical
cese [34] but owing to the different value of b the curve
will be shifted laterally along the log P scale (P = pressure).
In particular the predicted pressures at which the rate

declines from the first order will differ from those of
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the classical model. Slater gives no estimate of the
magnitude of this effect but from his expression for EO
1t is assumed to be fairly slight.
"~ (b) Vibrations are harmonic., Although this is

a good assumption for low-lying vibrational levels, a
significant degree of anharmoniclty is lmowm to exist in
the case of more energetic vibratlons which are important
in the dissociating molecule. The anharmoniclty is
represented mathematically by cubic and higher order terms
in the potential function which is usually taken as a sum
of quadratic terms only. Slater has consldered certain
more general potential functions (17) and has concluded
that the anharmoniclty will have a small effect on the
predicted rates, at the most a reduction of about 2% in k.

(¢) Certain mathematical approximations are made
in the eveluation of L and the integral [31]. These are
fully discussed by Slater (13) and may be considered
negligible for the purposes of the subsequent discussion,

(d) There is no a priori knowledge of which
critical coordinate should be used in the calculations, A
disturbing degree of emplricism seems to exist in the
choice of p which is not always the rost obvious of
reaction coordinates.

(e) There is no passage of energy between normel
modes during vibration. This may be the most drastic of
the various approximutions made and since it 1is here that

the theory exhibits an easential difference fron the
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earlier ideas of HKRR a final discussion of this and the

preceding criticlsm will be reserved for a later chapter,

NATURE OF COLLISIONAL PROCESSES

One assumption which first appears in [11] and
has prevalled throughout the foregoing theories is that
practically every collision between an A¥ molecule and
a non-energized one will serve to remove considerable
energy from A% returning the latter to a "hormal® state
A o For this reason the rate constant k-l is set egual
to the collision number Z_.1 . However the proposition of
of deactivation on every collision has recently been
guestioned by several authors (18)(19)(20)., Forst points
out (21) that if the reaction is taking place within a
medium of foreipgn gas M the constant k_l may be
dependent upon the nature of M since different foreign
gases exhibit different "quenching" efficliencies, Lven
in a medium of pure A it might be less than 2 4 because
of the variety of molecular states available to act as
collislon partners,

This question 1s discussed by Mahan (20) in
terms of an expression pglven by Schwartz and Herzfeld (22)
which shows that the probability of translational-vibratlonal
enerygy exchuanpe decreases sharply as the amownt of eneryy
tpansferred increases. 'This tends to rule out the assuuption

of a statistical redistribution of enerygy on every collision
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leaving the deactivating process to consist of small
energy exchanges, Rice has shown (23) that this ought to
lead to a different type of pressure dependence for the
rate constant than that previously derived, Mahan estimates
that k_1 should be in the nelghbourhood of 0.1l 2.4
However the Herzfeld theory was derived to predict the
smell transltlon probabilitles found in sonic velocity
experliments where the molecules reside principally in thelr
lower energy levels, whereas for highly excited molecules
the equation 1s only approximate. It may be mentioned also
that Mahan'!s experimental evidence is very indirect,

One 1s only able to conclude that although there
is a distinct posslbility of k-l being significantly
different from Z_1 the evidence is by no means conclusive

nor has 1t yet produced a relieble esatimate of the former,

RECENT CONTRIBUTIONS TO THE THEORY

The theory of wnimolecular reactions has been
approached from many different points of view wilth varying
degrees of success, In this sectlon reference is made %o
the work of Benson, Marcus and Eyring and where possible
the equivalence of their ideas to the preceding theories

is discussed,

Benson
In Slater's theory the "specific dissociation
probability" L, which corresponds to k, , 1s a function
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of the energies €l, 6_2, cen €n residing in esch of
the n normal modes of vibration. In the high-pressure
region where there is an equilibrium concentration of
energetic A" molecules Slater has shown (12) that L
may be averaged over all distributions ( €49 ves € ) of

a total energy € to give an expression for ky

‘ %
k, =v<-§—§-—€—-> (e > e* [39]

where v has its previous significance [33]. (It is to

be noted that this is formally equivalent to the Kassel
expression [1L], as must be any model of harmonic oseillators
which yields a k_  of the form [32] (24). )

Benson (25) has used this result [39] of Siater's
in an attempt to calculate mean reaction rates and the
pressures [A]l/2 for wmimolecular processes, When the
figures for [A]1/2 are compared to those predicted by
the Slater theory for corresponding values of n the
difference is very large (nearly an atmosphere for the worst
case of n = 9), The dlscrepancy results from the erroneous
assunption by Benson that the expression [39] may be
extended to prezssures beloﬁ those of the first-order reglon
to [A]l/2 o Slater (12) has warned that, at low pressures
whiere the concentration [A*] 18 depleted by dissociation,
for a given totul encryy € those distributions ( 651""611)
glving the larpgest values of I sare the wmost depleted so

that a use of an average k2 of L 18 incorrect. At these




pressures there ig no longer an "equal density of occupation
of all regicns of the (energy) hypersurface € ", = to use
Benson's terminology, = and Figure 1 of his paper (25)

ceases to be valid,

Absolute Rate Theory

Slater has shown (12) that the guantity v which

eppears in his formulation may be equated to the expressions

Vy Vo eeee Vi

3 v% cose v;

vy =

(o]

<

where the vi are the normal frequencies of the system

constralned to have the reaction coordinate p fixed atb

zero, The first-order, high-pressure rate constant was

geen to be

k, = V exp («b) (41l

The absolute rate theory of Eyring (26)(27) formulates the

same constant as

L3
X% =.:1§1.T. %‘_ exp (=b) [h2]

0

in which k

Boltzmann constant

hif partition function of & normal A molecule
7 = partition function of the activated complex

Uhder the assumptions that (a2) the molecular species is

composed of classicsl harmonic oscillators, (b) there can

be no bond extension o as to affect rotational partition
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functions, Giddings and Eyring (28) show that [42] reduces
to

k = vlva.tﬁ.vn

o exp (=b) = v exp (=b) [43]

1y} !
v2v30‘oovn

The interpretation of the vi here 1s close enough to that
of Slater in [40] to make the two theories equivalent at
high pressures (12). G@iddings and Eyring then give an
integral for a general rate constant at any pressure using
the total energy as parsmeter., In principle there is no
contradlction between this expression and the theory of
Slater,

Marcus
An integral for Kl/km,which is of the same

form as Slater's function I (8) [34],has been derived by

Marcus (29):

©
gt 1 _Qﬁzaghuu
ko [ '@ + r/2) 1 +a W2 bl

0

in which the parameter "a® 1s inversely propcetlonal to
the pressure, OComparing [4)] with I,(8) of Slater {341

there is the equivelence,

r+1l=n (451

Since € varies as the pressure but appears as 9'1 in

the denominator of [3l], the two expressions fa K;/kqawill
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have the same pressure dependence. However, despite this
close formal resemblance the interpretations are quite
different, The r of [li] represents the number of
"non-adiabatic rotations of the acti ated complex" and is
nop related to the vibrational degrees of freedom., As with
Eyring's theory, Harcus'! approach is to make calculations
from an assumed form of the activated complex as well as
for the ™ormal™ molecule. In a second paper (30) the
theory is applied to the dissociation of ethane into ethyl
radicals under the assumption of both a "loose" and a "rigld"
activated complex, the latter siving reasonably good
agreement with experiment. Such an approach has the
advantage of being able to econsider internal rotations

and an increased entropy in the activated complex of which
the Slater theory takes no account, and for this reason it
may be useful in obtaining some knowledge of the rnolecular
state Just prior to reaction as in the ethane case,
However, the large number of assumptions which must be
made about the nature of this activated complex in order
to begin calculations is a disadvantagce when compared to
the bHlater theory wilch deals with a concrete and easily

visualized model,

EQUILIBDRIUM POSTULATES

All the welleknown theories of chemieal kinetlces

are equilibriuwn theories in which a Maxwell-Boltzmann
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energy distribution of reactants is postulated to persist
during a reaction. Thils postulate has been recognized as
an approximation, since the process of reaction will
disturb the equillibrium, but it 1s generally assumed to be
a good one, Montroll and Shuler (31) have examined vario:s
models of chemical reactions to estimate then extent of |
departure from equilibrium and to develop techniques for
analyzing reactions in which the departure is significant,
The calculations of Montroll and Shuler and
previous work reviewed by them are in essential aéreement
on the point that the perturbation of the equilibrium
distribution and the corresponding deviation from the
equilibrium rate is quite small when EO/RT =b 2 5.
Ihder this condition the use of equilibrium theory is
Justified., Detalled calculations for the case of a

diatomic molecule have also been carried out by Nikitin (32).

COMPARISON OF HKRR AND SLATER THEORIES

Attentlion is now returned to the HKRR and Slater
theories and their comparison. Qualitative differences in
the assumed models are discussed with reference to a
potential enerpgy surface for an imaginary system, and then
methods by which the theoriles may be quantitatively

compared to experiment are discussed.

Potential fnersy Dlagram

Some of the baslc differences between the HKRR

and Slater theorles are most easily visualized by means of
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a potential energy diagram. Figure 2 reprezents the
potential energy surface over which the linear triatomic
system ABC would move during the course of its azisl
vibrations v; and Vo , (0 =2). The bending mode of
vibration would require a different set of sxes for its
representation. To simplify discussion the atonic masses
are assuned to be such that A(A « B) = A{4A « C) in vy
eand A(A = b) = =A(A =« C) in V, » The equipotential
contours of the dlagram show valleys parallel to each of
the azes whichi corresrond to dissociaiion of ARC into
A +BC or AB + C , The elliptical contours represent an
energy basin in wh ich the normal molecule resides, A
cross-section of this basin would show it to be parabolic
near its bottom (harmonic vibrations) but tending to level
% out to a saddle point or col as the upper extranities are
 approached in the directlons of the two valleys. Tie

assugption of purely harmonic oscillations in both the

HKRR anc Slater theories would have the basin vetain its
parabolic character rignt up to the level of the col and
then flatten out abruptly in these directions,

The two normael modes shown at thie top or the
figure consist of oscillations in the enerpyy basin glong

the lines ol the heavy arrows, The first m-de is wotion

along the I.5 degree dashed line with Ifrequency vy and

the second is perpendicular to the romier in th

He

s case
with frequency Vo e Dissociatlon ol the molecule will

be chiefly to the products AB + C since the col at "a"

e —— e




A+B-C 4

A-B distance

B—-C distance

Flgure 2. Schematic potential energy surface for the

linear molecule ABC indicating the axial modes of vibration,
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over which the system must pass to reaech this (horizonatal)
valley 1s the lower of the two,.

Now the vibrational energy (in these two modes)
acquired by the molecule from collision may be divided in
any proportion between the two degrees of Tfreedom., Suppose
that in the first mode €

1 is such as to produce an
amplitude indicated by v, on the diagrar while EEZ
produces an ampllitude extending to the point Vo e These
points define the shaded rectangle, If the two modes are
independent with no »ossibility of energy transfer between
them, as assumed in the Slater theory, then the system will
be constrailned to move within the rectangle., Decause of
the different freguencies and phases of the two modes, their
superposition will generslly result in a complleated
Lissajous figure which, 1f v, end v, are linearly
independent, will eventually cover the rectongle, bnt at
no time is the system allowed %o leave these confines, The
molecular econfiguration represented by the point "%, for
example, although 1ts potential energy would be less than
El + 62 (uhich is the helght of the oubtermost

elliptical contour in this case) will not be realized by
the syster: since it lies outslde the rectangle defined by
the origzinal pariition of energy between the modes,

On the other hand, if the nodes are considered
to be "coupled", as the HKRR theory assunes, this implies
the possibility of eneryy Tlow between them. And if this

flou is completely unrestricted, as the theory also asgsmies,
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then the system will no longer be confined to the rectangular
area, Instead, gilven time, all configurations of energy
€, + 6:2 are avallable to it and every point within the
outermost elliptical curve, including "b", may be realized.
For dissociation to occur, the system must
achieve the configuration "a"™ at the enersy col, The
direction from the centre of the basin to "a" is the
reactlion coordinate p . Now the same remarks aoply to "a"
as well as to "'y if the system has sufficient total
energy in E:l + €, end if the coupling between modes is
assumed then dissociation will eventually occur provided
another collision does not intervene to remove some of
the energy., But umder Slater's restrictlion of no coupling,
dissoclation will only cccur if the total energy 1s
partitioned in such a particular manner as to define a
rectangle thich encloses "a". That is, the molecule is
only energlzed in the Slater sense when the components of
vy and Vo along p , taken at their narlmun values and
added together, exceed the point "a", Consequently, Slater's
deflinition of encergization 1s a riore stringent one than
that of IIKRR and, in the Slater view, not all molecules
energized in the HKRR sense are capable of under;oing

reaction,.

Rates of Enersization

It has been seen previously in [11] that the rate

2,

of energization to the state A¥  1s given by the HKRR

heory to be
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Z_y # (5,0) exp (-b) [46]

iy
"

Ir ¥/kT D> 1 only the first term of the series need be

consldered giving

kl & Z-l -(-5——-—]:7— bB-l exp (=b) [LL'?]

The Slater model, belng based upon quite different
assumptions, would be expected to glve a different expression
for k1 e« The genersl rate expression of this theory was
seen in [34] to be

(o)
Kt 1 x(n'l)/z e {(=x
= X dx (48]
Kep r% (n +1) 1 + x\0=1)/2 o= b

0
It can be shown that as [A] — 0 one obtains:

1im (51->= K- (low P) 491

P—0 \ k/ I, [_’ (n +1)

Now from the Lindemann expression [2]:

2
k. [A
k_l[A] + k2
and the definition [S]s
= KM[A) (51]
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it 1= seen that

Ao kAl

[ [52]
k_4 Al + k,
From the latter, as [A] — 0, it follows that
o (Low P) = ky [A] {53]
3:; Fram [19] and [531:
ky [A] P (o]
= 1
kp [+
and
. (9/1a1) k_

n . [551
o r-z- (n +1)
g Inserting the expressions for @ and k_ frou: [36] and
3 [32] the result is
i =7 Ul o () Ty (561
1=1
where again [56] is to be multlplied by the number of
equivalent eriticel coordinates in the molecule,
* The expressions [47] and [56] for the two theories

are to be compared, As Slater has pointed out (13) the

*
rate gilven by [56] i1s, for a given € and s orn ,
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always less than that given by [47]. As discussed in the
preceding section this is so because whereas according to

the HKRR theory a molecule is capable of reaction provided
only that 1s has acquired the energy *, this is a
neceséary but not a sufficient condition for reaction
according to the Slater assumptions, For reaction to

occur by Slater'!s mechanism the energy * must be
distributed in a particular manner among the normal modes

so that, when the vibrations come suitably into phase, the
eritical coordinate p 1is extended to the point of reaction.
If, for example, one of the pu's in [56] is small 1t indicates
that the motion of the corresponding mode contributes very
little to the extension of p and hence energy here is

"¢rapped", unable to. contribute much to the reaction rate,

Relation of Eo to Activation Energy

The experimental activation energy Ea of =

reaction is defined by

dlnk .
e (571

aT RT
Now if the pre-exponential term ln the expression for a
rate constant k 1s a function of temperature then the
E, found from the usual plot of 1n k against 1/T 1is
not strictly the Eo which appeers in b .
In the HKRR and Slater theories the pre-exponential

term of kl involves the temperature to a simple power
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(see [47] and [56])and so is of the form

ky =al exp (-E, / BT ) [58]
Fram this
d 1ln k1 - 2. . Eo . E° 4+ nRT
ar T RTZ RIS (591

Comparing [57] and [59] it is seen that

E° = Ea - nRT [60]

In the high-pressure, firsteorder region where
one ls measuring koo’ both the HKRR and Slater theories
predict that n = 0 so that E = Ej (high P).

However, in the lowepressure range, from [47] 1t
is seen that the HKRR theory gives n =1/2 =« (s - 1)

since 4_q contains Tl/a. Corisequently,
E, (HKRR) = E, + (s = 1)RT - (1/2)RT [61]

Similarly for the Slater theory, [56] gives
n =1/2 =« (n=1)/2 so0 that

E, (Slater) = E  + (1/2)(n=1)RT = (1L/2)RT [62]

Bases for Testing the Two Theories

As far as the high-pressure firsteorder behaviour
is concerned, it has now been shown that all modern

theories of unimolecular reactions lead to approximately
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tne same conclusions (eq. [1£5], [32] and [}3]).

There are much wider divergences between the
different theories in the lowepressure, second-order
reglon however, correspondinz to the two fundamentally
different definitions of energization., Slater (13) has
referred to the possibllity that his assumptions :might bé
valld at low pressures, but that at yvery low pressures the
rate of energization mizht be as predicted by [4&] rather
than [56]; this might be the case if there is a slow flow
of energy between the normal modes, this flow being rapid
enough to contribute to reaction provided that the time
between colllsions is sufficiently long., Until recently
there have been no data available to allow this hypothesis
to be tested. Whait are needed for this purpose are lowe
pressure second-order rate constants, and these are most
likely to be found with small molecules,

In a very few cases reaction rates have been
measured at both pressure extremes lncluding the transition
range between them in whleh the reaction order changes from
second to first., with such extensive data the lHiRRK taeory
may best be tested and compabved with the Slater theory by
seeing which of the two expressions {17] or [34] give the
better £1t wilith the experimental curve over the entire
pressure range.,

Following chapter 2 which is devoted to theory,
the unimolecular reactions of several molecules of increasing

complexity have been considered in the succeeding chapters

!rmﬁnm
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with a view to testing and comparing the existing theories
as indicated above, Wherever possible the application of
the theories has been carried out with complete rigour e
preceeded by & normal coordinate analysis In the case of

the Slater theory = and compared with the best experimentd
data avallable,




CHAPTER 2

APPLICAT IO0ON OF VIBRATIONAL

ANALYSIS TO SLATER THEORY

In this chapter the general principies of the
theory of molecular vibrations will first be sketched and

~ then the Wilson FG matrix method (33)(3l) discussed in

some detail, since it 1s this method which has been used
in most cases to follow, It is shown how the Wilson
analysls is extended to obtaln the normal coordinates of
vibration,and flnally, how these are used in the calculation
of the Slater amplitude factors.

As well as the original papers there are several

standard texts on the subject of molecular vibrations (35)
(36).

GENERAL, VIBRATIONAL THEORY

A molecule of N atoms possesses n = 3N ~ 6
(or 38 =« 5 1if linear) degrees of vibrational freedom and
consequently the system willl require a minimum of n
coordinates to describe its vibrational motion, With each
degree of freedom 1is assoclated a fundamental frequency
Vy . These frequencles of motion are observed in the

infrared and Ramen spectra and the usual problem l1ls that
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of calculating the potential fleld or certain other
structural parameters of the molecule from theseexperimental
data. In discussing the underlying theory however, it is
simpler to consider the reverse problem, - the galculation
of the vy from a knowledge of the molecule in its equilibrium
conflguration, It is sometimes required to extend the |
enalysis to determine the amplitudes of motlion of the
constituent atoms in vibration and it 1s this information
that 1s required for the Slater theory of wmimolecular
reactions,

Since 1t is just the fundamental fregquencies which

are to be determined the system consldered 1s a purely
classical one of N point masses, each one having an
equllibrium position., The system as a whole poasesses no
motion of translation or rotation since the vibrational

problem may be treated as distinct from these, Displacement

from its equilibrium position in any directlon causes an

atom to be acted upon by restoring forces which are assumed
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to be linearly related to the displacement:

FERORERS

F, = =k, q, [63]

r

This approximation is fownd to be a very good one for small
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vibrations., The force law [63] gives rise to simple harmonic

;E motion in which q, will te expressible as a periodic sine
or cosine function,
Now when 811 N atoms are displaced simultaneously,

each of the three components of force acting on a given
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atom is & function of the three displacement ccmponents of
each of the other (N-l1) atoms, and so the resulting motion
will be very complicated., However, it is possible to
resolve such a motion into n ™ormal modes of vibration"
each having a characteristic frequency vy and possessing
certain other properties, In any one normal mode, the atbms
execute stralighteline simple harmonic motions, all passing

through their origins simultaneously and with the relative

amplitudes of the various atoms in a fixed ratio, The
amplitude of the mode as a whole and its phase relationship
:é to the other normal modes are quantities which, in the gas
phase, are determined by the nature of the last collision
suffered,

Suppose Qqy, 45y ese @ (m n) are the coordinates

in which the system is to be analysed. If these are defined

as deviations from equllibrium values and if the potential
energy zero of the system is taken to be the equilibrium
configuration (all the q's zero) then by neglecting cubic

and higher order terms in the potential function one can

writes

m
2 V= E bijqiqj (el ]
i,3=1

where

2
b =bji=§"a—\l [65]
a3 qj/]o

B
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A sinmilar expression results for the kinetlc energy T 13

m

2T = iEJ :9.1‘1(11:11‘1 (a.:‘_j = aji) [66]
»3=1

in which qr signifies the time derivative of dp and

the aij are funections of the atomic masses and molecular

geometry,

The equations of motion in Lagrange form are

'g—t' <_g_§r_> - %—:- + -%Tg-r— =0 (r =1,2,...m) [67]

These are applied to [6] and [66] and wherever a second

i time derivative q, of q, appears it is replaced by

‘cjra->\qr (681

where
>\ = Lpr2v2 [69]

whleh 1s the condition for simple harmonic motion. The
result is m linear, homogeneous equations in the q's,
According to a well-known theorem of such egquations, the

determinant of the coefficients must equal zero. This takes

the form

(Byy = Aegy) (b1, = Nayp)
() = Nag) (b = Aagy)

L]
°
[ ]
[ ]
*
[ ]
[ ]
[ ]
[}
L}
[ ]

=0 [70]
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{70] is known as the "secular determinant". Its expansion
yields an meth order equation in >\ which is the "secular
eguation”, Of this equation n roots are real and non-zero
and these glve the n characteristic or normal mode

frequencles of vlibratlon of the molecule,

FG MATRIX METHOD

In practice only the very simplest systems would
be treated in accordance with the above considerations for
the problem rapidly becomes unmanageable with any degree
of complexity in the molecule., Through the application of
group theory a great simpliflcation may be effected by
making use of the symmetry properties of the molecule in
its equilibrium comfiguration., Depending upon the
syrmetry elements in the molecule, it has been shown that
the normal mode motions have certain symmetry properties
as well. (ref. 35 page 82), These properties serve to
categorize the modes into symmetry "classes" or "specles"
of vibration., By choosingz the g!'s with reference to the
various symmetry elements present ("symmetry coordinates™)
the secular determinant will factor into a number of smaller
determinants, one for each symetry species, and each of
the order of the number of modes in that speciles,

The Wilson FG matrix method (33)(3L), of which an
sccount will now be gilven,avails itself of this factoring
property and reduces the volume of calculatlon through the

use of matrix and vector algebra.




G SRS

P AR

R };,s;:.;-‘.’n';t;}!z‘;.-.-df:,:_,-\ T R AT I S e o e

FRROREIN.

.
|
B
|
!
:
B
B
|
i
|
!
|
|

=S8

Syrmetry Coordlinates

The first step in any calculation is to determine
the point group to which the molecule belongs and the number
of fundamental vibrations of each symmetry species within
the group. This may be worked out very easily from
tabulated relationships (35)(37) as soon as the equilibrium
configuration of the system is known. Symmetry coordinates
Rj are then constructed from the m "internal coordinates”

Ty (bond distances and angles) of the molecule (m n)s

m
R, =§ Ujkrk (3] =1,2,e0en) (711

or, in matrix notation,
(R} = [Ullr] (721

where [R] and [r] are column matrices., This construction
may be undertaken in a systematic fashion (36)(38) or
simply by considering that the resulting coordinates must
have the following propertiess

(a) Normalized such that

m

> (v

2 =1 (73]
=1 O

(b) Mutually orthogonal such that for any two

symmetry coordinates Rj and Rl

%2; Uijik = Q [?1#]



(¢) Transformable under the symmetry operations
of the poilnt group such that if there are fl vibrations
of the first species, f2 of the second, etc, then fl of

‘ the coordinates transform according to the first speciles,
% fz according to the second, and so on, This is well
| 1llustrated by lleister and Cleveland (39) including the

case of degenerate vibrations,

As seen in [64] the potential energy may be

g [(F] Matrix
3|
!
? expressed in termms of the internal coordinates:
| 2V =

£, 7y v, =[xl [£] Ir] (751

i,z=1

In order to have a similar expression in the symmetry

coordinates R,

2v = jﬁ;l Fy By B = [RI' [F] [R] (761

| it 1s easily showm (39) that the matrix of the FjL elements

18 found fram

[F] = [v}{el(m) (771

where [f] has been defined in [75]. Although [F] is a

? square matrix of order n it is composed of smaller factors,

one identirfied with each symmetry class of wvibration.




G] Matrix
In order to arrive at a secular determinant it 1s
next necessary to formulate a matrix [G] which is related,

through its inverse, to the kinetic energy of the systems
! -l
27 = [R] [GI™* [R] (78]

If the matrix [G]'l is required, reference should be made
to Polo (40).

As this 1s perhaps the most laboriocus part of the
calculation, various attempts have been made at its
simplification. Wilson, Decius and Cross (36) cargejgut
their calculations iIn terms of the r's whereas Brodersen
(41) discusses the advantages in using symmetry coordinates
constructed as linear comblnations of cartesian dlsplacement
coordinates differently oriented for each atom, Wilson's
method (34 ), which utilizes certain vector quantities
Ek(t),will be used in subsequent calculations and developed
here.

The physical meaning of Ek(t) is the following:
If all atoms except atom + are in their equilibrium
positions, then 8 (t) 1s the direction in which a
given displacement of atom t will produce the greatest
increase in the cooralnate r (36), Now Decius {(42) has
glven a detailed discussion of the four types of internal
coordinates which are sufficient to describe all the
vibrational degrees of freedom for any molecule., These are

(1) bond stretching, (ii) interbond bending, (iii) bond
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torsion, (iv) out of plane bending, It is then possible
to tabulate the wvarious 3 vectors which can arise for
each of these four types of coordinates. The expressions
used by different authors (36)(L,3) have been collected and
the notatlion changed so that all formulae are in terms of
wnit vectors V directed along the chemiesl bonds in thé
molecule, These expressions, which are now perfectly
general, are presented in Table 1. They cover every case
exceprt that for interbond bending in & linear arrangement
of atoms for which reference should be made to Ferigle and
Meister(lli)s There are N xm vectors Ek(t) , one defined
for each atom t and internal coordinate Tpow However
in practice it is only necessary to consider one atom from
each set of "equivalent atoms®™, The atoms equivalent to
any arbitrarily selected one are all those into which the
given atom can be sent by operations of the symmetry
group.

Vector quantities §3(t) are next formed {(39)

fram

5.0 = ST v 5 (6) [79]
3 > Undu
k=]

These might be called "symmetry vectors™ by their analogy
with the formation of the symmetry coordinates in [71].
Again, symmetry vectors are formed only for one atom of
each equivalent set.

Finally, the elements of [G] are ootained from

the scalar productss
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Table 1

Generalized 8 vectors,

Y (1) Bond stretching

5, (X)

]
<3

It
!
<

5, (Y)

X Z (1i) Interbond bending

sa(X) = (cos a V1 - Vé)/a sin a

S (Y) = [(a - b cos a)Vi + (b - a cos a)Vé] / ab sin a

(111) Bond torsion
B4(W) = (1/a) cscz(vl x 7,)

sc a ot a
—0SC @ (c c _ & t _

§¢(X) a b

cot B cos g\,= -
5 ‘)(Vl x V2) +

cot B sin ¢
b sin a

(V1 - cos a V2)

(1v) Out of plane bending

W
a
B T, x 7
- /s 1 2 7
J_ SS(N) = E(cgs B sin a - U8 P VQ
EB(Y) = - % cscla sec g [(V}fVé)-

R § 3—} csela (V’2 x V.)

3




= g (t), gt
Gy -Zu,p N S5 0 5§ [(80]

where p refers to one set of equlvalent atoms and

by = :L/mP {81]
mp = mass of an atom in the p«th set

rIP = number of atoms in the pe«th set

In the case of degenerate modes the procedure is a simple
extension of the above and is outlined explleltly by Melster
and Cleveland (39).

Alternatively to steps [79] and [80] the sanme
result 1s obtained by forming a matrix [g] from 3

B1x = é}. p‘t gi(t) ¢ Ek(t) {82]

and then, similar to [77],
(el = (u] (g} (U] [83]

As in the case of ti:e [F] matrix, [G] will be

factored by symmetry classes,

Secular Determinant and Equation

It can be shown that the secular determinant is

of the form:

| IF] - (eIl A1 =0 (844




ore

-6l

or

1 (c] [F] - [Elixxl = Q (85]

where_[E] is the unit metrix, In the language of matrix
algebra it is required to find the characteristic roots
or eigenvalues >\i of the matrix [GF] = [H] . Expansion
of [85] ylelds the secular equation in >\ which is of the

n=th order, or less in the case of symmetry factorings
Xoa e Xt + o X2 - °3>{1'3 + 400 =0 (861

Wilson (33) has shown that the coefficlents of the equation

may be derived directly from the matrices as

c,=> 1ell® pryle (871

where | G I(B) is any se-rowed minor of f G 1, I F l(s) is
the corresponding minor of | F | and the sum is to be taken
over all such minors. Thls procedure applies to the
symmetry classes separately and the roots of [86] give

the normal frequencies of the class, The solution by
digital computer of factors which are too large to be

calculated by hand is discussed at the start of chapter 7.

 Normel Coordinates

With each normal mode can be associated a
"normael coordinate™, Q; , and in terms of these the
potential and kinetlc energles of the molecule take the

formss
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2v=§§ Xiqf (86]

2r = 3 §2 [89]
i=1
The normel coordinates (column matrix [Q]) are linearly
related to the coordinates in which the vibrational
analysis has been carried out, === in this case the R's,

-= by & transformation:

[R] = [L] [Q] (90]

in which the constant coefficients [L] are to be found,
It 1s easily shown (36) that

[aF] [L] = [L] [A] [91]

where [A] 1s the diagonal matrix (>\1, >\2, ...>\n).

This relationship 1is a set of simultaneous equations which
determine the transformation [L] (except for normalization),
In matrix terminology, with each elgenvalue >\a of [H] = [GF]
is associated an elgenvector [Lu] which is the a=th colum

of the square matrix [L].
(8] [n] = (L] A, [92]

Physicaelly, the vector [L,] 1s a colum of n numbers
whose ratios are the ratlios of the n coordinates

Rl H R2 : R3 t eoe ¢ Rn in the normal mode of vibration




‘.,,J"

I o

e il

whose frequency 1s given by>\a .

As with any matrix vector, [La] can be found
from the ratlos of any row of first minors of the
determinant | (H] - [E]>\al o This i1s what is implied in
[91], But it 1s only the ratic of the vector components
that can be determined and in order to satisfy [88] and
[89] the [La]'a must be normalized according to:

(L1’ F1 L] = [A] [93]

w1’ (61"t Ll = (=] (9L ]

However 1t will be seen that this normalizing is unnecessary
for the purposes of the Slater theory and the vectors [La]
may be accepted with any internal scaling,

CALCULATION OF SLATER AMPLITUDE FACTORS

Once the matrix of eigenvectors [L] has been
obtained 1t 1s a relatively straightforward matter to

apply this information to the Slater expressions,

Calculation of Yki

The quantities ¥, of [24], one for each
goordinate k and mode 1 , are oalculated as followss

(a) For a given mode with eigsnvector

[La] = (Lla » Loy s L3a 0o Lna) the energy <, in the
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mode may be found from any of [75], [76] or [78] of which
the simplest is [76]:

n n
€q =12 > Fa By By =1/2 > 'Fy Ly L, [95]
Jat =1 Jsol=1

(b) In general 1t will be simpler to express thé
critical coordinate p 1In terms of the internal coordinates
Ty rather than the Rj e The reverse transformation of

{72] 1s

[r] = (01"} (R] [96]

oxr

(1, = (017 (] [971

Consequently, when the ratios of the R's in the various
modes are determined by [L], the corresponding ratios of
the internal coordinates r, are given by {1l. Now

Yy may be found for each intermal coordinate T, bys

1ka

Yia = {E;; | (98]

in which 1, 1s the k-th component of {1a]. From the
form of [98] 1t will be seen that Yy, 18 independent
of any scaling factors in the vectors since these will

cancel,

AT
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The Critical Coordinate

In practlice the critical coordinate p will be
the deviation of some distance within the molecule, either
of a bond length, the distance between two nonebonded
atoms, or some other parameter which, it wlll be assumed,
can be s8imply expressed as a function of the intermal

coordinates rk o
Coordinates dk are defined as the molecular

paremeters of which the r, are deviations:

b4 =1, (991
and similarly the distance P 3

AP=0p {100]

Then P 1is a functlon of the dt!s:

P = F(dl s A5 5 eee dm) [101]
and
m bP
AP = Z s 4 {102]
e L
or
m bp
= —— {103]
P 1% D4, Tk

Comparing this with Slater'!s expression [25] it is seen

that
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dP
da

The simplest case arises when P colncldes wlth

A= {1oh]

one of the dk e Two other general cases of frequent

interest will be dlscussed:

(e) Distance between atoms two bonds removed:

See Flgure 3 (a) , Here P 1is the distance XZ and

angle XYZ = @ &as shown, Now
P = (a2 + b2 - 2ab cos a)l/2 [105]

so that if d1 = g , d2 = b and d.3 = g one finds:

o/
rd

= (a = b cos a)/P {106]

Alz

o/
o

o
g +)

= (b - a cos a)/P {1071

&
L}
Z|

o/
v

A, = (ab sin a)/P {106]

(074
P

(b) Distance between atoms three bonds removed:

See Figure 3 (b) . The most general case is considered in
which atoms WXY define a plane which is at an angle §
to that of atoms XYZ , P 1is the distance WZ 3 the
other parameters are indlcated in the figure. In this

case it can be shown that
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Figure 3(b),

Figure 3(a).

Flgure 3, Two possible choices of critical coordinate 1n
a molecule, (a) distance between atoms two bonds removedj

(b) distance between atoms three bonds removed.
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P={a2+b2+02-2b [a cos a + c cos B] +

206 [cos (a=p) = 2 8in a sin B cos? (/2] }1/2

which reduces to simpler forms for the special cases in

which «

&
N
]

>
=
]

=8, a=c,or F=0, Nowif 4 =a,
d; =0, g =a, dg =B, dy = g , then
-é-g'=(1/P) [a - bcosa+eccos (a=-p)~

2¢ sin a sin § cos 2 (g/2)]

22

= (1/P) [b = & cos @ = ¢ cos a]
db

.%.rl:(l/r) fe =mbcos B *+acos (a=pf)=
c

2a sin a sin B cos® (@/2)]

%2.:.— (1/F) {a(b = ¢ cos B) 8in a =

a

ac cos a sin B cos #]

e

= 2= = (1/P) [o(b = a cos a) 8in B -

op

ac sin a cos f cos £ ]

{109]

{110]

{111}

[112]

[113]

(114]




-2
Aé-%%=(1/l>)ac sin a sin B sin §

Amplitude Factors

f115]

Having computed the ¥ and the amplitude
ki

factors @, for each mode are found simply from [26]3

m
ag = > Ay iy

k=1

which in turn are normalized according to [27]s

[116]

(1171]




CHAPTER 3

DECOMPOSITION OF NITROUS OXIDE

The thermal decomposition of nitrous oxide is of
very speclal interest, since the molecule is one of the
simplest capable of wndergoing unimolecular breakdown, The
reaction is therefore particularly sultable for testing the
various thsories of unimolecular reactions that have been
proposed, Until reecently the experimental results for
the reaction have been somewhat confusing, owing to various
complications such as the existence of surface effects,
However, Johnston (45) has recently carried out a detalled
eritical analysis of the various results and has shown
that when the complications are eliminated the reaction
represents an excellent example of a stralghtforward
mimolecular decomposition, It is possible that Johnston
slightly oversimplifies the situation (46), but it seems
likely that the rate constants he deduces for the high
and low=-pressure reaction are close to the true ones, They
should certainly be sufficiently reliable to permit a
careful test of the theories, and this 1s what has been

done in the present chapter.
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EXPERIMENTAL DATA

| Only the bare results will be stated here; for
e more detailed discussion of the experimental work reference
should be made to Johnston's paper (45). The rate-controlling
step 1ls belleved to be

N,0 =K, + 0,

a reaction that is endothermic by 39.5 keal. The high-
pressure activation energy (Ea = Eo) of the reasction 1s
close to 60,0 kecal. At 880°K the high-pressure first-order

rate constant 1is

k 747 x 104 gec=t

and this corresponds to a frequency factor of
8,13l x 1011 gec™t

(The term "frequency factor" 1s a general one applled to
the pree-exponential part of koo' In Kassel's theory it
is é: $ in Slater!s v, and in less detalled descriptions
it is frequently designated as A.) By extrapolation of
Johnston's seconde-order rate coefficlents to zero pressure

the rate of energization is estimated to be

'k = 14,0 ce mole™t sec™t

wrets
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The pressure at which the first-order rate coefficlent

falls to one=half of its limiting value is approximately

P1/2 =1.,3x 101L mm,

THEORY OF THE HIGH-PRESSURE RATE

The experimental frequency factor at high

pressure, 8,13} x 10+ sec™l

, 18 significantly below what
would be expected on the basis of equations [15], [31]
and [43] above, The frequencies of vibration of the

molecule are of the order of 101

3 sec™}, so that ¥k in
Kassel's theory is of this magnitude, Slater's average
vibrational frequency, weighted using the § values

derived below, is
v = },98 x 1043 sec™t

The value of kT/h at 888%K is equal to 1.85 x 10%3 sec™d
It is therefore seen that the experimental value 1is too
low by between one and two powers of 10,

The reason for this lles in the fact that the

rateecontrolling step involves a change of multiplicity:
8005 ) — Ny(t50) + 0k

Since a triplet and & singlet can only glve a triplet it
follows that the reaction must involve a transition from

one potentlaleenergy curve to another, as represented
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schematically in Figure L. The grownd state of N,0
correlates with Na(lij) and O(lD), and the curve for
this crosses the repulsive curve for Nz(lﬁj) + 0(3P).

The forms of these curves have been discussed by Stearn
and Eyring (47). At the time their paper was published,
however, the experimental evidence pointed to an activation
energy as low as 52 kecal and a transmission coefficient of
about 10‘”, This suggested a resonance splitting of as
1ittle as 5 cal per mole, and difficulty was experienced

in explaining such a small value, The value of 10~ to
10'2 obtained above leads to a resonance separation of
the order of 500 cal per mole and this is what might

reasonably be expected on the baslis of spine-orbit

interactions (4L7).

THCORY OF THE LOWPRESSURE RATE

The low=pressure second-order rate constant,
found experimentally to be about 1L.,0 cc mole™t sec"l, is,
according to all theories, the rate of energization of the
molecule. This value must be explained in terms of the
distribution of energy of activation amongst the four
normal modes of vibration, with or without flow of energy
between the normal modes, In the calculations the collision
diameter has been taken as 3,31 x 10'8 cm, a8 employed by

Johnston (45). At 088°K, the temperature at which the

experimental data were obtained, this corresponds to a
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Figure li., Schematic potential energy curves for the
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those calculated by Stearn and Eyring, but are modified

to accomodate the latest thermochemical and kinetle values,



collislon number of

Z_1 = 3,182 x 10'10 ce molecule'l sec“l
= 1,916 x lolh cc mole'l sec"1

HKRR Theory

Taking B, = 60.0 keal per mole and T = 888°kK,
the value of b from [10] 1s 33,95 . With 8 =2 , the
value of k, from (46] is

kl = 6,09 cc mole™t sec™t

which is reasonably close to the experimental value of

11,0 ec mole™l sec™t . This choice of 8 gives the best
agreement; 8 = L, for example, leads to 1.,22 x 103cc mole'l
sec™l ., The reason that & =3 and s =l lead to rates
that are too high ls presumably that there 1is little flow

of energy between the two axial and the two bending modes

(see below),

Slater Theory

The vibrational analysis for the N20 molecule
has been carried out and the calculations along with the
determination of the Slater parameters sre glven at the end
of the chapter to avold loss of coherence., The molecule
is linear and the normal modes of vibration are shown in

Figure 5. Two of the frequencles, v, and 2 in the

conventional notation, correspond to axial vibrations,
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and one frequency, Vo s corresponds to the doubly
degenerate vibrations perpendicular to the axis., The
motion of the molecule may be described in terms of three
co-ordinates w, x, and y, of which w denotes the mutual
displacement of the nitrogen atoms and x and y the
components of the displacement of the oxygen atom relative
to the center of the N-N distance; x 1s along the axis of
the molecule and y perpendicular to it. The analysis below
gives the desired matrix [1] to which reference is made

in [971].

In applying Slater's theory the critical coordinate
for the dissociation into N2 + 0 has been taken as the
distance from the O atom to the centre of mass of NeN .,
The variation, p , in this coordinate, is equal simply to
x and does not involve w and y . Since the bending
vibrations involve only 7y it follows that they do not
contribute to the decomposition so that n must be taken
equal to 2. (It is readily shown that Slater's Ay of [25]
or [104] 1s zero so that the bending vibrations do not
make a contribution to any choice of axlal coordinate, )

The amplitude factors a and g corresponding to the two
axial vibrations are shown in Table 2, along with the

frequencies (48) used in the calculation,




«8l=

Table 2

Pregquencles and amplitude factors

of the two axial modes of Nao
i % vi(sec'l x 10™13) g a, (x 10°) By |
. ! o ?
1 3.86)  1.236  o0.8201
3 64709  0.8625  0,5723

The product of the p's 1s glven by

-’ Iu = g e = 0.4693
im,3 2 M3 T

Using Slater's equation [56] with n =2 +the value of

kl is then found to be

ky, =1.72 cc mole™t s;ec'l

which is below the experimental value by a factor or 8,

THE FALLING=OI'F 0} THE HIGH-PRESSURE RATE COuFFICIENT

Figure 6 18 u plot of the experimental lirste
order rete coefflclents us a function of presuure (45).
The two lines to the left show the theorcltleal behavior
pbased on Kassel's theory with 8 equal to 2 und to L .

These curves were consiructed by numerical integration of
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Kassel's general rate equation [17] using the values

+ -
¥ =8.13 x 10M sec™! (experimental)

Z_1 = 3,182 x 1010 cc molecule-l sec"1

The curve for s =l 1is seen to lead to rates that are
much higher than the experimental ones, but that for

8 =2 falls very close to the experimental values, The
pressure for 8 =2 at which K; reaches one half its
limiting rate is 1,3 x 10” rm,, and thils is essentially
the same as the experimental value, It 1s of interest
that the approximate relationshlp

(aly/, 2 or /i {118]

for the half-pressurs leads to a value of 6,78 x 103 e
Slater'!s curve ls of the same shape as Kassel's

but is displaced to the right as shown in Figure 6. The

predicted half-pressure is 6,3 x 10LL mm in this case, which

is significantly larger than the observed value.

DISCUSSION

The main ccnclusion of this study is that the
Kassel treatment with 8 equal to 2 leads to satisfactory
rates over the entire pressure range, and to a reliable
estimate of the half-pressure P1/2' The Slater expression

however, leads to rates that are significantly too low
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except in the high-pressure reglon, and to too high a
value for Pl/a « It may be concluded then that for this
simple molecule there appears to be a flow of energy
between the normal modes, as envisaged by the HKRR theory
but not by Slater'!s theory.

As mentioned in chepter 1, this treatment involves
the assumption that deactivation occurs on every collision,
If this is not the case the Slater and Kassel rates of
energization are correspondingly reduced. The conclusion
that Slatert's rate of energization is too low 1s then
true g fortiori; XKassel's rates with 8 =2 would be too
low as well but agreement might be obtained with s equal
to3orl .

VIBRATIONAL ANALYSIS

The theory of vibrations in asymetric linear
triatomic molecules, and of N20 in particular, has been
discussed by Rosenthal (49). The potential and kinetic
energy functions and molecular parameters employed 1ln that
paper, along with the calculated force constants, have
beer used in the present investligation to compute the
amplitude factors and other quantities required for Slater's
treatment of umimolecular reactions.

The vibrational modes are shown in Figure 5., The
mutual displacement of the nitrogen atoms 1s denoted by

W , while x and 7y are the components of the displanement
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of the oxygen atom relative to the centre of the two nitrogen
atoms; x 1is the displacement along the axis and y that
perpendicular to 1lt.

The most general quadratic potential funectlon
consistent with geometrical symmetry may be written In

terms of four force constants:
2V = Ax® + Bw” + Cy° + 2Dxw [119]

If q,, and q,, denote the N-N and =0 distances we may
define q and 8 by

q =g+ qy [120]
B =aq,/(20,, * L) {121]

and
ME=Em/(n, +2m,) [122]

where mq and m, are the masses of the oxygen and nitrogen

atoms respectively. The kinetlc energy is then
2r = m, {2m8% + #%/2 + 2p%% 11 + (%M1 [123]

Applying the Lagrange equations of motlon [67]

to [119] and [123] and using the definitions:
E = 2M [124]

F = 31/2 [125]

.
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¢ =282 [1 + (82/M)]172 [126]

the secular determinant is
A = m2E>\.

D
D B = m2F>\

0
0 C-maG>\

0

0 {1271

The values of the constants derived by Rosenthal (49)

ares

A =14.72 x 10° dynes cm™t
17.20 x 105 dynes et

D = =7.08 x 10° dynes em™t

while the observed frequencies employed in the calculation
(4L8) are:

<
]

1 = 1288.7 —

v, = 588,3 cm"l

2237.9 cm™>

The required vectors [la] are found by taking
fipst minors of the determinant [127]. Reecalling that
A= L 2 v2 the result is that
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for vy, X3usy (B-m2F>\l):-D:O = (1.,00)3(0.,685)30 3

for v,, Xtwsy = 0:0:(C-m2GX2) = 0:03k 3}

for vy, Xiwiy D:-(A-maE >\3)30 = (=0,462):(1,00):0 .
Retaining the conventional numbering of the modes, which
is confusing from the point of view of symmetry classes,
the matrix [1] of the vectorsis 3

Vl vz V3
x| 1,00 ) 0,11 62
1] = w | 0,635 0 1,00 [128]
¥ 0 k 0

Because the critical coordinate 1s simply

p =X [129]

the quantities A, of [25] are A, =1, A, =0,
Ay =0, Prom [116] and [98] the amplitude factors a,

are

o = T = 1ulfG 11303

The 1xi are of course the elements of the first row of




(1] while 61 -are calculated (for 1 = 1 and 3) from
(119] using the 1;, for the x , wandy . These a,
along with the normalized amplitude factors By calculated
from [117] are listed in Table 2 sabove,
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CHAPTER L
DECOMPOSITION OF O0ZONGE

The pyrolysis of ozone has been reviewed and
reinvestigated experimentally by Benson and Axworthy (50)
who show that most of the known data are quantitatively
explained on the basis of & simple mechanism, the first

step of which is:

M+ O3 =M+ 02 + 0

There was no evidence for a direct bimolecular reaction

of ozone to produce 02 nor for important surface effects

or energy chains, The data with which theory will be

compared is that for the above reaction with M = 03 .
EXPERIMENTAL DATA

The experimental data for ozone are concerned
entirely with the lowepressure region in which the kinetics
are second-order, Attention will therefore be confined
to this region where, all theories agree, the measured
rate is the rate of energlzation.

Benson and Axworthy report (50) that the lowe

pressure activatlon energy Ea for this reaction 1s

s

e e itw -
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2,0 keal and that the rate of energlzation is given by

k= 461 * 0,25 x 1042 exp (=21000/RT) 1 mole™t sec™t

At 372.8°K this gives

k, = hliel ce mole™t sec™t .

THEORETICAL, RATES OF ENERGIZATION
HKRR Theory
Using a collision diameter of 3,35 x 10% cm the
collision number Z_, at 372.8°K is found to be
2,021 x 10710 e molecule™t sec™, Since E, = 24,0 keal,
E, is found from [61] and at 372.8°%K b = 33.85 .

Taking 8 = 3 , the total number of vibrational modes
in the molecule, k, is caleculated from [L6] to be

ky = 148 ce mole™L sec™t

and with s

2

ky = 22.4 cc molecule ™t sec™t

Slater Theory

(a) Gritical coordinate as an 0-0 distance: By

taking the critical coordinate as the cxtension of the 0-0
bond it is found that all three normal modes contribute

to the dissociation, Consequently, with n = 3 , the Slater
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value of b , obtaining E, from {62], is 32.85. The
amplitude factors ay and By for this critical coordinate
have been cglculated In the sectlon devoted to the vibrational
analysis at the end of the chapter and are presented in

Table 3 aloné with the assignment of fumdementals due to

Wilson and Badger (51) which has been employed.

Table 3

Frequencies and amplitude factors

for the 0«0 stretch in O3

1 v, (om™1) o %) |y |l
1 1110 7.98 0,578 |

|
2 | 705 2,68 0l194k
3 1043 10.94 0,793 |

The product IiI By is

Bpbohg = 0,0888

The welghted vibrational frequency Vv , defined
by [33] is found to be 3.16l4 x 1013 sec™t . According to
the 8later theory this 1s equal to the high-pressure
frequency factor, for which no experimental velue 1s
avallable,

The rate constant k, , on the Slater model, may

now be calculated fram [56] to glve

. et
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ky, = 48.6 co mole™t sec™t

which is very close to the experimental rate,
(b) Hypothetical critical coordinate giving

maximum rates Because of the arbitrariness which frequently

arises in the choice of the critical coordlnate, it 1s
always possible to calculate the maximum possible rate
based upon same hypothetical coordinate which makes]ﬁ[ﬁi a
maxinu, Since Egjuia =1 , the quantity I—Ipi is a
maximum when each @ equals 1/ Yn for which

1_.[11'1 (ma.x.) = n-n/2
1

In this case Iui (mex,) = 0,192 and from
h
[(56] again,

ki (max,) = 105 cec mole'l seo™t
which i3 double the value calculated above,

DISCTUSSION

The most interesting result of these calculations
is that equation [56], with the most reasonable cholce of
reaction coordinate, glves rise to a rate of energlzation
that agrees closely with the experimental value, The
maximum rete allowed by the Slater theory and the rate

calculated using the HKRR expression with s = 3 are
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samevhat too high. It is to be noted, however, that the
discrepancies are not very great and that the results for
this reaction do not permit a firm coneclusion to be drawn

as to ﬁhether the Slater or HEKRR assumptions are applicable,
A slightly different collision number or activation energy
could give good agreement using the HKRR expression.

VIBRATIONAL ANALYSIS

A vibrational assigmment and calculation of the
force constants for ozone has been carried out by Penney
and Sutherland (52)(53). There are, however, certain
mathematical errors in this treatment, and it proved
impossible, using Penney and Sutherland!s procedure, to
arrive at a satisfactory set of force constants for the
molecule, Dr, N, B, Slater is gratefully acknowledged for
pointing out that the original calculations, based upon
the Penney=-Sutherland assignment, were not self=consistent;
this led to a re-examination of the problem and the

formulation of a more satisfactory treatment.

Normal Coordinates

In the present work use has been made of the
more recent vibratlional assignment of Wilson and Badger (51)
and of the following values of the apex angle and the

interatomic (bonded) distances

5 = 116°49"

=4 Ed=l.278x10"8 em
4 =4d;
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The latter values were obtalned by Trambarulo, Ghosh,
Burrus and Gordy (5l) and confirmed by subsequent workers
(55)(56), This microwave work supports the asslgnment of
Wilson and Badger, and the agreement of independent determine
ations &allows confidence in these parameters, The angle
quoted above differs somewhat from the earlier electron=-
diffraction value (57) of 127°.

By re-gnalysing the rotational spectrum of 03
to include the effect of centrifugal distortion (using the
Kivelson-Wilson energy expression (58) for a semirigid
rotator) Pierce (59) was able to make a sensitive
determination of the potential fumction that 1s campatible
with both the dlstortion frequency shifts and the observed

infrared spectrum. In the general potential fumetion,
2v = fd[(Ad1)2 + (Ad2)2] + fB(Aa)2 + 2f,, (84, )(ag,)
+ £5.(88) [(8d)) + (8d,)] (1311
the constants ares

5,7007 x 10° dynes cm™*

fa

fs

2.,0983 x 10"+ dmes om

faq = 1.5233 x 105 dynes cm.'1

fag = 0.4248 x 1073 dynes
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These wvalues can be used to reproduce the
frequencies of Wilson and Badger (51) to within 0.2%.

Following the FG matrix treatment outlined in
chapter 2, the internal coordinates are designated as

ry =44 , T, =Ad, , T, =46, so that

2v = [r]1' [£] [r] [132]

The molecule belongs to the symmetry point grouwp
C,, for which the character table is presented in table L.
The number of modes of each specles 1s easily worked out
(35) and the last colum of Table lf shows the manner in
which the three degrees of vibrational freedom are divided
among the various symmetry species in the case of ozone,
The symmetry coordlnates, chosen so as to satisfy conditions
(), (b) and (¢) on pages 58=9,ares

R = (84 +8d,)/ V2 [133]
R, = 48 (134]
Ry = (Ady = 8d,) / {2 [135]

These expressions define the matrix [U] of [72].
Formation of the matrices (F] and [G] ylelds

the numerical elementss

=T



Table 4

Character table for the point grouwp GZV with the number

of vibrations of each symmetry species for 03 .

. Number of |

% l S G=) eetions
Al +1 +1 ' +1 +1 2 |
A, | 1 +1 -1 -1 0
Bl - +1 -1 +1 -1 1
+1 -]l -1 +1 0

Nl'ﬂ
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f Fj, = 72240 Gyq = 0.5835L
F12 = F21 = 2.0983 G12 = 021 = "0037199
FZZ = 060077 GZZ = 1,1296
F33 = U177 633 = 04922116

in which the basic units are gm , sec , and angstroms,

All other elements are zero,

The matrix [L] found from [91] is

! Vl va v3
Ry 1,000 0,193 0
L] = R, =04503 1.000 0 [136]
Ry 0 0 k

in which the unit of distance is the angstrom and angles
are in radians, The matrix [1] is obtained fram [97]

and since

(o7t = (vl [137]

the result 1s
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Vl V2 v3
Ty 0,707 0O.136 (0,707 )k
(1] = r, 0,707 0,136 - (0,707 )k [138]
ry =0,903 1,00 0

From these figures it is a simple matter to deplet the form

of the normal coordinates as shown in Figure 7,

Amplitude Factors

The eritical coordinate p 1s taken simply as
the variatlon in the 0«0 bonds

p=ry = Ady (139]

It is recognized that there are now two critical coordinates
present, Then, by [104], A4, =1, A, =0 and 45 = 0 .
Consequently, the only Yki required are those for which
k =1 and 1t is seen from [116] that a; = 73, .

€, 1s most easily computed from [95] and then

the are obtained from [98] and [138]. Finally,

11 5%
the normallized amplitude factors y; are calculated
according to [117]. These amplitude factors are presented

above in Table 3 ,
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Figure 7. The normal modes of vibration of the ozone

molecule.
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CHAPTER 5

DECOMPOSITION OF

HYDROGEN PEROXIDE

Measurements have recently been made on the rates
of the homogeneous thermal decomposition of hydrogen
peroxide (21)(60)(61) and suitable spectroscopic information
is available for the molecule (62) enabling the Slater
parameters to be calculated. As in the case of ozone,
experimental data are confined to the low-pressure reglon
in which the kinetics are of the second order (the
transition pressure being too high for convenient study).,
Nevertheless, the results provide sufficient informetion

for a partial test of the theories.

EXPERTMENTAL DATA

Since the theoretical considerations and the
more recent kinetiec results have indicated the reaction
to be of the second order under the actual conditions of
the experiments, we have calculated a second-order constant

from the date of Gigueére and Liu (60)., The result at
723°K is
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k, = 1.5 x 10“ cc mole"1 sec™t

and the activation energy is ;8.0 kocal per mole, Hoare,
Protheroe and Walsh (61) also obtain an activatlon energy
of 48,0 keal, and find the reaction to be second-order;

from thelr results at 723°K the second-order constant is

calculated to be
ky = 7«6 % 103 cc mole'l gec™l

Forst (21) also obtains seconde-order kinetics and his
activation energy is li8.1 kecal, His rate constant at
723%K 1s

K = 2.82 x 10“ ce mole ™+ sec T,

The rate constants are seen to be in good agreement.
The assignment of the fundamental frequencles
of vibration, sccording to Gigusre and Bain (62), is clven

in Table 6,

THEORETICAL CALCULATION OF RATES

The rates of energixation predicted by both the
HKRR and Slater theories are computed., In the latter
case caiculations have been carrlied out with different

cholces of the critical coordinate.
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HERR Theory

In the following calculations the experimental

sctivation energy (60) has been taken as
By = 48,0 keal mole™t

The molecular collision diameter 0’ 1s assumed to be

O = 2,93 x 1070 om
which 1s the same as for oxygen (63). The resulting
collision number at 723%K is found from [291:

Zy = W /[A] = 2,56 % 10720 o¢ molecule™ sec™*
Then taking s = 6 , the parameter b 1s calculated from
[10] and [61], and using [46] to obtain k; 1t is found

that

k1 = 1,97 x 105 cc mole'l sez:"1

which is somewhat larger than the experimental value of

1.5 x 10“ 0o mole™* sec™l, The use of 8 = 5 gives better

agreement, the calculated value belng

kl = 2,66 x 10u co mole'l sec"l

In ordcer to find the halfepressure predlcted oy
Kassel'!s general rate equation, the axpresslon (17] was

Integruted numerically taklug 8 = 5 and k = 3 x 1013 sec

-1
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The pressure obtained was
= 3
P1/2 3.5 x 10° mmn.

This high value supports the conclusion that the rates
measured so far (21)(60){(61l), in the region of a few
millimeters pressure, are in fact second-order rates, Since
this predicted P1/2 is not experimentally inaccessitle (as
opposed to that gilven by Slater's treatment below) it would

be of interest to carry out measurements in this region,

Slater Thecory

The rate predicted by the Slater treatment depends
upon the choice of eritical coordinate p . Since the rate
determining step in the hydrogen ,eroxide decomposition
is the rupture of the 0-0 bond (60), the deviatlion of the
length of this bond from its equilibrium value, AD, is the
most obvious choice for p . The structure of the molecule
is shown in Figure G .

(a) 0-0 distence as critical:s The vibrational

analysis and determination of Slater rarameters are again
relegated to the final section of the chapter, The normal
modes of vibration are represented in Figure 9. With the
present choice of p 1t is found that only the four
symmetric modes, Vv, = V), » contribute to its extension,
The amplitude factors ay and by for this case have been
calculated below gnd are presented in Table 5.

Equations [10] and [62] with n =l are used to
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Figure 8. Schematic representation of the hydrogen peroxide

molecule, showing the internal coordinates and unit vectors

employed in the treatment,
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Amplitude factors for the 0-0 stretch in H, .
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caloculated b . The weighted root-mean-square frequency,

defined by [33], is equal %o

v = 923.1 em™t = 2.767 x 10> sec™t

From [32] the Slater theory would predict a nigh-pressure

Pirsteorder rate constant of

k_ = 8.7 x 1072 gec™t ,

The Slater rate of energization is computed from
[56], using the same value for 2Z_; as in the HERR theory
and is found to be

ky = 0e553 cc molet sec™t

which is below the experimental value by a factor of

BXIOLL.

(b) O-H distance as critical: As mentloned earlier,

when the molecule wnder consideratlon contains atoms of
widely differing mass, such as hydrogen and carbon or oXygen,
the Slater theory usually glves better results if the critical
coordinate can be chosen so as to involve one of the light
atoms. This sectlon describes the results of calculations
based on the assumption that p 1s the change 1n the distance
between a hydrogen atom and the remote oxygen atom. There

are two equivalent p coordinates, and the two antisymmetric

modes will contribute as well as the other four.




The new amplitude factors for thils case have been
calculated and are listed in Table 6 along with the
fundsmental freguencies employed in the treatment (62).

From these factorss

TTu =1.336 x 207
i

v = 3,989 x 1013 sec™t

With this p coordinate koo becomes

= -1

A new value of b is calculated from {10] and
[62] using n = 6 . The rate constant k,; 1s then found
from [56] to be

Ky = heTl x 10° ce mole™t sec™t
which is still far below the experimental value.
The relationship between the Slater parameter 9

and the pressure in this case ist

a2l

8 = 5.12 x 10° {14.0]

in which N 1s the concentration in molecules per ccC.
With n = 6 it can be estimated from the curves of Firure 1
that Kl/kCD = 0.5 when @ 18 about 17.6. From {140] this

leads to & half-pressure of
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Table 6

Frequencies and amplitude factors for the O=H dlstance
in 3202 .

i vi(cm'l) ai(xlou) By

1l 3610 -liolly 0,0996

2 1315 1748 0.429

3 877 25.8 04620

L 660 1.91 06011.60

5 361l 7430 0,176

6 1266 25,9 0.623
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Py/p = 2.56 = 10° mm

which 18 much greater than that predicted by the HKRR theory

above,

(c)'fTQ maximized: Finally, 1t is possible to

calculate the greatest possible velue of ky (and minimum

value of P ) that the Slater theory can give, by taking
1/2

the maximum value of I I“i with n =6, This would occur

when all six p factors were equal to 1/{6 . since the

sum of their squares must be unity. Under these conditions

it can be shown that

v = 3,271 x 1053 sec™t ,
T:[ui = 1,630 x 107> ,
Py/p = 6406 10° rm
and calculation of k1 yields
-1

Ky = 1.63 x 103 ce mole'l sec

which is still too low,

DISCUSSION

The main conclusion to be drawn from these calculatlions

418 that whereas the HKRR formula glves a satisfactory
interpretation of the low-pressure rate, teking 8 = 5,
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the Slater treatment leads to rates that are significantly
too low regardless of the choice of reactlon coordinate,
This suggests that in hydrogen peroxide there can be an
appreciable flow of energy between at least five of the
six normal modes as proposed in the HKRR theory. In
chapter 3, & similar situatlion was seen to exist In the

case of N20 o

VIBRATIONAL ANALYSIS

The analysis of the vibrational spectrum has
been carried out using the FG matrix method of Howard and
wilson (6l)(33)(3l) but with the more recent notation lald
out in the gsection on vibrational theory. The force

constants employed are those derlved by Glguére and Bain (62).

Symmetry and Coordinates

The structure and intermal coordinates », of
the hydrogen peroxide molecule are shoun schematically in
Figure 8, The molecule is of O, symmetry, and the
appropriate character table with number of vibrations of
each specles 1s shown in Table 7.

Normalized end orthogonal symmetry coordinates

R for the two classes of vibrations are formed from the

J

rk as discussed earllier and are defined:

A vibrations

R.‘. = AD [lll.l}
Ry, = (ady +08dy)/ Y2 [142]




Character table for the point group 02
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Table 7

with the number of

vibrations of each symmetry specles for H202 .

E c, I 02(2) Number of genuine!
% vibrations ﬁ
'% |
| A (symmetric) 1 A +1 N |
: | {
| B (antisymmetric) +1 -1 2 i
|

l

14
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Ry = (8ay + ey )/ V2
j = o9

B _vibrations

Ry = (84 = ady)/ B
R, = (bay - Bay)/ Y2

F] Matrix

would be the following:

These expressions define the [U] matrix of (721].

(143]
(144l

[145]
[146]

The complete [£] matrix in which force constants

relating to every palr of internal coordinates are recognlized

AD 64y 8d, Aay ba, Ag
AD £y fpy fpg  Afpg  dfpg dafw
]
Ady fa f4a faa Faa gy
?
2 2 2
Aa r, dry, dryy
Aa (For = £..) aer aer
ik ki a af
g d2f¢

However, adoption of the simple potential fumction used by
'
Gigusre and Bain (62) gives fpy = Ppg = ng = f30 *fqa =

fd¢ = fa¢ = @ ., From thls agnd the {U] matrix formed
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from the coefficlents of the symmetry coordinates, the
following [F] elements are obtalned from {771, in which
4, = d, ®d

2
A vibrations
Fi; = %4 [148]
Fop = fa * faq [149]
2
Fyy = d (£, + £o,) [150]
- Al
FhlL = d fg, {351]
B vibratlons
- a2
Fee = 4°(£, = £.4) [153]
where
F;}l =0 for Jjx1
[¢] Matrix

The matrix [G] is compubted as discussed in chapter
2. IMgure 8 shows the unlt vectors V in terms of which
the vectors Ek(t) are defined, The latter are combined
to form the symmetry vectors gj(t) according to [79] and
these in turn are multiplied in pairs to glve the [G]
elements by [80]:

B
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A vibrations

G5 = 21, {15h]
Goy = By * Ko {155]
Gyy = pH/hz + [po/binaalll/nz + B2 + BS +

2H(B + 1/D) cos a - 2aB/D] [156]
Gy, = 2u/ @sin®a + 2u(c2 + BF) sin®a [157]
Gy, = 2pg cos @ [158]
Gyg = <[ {‘épo/sin a][A - B cos a] [159]
Gy, =0 {1601
Gpg = -[po/sin a][B + H cos @ = a/D] [161]
6y, = {ZugE sin®a [162]

Gy, = [ {2ug/stn allB(a + cos2a)/D - (EB - G/D)sin®a] [163]

B vibraetlons

GSS = py * By {164l
Ggp = uH/az + [po/sinzalll/da + l/DZ + B2 +
(2/d)(B - 1/D)cos a + 2aB/D] [165]
Ggg = -[uO/D sin al{l + al [166]
Gjl = Glj

in which o) = ay B 6 and wy = 3,76 x 10% , g = 5.97h x
1023 gm'l are the reciprocals of the masses of the O and

H atoms respectively. Further,

A = (1/d) = (cos a)/D (1671
B = (1/D) - {cos a)/d [168]
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G = cse al(csec a)/d = cot a(l - cos @)/D] [169]
E = cos a sin #/D sinfa {1701
H= (1/d) = (2 cos a)/D (171]
a = 0,080L7 = cos 8,°52"

= (Vi . V}) (see Figure 8) {1721

The approximation 5} o (va x VE) = -ainaa was made since
g =90° .,

Numerical Evaluation

The forgce constants gilven by Gigudre snd Bain (62)

are, in units of 10° dyne em™t
£y, = 3484 @ = 0,89
£q = T.28 £, = 0.04
£3q4 = ~0,0L f¢ = 0.1l

The molecular parameters (62) are

D=1.49 x 1078 em ,

d25d=0.97x10'8 em

a1=a2=a.=102°,
¢=820(t200)0
The [F] and [G] elements were evaluated using these Tigures

and are glven below. The basle units are grams, seconds

and angstroms.
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[F] elements (x ;9'5)

Fi, = 3.84 By, = 0.104
F,, = 7427 Fog = 7.29
Fy3 = 0.875 Fgg = 04800

[G] elements (x ;0'23)
Gyq = 0.7528 Gyp = Gpy = =0.1107
Gy, = 64350 Gyg = Gy = -0,5366
G33 = 7,134 Glh = Ghl =0
G, = k.01 Gpy = G3p = =0.2128
Ggg = 64350 Gy, = Gp = -0,07353
Ggp = 74258 Gy = G 3 = =0.49k1

G’56 = G6S = '-002813

As an approximate cheeck on the work, the secular equatlion
was expanded by [85]-[87] and solved by successive
approximations, The roots yielded values for the fundamental
frequencies that were wlthin 3% of the observed value for

the lowest frequeney and within 1% for the highest. The

observed frequencies are listed in Table 6 above.

Normal Ccordinafes

The product matrix [GF] has been formed and the
matrix [L] celculated from [91]. The result 1s presented
in Table 8, PFrom this [1] is calculated by first forming
[u]=* simply as
(o3t = (v’ [173]
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since [U] is wnitary, and then using [97]. This matrix 1s
glven in Table 9, Having obtained [1], the sixz normal
coordinates of vibration of H202 are easlly represented
pictorially as shown in Figure 9,

Amplitude Factors

(2) 0=0 distance as critical: Since the rate=-

determining step in the hydrogen peroxide decomposition is
the rupture of the 0-0 bond (60), calculations are first

carried out on the assumption that

p=4AD=r (174]

Consequently, from the definition [1O4] of A, it is seen
that A, =1 and the other A's are zero, Hence, from [93]
and [116] the amplitude factors a, are simply

oy =1y =1,/ Vg (1751

in which the 1li are in the first row of Table 9 and Ei
is most readily calculated from [95] using the numerical
elements of [F] and [L] above. The a; are normalized to
the p, by [117] and both are listed in Table 5 above.

(b) O=H distance as oriticals Here p = AF in

which P 1s the distance from ) o 0@) 14 the

molecule, (see Figure 8), In this case all six or the

normul modes will contribute to p , This cholce orf reaction
coordinate 1s illustrated in Mgure 3(a) and the Ak axre

found from [105]=(108], In terms of the internal coordinates
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of this molecule they are:

A = %% = % (D - 4 cos a) = 0.87217 [176]
A, =='-%-§; =1 (d =~ Dcos a ) = 0,65982 [177]
8, = %EI = 2d gin & - 0,72887 [178]

Ay = Ag = Ay = 0 since veriations in d, , @, and g do
not affect p « Of course now there are the two equivalent
criticel coordinates, The number of significant figures
given here is unjustified but they are carried forward to
the calculation of the amplitude factors,

The Y,y B8re not affected by the cholce of p but
now Yéi and vhi will be required as well as the Yii
found ebove. The new @, and p,; are computed from [116]

and [117] and are presented in Table 6 above,
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CHAPTER 6

ISOMERIZATION OF CYCLOPROPARNE

The thermal iscmerigation of cyclopropane to
propylene has been discussed in detail by Slater (65) and
will only be sumarized here, Slater's calculation,
carried out with complete rigour and compared to the
experimental results of Pritchard, Sowden and Trotman-Dickenson
(66), was the first, and before the present work, the only
test case for the Slater theory, The satisfactory agreement
that was obtained over the wide pressure range of .0l - 100 cm
has earned considerable prestige for the theory but there
remain certain difficulties which will be mentloned below,.
Pritchard et al (66) have calculated the rates theoretically
predicted by the Hinshelwood and Kassel theories as well
and compared these with thelr own experimental data and
those of Chambers and Kistiakowsky (67).

HKRR THEORY

A plot of log K.l/kOD against log P 1is made by
Pritchard et a) (66) of the data. This ourve is compared
with that predicted by the HKRR theory in whioch

g8 = 13
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: 6

o’ 3.9 x 10 cm

Eo

i

65 keal mole™t (experimental)

The agreement is extremely good over most of the pressure
range but the measured points fall a little below the
theoretical curve in the lowe-pressure region, The authors
admit that a more convex curve which would be & better it
could have been obtained by taking s = 12 and a

correspondingly larger value for the collision diameter O ,

SLATER THEORY

Slater (65) has calculated the rate curve predicted
by his own theory., The vibratlonal analysis was based upon
e set of force constants obtained by Saksena (63), Symmetry
coordinates were composed from the atomlc cartesian
coordinates and amplitude factors were determined taking as

critical coordinate the extension of the distance from a

hydrogen to a remote carbon atom, Slater discusses the

form of the calculation when degenerate vibrations and

R At RN

equivalent eritical coordinates are involved and evaluates

Fo

211 the necessary parameters, Taking the collision diameter

(SR

= 5x 1070 em, values of K;/ka> were computed for the
entive rate curve. The shape of thils curve is an exact fit
to the experimental one., However,the Slater pressures are
gll a factor of 3.6 larger than those measured for the

corresponding rate constantj that is, Slater!s curve
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is shifted 0,56 units to the rlght, on the logarithmiec

scale, from the experimental curve.,

DISCUSSION

The fact that the Slater theory, which involves
no arbitrary parsmeters, predicts with a high degree of
accuracy the shape of the curve of log K%/ka) against log P
is indeed strong support for the theory and its assumed
model., As Slater points out (65), the absolute pressures
predicted would be decreased by the factor 3.6 if elther
o2 or Iqu were increased by this aeme factor. Although
it is wnlikely that O is larger than the 5 x 10'8 em used,
the]TIL micht be sufficiently increased by use of the most
recent force constants,

There is here an opportunity to emphasize once
more the arbitrariness in the selection of tThe critical
coordinate, When the reaction involves the rupture and
creation of & number of bonds as in this case, & simple
linear reaction coordinate is by no means obvious, Slater
(65) also carried out the calculations on the assumption
that p was the stretching of a CeC bond but the results
gave no agreement whatever with experiment.

In this case, then, the experimental results are
explained equally well by both the Slater model using a
C~ll as the critical coordinate, and the HKRR model in which

a is taken as 12 or 13.
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CHAPTER 7

OTHER REACTTIONS

In this chapter certain additional unimolecular‘
reactions which have been treated in a more approximate
fashion will be discussed, Although the results here are
not conclusive, these considerations serve to define a

region in which more detalled study might prove fruitful,

NITROGEN PENTOXIDE

Mills and Johnston (69) and Johnston and Perrine
(70)(ef. ref. L6, page TL4) have studied the decomposition
of nitrogen pentoxide in the presence of nitric oxide, and
have shown that values can be derived for both the rate
of energization and the high-pressure first-order rate of

splitting the molecule into N02 and NO The rate of

3 L 2
energlization at 300°K is found to be

ky = 1.175 x 1O5 oo mole™t sec™t .
Spectroscoplc data are not available for a
complete vibrational analysis so that onlv a brief discussion

is glven. When all fifteen normal modes are considered,
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the HKRR theory gives a rate of energlzation
ky =2.79 % 107 cc mole™! sec™t

which is much too high, The best agreement is obtained
with s =7 for which

ky = 145 x 105 ec mole™t sec™t.

With Slater's theory one can only calculate a

maximum rate, For n = 15

I—Iu(max) = n"n/2 = 1,5 x 10~

and the resulting rate at 300°K is

8 -1

iy = L4e01 x 10 cc mole™t sec™t .

This is mueh higher than the experimental value and nearly
as high as the HKRR rate taking s =15 . The calculated
rate would, of course, be much reduced when the true p
values are employed and on the basis of past experlence there
is no reason to doubt that the final calculated rate will
be reasonably close to the experimental value.

At the moment there are therefore two possilble
explanations for the observed behaviouf, One 1s that the
HKRR theory applies and an unrestrlcted flow of energy

exists between seven of the normal modes, but that energy
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from the remaining elght (perhaps because of certain syrmetry
restrictions) 1s not available to these seven. The second

is that, in accordance with Slater's proposals, the energy
must be distributed in a particular manner amoig all fifteen
normal modes, and that reaction occurs when the vibrations
core suitably into phase., If more detailed calculations

show that the Slater rate agrees with the experimental one
there will still be no simple way of deciding between the

two alternatives; 1f, however, Slater's rate is too low

the first must be accepted,

ETHANE

Kinetic values for the unimolecular dissociation
of ethane into two methyl radicals may be deduced from the

resulte of Dodd and Steacie (71)(ef. ref. 72) on the recom

bination of methyl radicals in the presence of acetone., At
a8 temperature of h73°K and a pressure of 10 mnm and above,
the recombination is second-order and the rate coefriclent
18 3,7 x 1083 e mole™t sec™l. This coefficient decreases
by a factor of L as the pressure is lowered from 10 mm to
1 mi. Assuming the reaction to be essentially thirde-order

]

at 1 mm, & thirde-order rate constant ol 3 x 10°% s mole™

gee~t gorrespondiug to the process

3 + Cil., + ¢cH.,cocH C.H. + CH,CuOuH,,
Clly + Gily + CGl400CH, — C,8g 3Gy

may be deduced. Iroa the suame data Houre and sadst (73)

O i
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27 002 molecule™® sec'l, in

estimete approximately 10~
satlisfactory agreement.

Using & value of 85,0 kecal for the energy of
dissociation of ethane into ZGH3 , and of 16 e.u. for the
stendard entropy of the process, a value of 10°3° mole cc™t
ig calculated for the equilibrium constant for the dissociétion
at u73°K. (The standard state is 1 mole per ccj the value for
the entropy corresponds to & planar methyl radlcal and aprees
with that guoted by Trotman-Dickenson, ref. L6.) These

figures lead to a value of

- -16
k1 =~3x10

ce mole"1 see™t

for the second-order rate of energization corresponding
to the dissociation process,

The molecule possesses eighteen degrees of
vibretional freedom. The HKRR theory, when S is taken as

18, glves

8 -1

cc mole"l sec

Ky = ~5 x 107

whiech is much too large. However with s = 9 the result is

ky = ~ 245 X% 10'15 ce mole'l sec'l

and slightly better agreement might be achieved with

s =8,

The eighteen normal modes of vibration of the
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molecule, which is assumed to be of D3d symaetry, are

comprised of the following syrmetry species:
381, * At 24, *+ 3E,(2) + 3Eg(2) = 18 (1791

Inspection of the character table for the point group D3d'
or a schematic representation of the normal coordinates
(ref. 35, page 115) shows that the A, , 45, &and E,
vibrations bring about no change in the C-C bond distance,
If the eritical coordinate for the symmetrlcal splitting

is the C=C bond distance, as would seem reasonablg 1t
follows that only for the 3A1g and BEg modes will the
pts of Slater be non-zero. The three Eg modes (doubly
degenerate) are each counted once only (13) as shown in
[38], so that only six modes in all have non-zero pts for
this choice of coordinate, The w Ffactors for the Eg
modes will probably be small since these contribute very
11ttle to GCeC sStretching. However, a maxlmum rate for

n = 6 may be calculated from the Slater equation 156] by
taking T—T“i = /2 fne rate constant calculated in this

way is

1 -1

20 sc morle™ sec™ ,

Ky =~ 10"
which 1s too small by a factor of aboub lOu. The use of
o larger value for n would give better agreement bub it
would then be necessary to potulate a reaction coordinate

vhich would not appear to be consistent with a symietrical
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dissociation into methyl radicals, (See discussion below,
however, )

It is seen that the HXRR theory gives too large
a rate of energization when all eighteen modes are considered;
the best agreement is obtained with eight or nine, The latter
value is consistent with the hypothesis that there is a flow
of energy possible between the nine normal modes of g
symetry, 3Aig + 3Eg(2) , but that energy cannot pass from

the nine u modes into the former,

CYCLOBUTANE AND CYCLOBUTENE

In & recent commumication Thiele and Wilson (7h)
have attempted to apply simllar arguments, based on symmetry
considerations of the reaction coordinate, to the unimolecular

decomposition of cyclobutane and isomerization of cyclobutene,

_ As in the discussion of ethane above, these authors determine

the most probable symmetry of the distorted molecule just
prior to reaction and then take as the Slater number n the
rumber of modes which are of such symmetry specles as to
contribute to this distortion., The Slater parameter v 1is
taken as the experimental high-pressure frequency factor
and I—Iui is caleculated both at its maximum value, n"n/2 ,
and on the assumption of & "representative spread" of the

uy; @as discussed by Silater (13). Having determined & as

a function of pressure from [36] and [29], a value for Pg,

the pressure at whlch K.l/kOo = 0,95, is obtained fram Slater's

} T
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tabulated figures (13) and compared to the experimental
values. In both cases the theoretical value of P5 is far
above the experimental, leading the authors to conclude that
the Slater theory may require some substantial modlifications,
However, it may well be that the predictions of
which modes will contribute to the reaction, based upon
symmetry considerations, are greatly over-simplified in the
last three examples., It is reasonable to assume that the
displacement of every atom, regardless of the symmetry class
to which the motion belongs, will alter the potential field
so as to have some effect on the bonds which are to be broken
or formed in the reaction. Consequently, the Slater theory
does not hesitate to choose & critical coordinate which
bears no relation to the symetry of the reaction as a whole,
and preference is for coordinates involving a light atom
whose relatively large amplitude of motlon will give rise
to a greaterIfI@i factor, With critical coordinates involving
H atoms in the above cases, the values of n would be
increased and muchcloser agreement to the experinental PS

would result,
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CHAPTER 8

DECOMPOSITION OF BETHYL CHLORIDE

The results of the celculations presented in
chapters 3-7 seem to imply that the Slater theory is sulted
to predict the rates of reactions involving rather large
molecules, such as cyclopropane, much better than it is for
the reactions of simple molecules, Of course it is in the
former case that the transition pressure region is most
easily attained experimentallye. As a final test case for the
Slater theory, calculations on the thermal decomposition of
ethyl chloride have been undertaken. It was hoped that the
number of degrees of freedom in this molecule would be
sufficient to render a satisfactory agreement between the
Slater theory and the experimental data, Further, since
the reaction 1s simply the removal of HCl to give ethylene,
there would seem to be ruch less uncertainty in the choice
of a critical coordinate, the most obvious one being the
distance from Cl (on Cl) to one of the i atoms on G, .

Because of its 1low degree of symmetry, the
molecule has not previously been submitted to a normal
coordinate analysis, The very laborious analysis, which
includes the determination of & set of force constants, nas

been attempted with the ald of electronic computers, 1in

B
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the course of this work a number of techniques and specilal
conaideratlions became evident, and for that reason sections
dealing with the machine solution of the secular determinant
and the adjustment of force constants have been inserted at

the first of the chapter,
MACHINE SOLUTION OF THE EIGENVALUE PROBLEM

As in any vibrational analysis, the problem of
determining the characteristic frequencles and ampiitudes
of motion may be reduced to the problem of determining the
elgenvalues or roots, with the corresponding elgenvectors,
of a matrix the order of which is the number of vibrational
degrees of freedom in the system. As mentloned on pages
6l end 65, it is required to find the characterlistic roots

>\1 and veciors [L1] of an unsyrmmetric, real matrix

[H] , where
[H] = [G][F] [180]

and both [G] and [F] are symetric and positive definite,
liost programs written for the solution of this

problem by electronic digital computer (including the

S R AT L o WA AT AT, R LA R S R e R e e R R AR TRy D e T e T D o T A R S e R R P s R N R A R L
SRR ZRNE ‘

programs used in the present study) are based upon the
familiar "power method" (ref., 75 page 231) whilch is sumarized

below,
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Power Method of Solubtion
Suppose the matrix [H] to be solved is of
order n with roots >\1 ’ 5\2 ’ cee >\n wWhere

'Xl\ > lxal >...>an| XJ.=1~ee11

and the eigenvectors assoclated with the roots are [Lll R
[L2] s vee [Ln] e« The method begins by choosing an arbitrary
vector [v] of order n , = usually (1 , 1 , eee 1) in the
absence of any previous knowledge of the solution, « and
successively multiplying it by [H] , or "iterating" on it
by [H] « It can then be shown that

(B]" [v] = [v] = X’:’z (L,] + (%f)m (L] +

(%}m [L3] + oees * (—é’;‘)m (] [181]

Since >\1 ls the dominant root,

1im [v] = X2 [L,] = (1,] [182]
Vin >\J. 1 1

N AT A A N DS Lt

because }K: » 68 a constant, only scales [L1] and does

not alter the ratios of its components, Further,

ST

S A T s

lim (I”m > = Xl [(163]

e—-+0 [V]m_l

Jovise

SRR
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Consequently, after a sufficient number of iterdtions mn ,
the first root end vector are obteined, To calculate >\2
and [Lal , lteration may be carried out on a new vector
[vy] which 1s orthogmmal to (L,1 , or alternatively, >\1
AAA may be removed from [H] by one of the "deflation” processes
(75)(76) to give a new matrix ([H;] whose dorinent root

1s >\2 « This scheme is contlnued wntil all the latent roots

and vectors have been calculated,

Hodiflications of the Power Method

Although the power method zives rapld results in
many eases it cannot be denied that there are so many cascs
in which 1t does nobt, that it is seldan used by ltself, 1t
is scen fran [181] that if the fractions >\r/ >‘1 are not
appreciably less than mity, or if ([v] Just happens to be
nearly orthogonel to [1.1] , then convergence on >\l will be
extremely slow, In matrices of the size that are belng
calemlated in the present work (7 x 7 and 11 x 11) the former
difficulty 1s almost sure to arise for some of the roots,

Modifications to the basic method are continually
appearing (76)(77) in an effort to echieve a nore powerfil
program, These incorporate & number of defletion procedurcs,

sane of whilch reduce the order of the matrix as each rooit is

i

F“i’ﬁ
l.‘fe
A
i

3
& nearly egual roots,

obtained, acceleratlon methods which achieve a more rapld

convergence to the elgenvector, and methods for separating

@ In any of these cascs ihere exists aniinmum situation
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which is attained by proper choice of "origin" for the
matrix, If a constant P 1is added to the diagonal elements,
thils merely shifts the roots from >\i to >\i + B and
leaves the vectors wmaffected., When approximate values for
the >\i are lmown, { may be so chosen as to distribute
the roots fairly evenly about zero., Then in general
(providing there are no pairs of roots with equal moduli)
the ratios of successive eigenvalues will be the most
satisfactory for convergence, Alternatively, B may first
be chosen to make the r largest roots converge most rapidly
end then a second value assigned to it so that the (nwr)
smallest roobs are obtalned,

sxgmetrization of Matrix

The solution by computer of symmetric matrices is
generally much simpler than for msymetric, one reason being
thet the roots of a symetric matrix are always real,
Consequently, instead of solving the matrix equation foi},
some authors prefer to use an equivalent one in vhich the
matrix to be calculated is symmetric rather than the
wmsymmetric [GF] .

Mann, Fano, Cahill and Shimanouchl (78) replace
[91] by

(1" [F1 [D]) [¥] = [¥] [A] (1841

in which [D] is the matrix of transformation from the column

matrix [x] of 3N mass-weighted cartesian coordinates to

VU P P
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the colum matrix [r] of internal coordinates, (Y]
relates the normal coordinates Q, %o [x] by

[x] = [¥] [Q] [185]

and in terms of the matrix [1] of [97] ,

(11 = [p] (¥l [186]

The product matrix ([D]f[F][D]) of [18L] is now symretric
and possesses the same eigenvalues as [GF]., The eigenvectors
give the normel coordinates directly in mass-weighted cartesian
form, As it stands, however, the matrix 1s of order 3N ,
although symetry factoring can stlll be applied if symmetry
coordinates are first constructed fram the cartesian coordinates,
This treatment has the advantage of avoiding calculation of

[G] , but in same cases the calculatlon of [D] would be
nearly as troublesome, Mann, Shimenouehl, Meal and Fano
employ this method in the normal coordinate analysis of the
halogenated ethylenes (79)(80).

Miyaspua (81) has shown how the roots and vectors

- s " poprcerorn gy T T i S T R S S T A oy S o e s < G R T e e St A AR i w9 SR R AT M T e R e N
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of [H] may be obtained through the solution of symmetric

matrlces only, The process involves several steps:

T

() The eigenvaiues ¢, and vectors [AiJ of

[G] are found,

EPI N

ST T oy Ty
5
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(b) A diagonal matrix [B] is formed from the

square roots of the elgenvalues ti .
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(c) If [A] is the square matrix of the vectors
[A;] found in (a), then the product [A][B] is formed.
(d) A matrix [K] i1s calculated, where

(k] = [aB]' [F] [AB] [187]

(e) The eigenvalues >\i and vectors [C,] of
[K] (which is symmetric) are now computed. The >\i are
the desired roots of [H] ,

(f) The vectors [Li] of [H] are obtailned from
[Li] = [AB] [Gi] (1881

Although solution of symmetric matrices is more
rapid than that of wunsymmetric matrices, the difficulty of
nearly equal roots may still be encountered, Furthermore,
each additional step in the syrmetrizaition process contributes
a round=off error which is carried forward, On small and
medium sized machines such as the IBM 650, experience has
shown thls error to be appreciable after a few multiplications,
If a sufficiently repid program is available, it 1s much
more preferable to work with the original, wnsyrmetric [E]
matrix,

Method of Coordinate Rotation

Howland (82) has recently discussed the solution
by & method of coordinate rotation of determinantal equations

of the form
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(vl [x] = AI[T] [x], [189]

provided [V] and [T] are symmetrie, This would apply to
the present problem which may be written:
= -1

(FIIn,] = A, [93720n] [250]
where both [F] and l',G]"1 are symmetric. The method in
this case 1s quite different from the power method and does
not suffer from the defects of the latter, although
computation time may be somewhat lengthy. A program based
on thls procedure has been campiled for the small Bendix

camputer, but for certain 10 x 10 matrices a complete solution

required epproximately sixty hoursl (83)

SELECTION AND ADJUSTMENT OF FORCE CONSTANTS

In chapter 2 the solution of the secular determinant
to obtain the normel frequencies and coordinates was
described, This was discussed from the assumption that the
potential field was completely speclfied through knowledge
of all the constants bij of the potential energy expression
[é}]., However the more usual problem, as in the case of
ethyl chloride below, 1s that of evaluating these "force
constanta" from a lmowledge of the fundamental frequencies
of vibration. This problem is much wore difficult than

the former for there are ususlly many more constants than
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independent freguencles from which they are to be determined.,
Thus, if a molecule possesses n normal vibrations belonging
to a particular symetry class, there will be n(n + 1)/2
constants in the most general potential fwmctlon,

One solution to this difficulty is to employ the
normal frequencies of isotopic molecules if the data are
available, Assuming that the force constants are the same
in the isotopic species, it is only the [G] mnatrix which
will be altered. This supplies additional equations by
whieh the wmknowns are determined,

Bven when this information is at hand, in all but
the simplest cases it is usual to approximate the form of
the potential fwmetion, for exarmple, by assuming valence
type forces, and thus reduce the number of wmiknown constants,
And finelly, even some of these constants must be assumed
zero in order to arrive at a determinable number of wniknowms,
It should be mentioned that one can freguently increase the
mmber of terms consldered in the potential function by
setting certain force constants equel to corresponding constants
in similer molecules and taking these as known,

Wit such approxinmations it is possible that rore
then one set of constants may rive the same set of frejuencies,
Often a decislon between the various sets of constants is
possible merely from a common-sense analysis ol the potential
function, but wmfortwmately no rigorous methiod is availlable,

In some cases a calculation of the amplilitudes mav be heloful,
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and eventually a comparison wlith lmown constants from
simllar molecules mey be taken into accownt., A satisfactory
calculation of further frequencies, however, is by no means
&8 proof of the correctmess of the constants,

The usuwal practice, then, is to begin with the
simplest possible set of force constants, the estimation
of which is gulded by considerations of other molecules,

campose [F] and [G] matrices, calculate the frequenciles

and compare them with the experimental velues. The discrepancies

are noted, the force comstants altered slightly to give a
new [F], end the calculation repeated, In simple cases the
adjustments to ([F] may be made merely on a trial and error
basls, However for larger matrices, as arise with ethyl
chlorlde, iv becomes necessary to have some guide whereby the
alterations may be effected in a systematic fashion, The
Jacobian method deseribed in the followlng section has proved

very useful in the present worik,

Jacoblan Method of Adjusting Forece Constants

Literature dealing with the problems of adjusting
force constants to produce a desired set of frequencies
appears to be very scarce, A Japanese paper by Miyazawa (8l )
sketches the Jacobilan method which employs perturbation
theory, and more recently Howland (82) hes discussed the same

method applied to determinental equations generally, In what

follows, Howland's derivation has been adapted to the molecular

vibration nroblem,
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(a) Formation of the Jacobian matrixs The matrix

equation involving the force constants iss

[eFliL ] = X\, [&,] a=1,2,,0n [191]

or

[FIIL] = X, (6J7M(n,] [192]

To simplify the notation, let the colimm vector [La] =Ex
and drop the square brackets and subscript on >\ temporarily.
Then [192] becamess

Fx = A 6Lz [193]

Altering the elements of F by AF produces variations in
% end A 80 that, from [193],

(F+aF)(x +8x) = ( A +a N\ )G (x+ax) [194]

Then, to the first order,

Fx + F(Ax) + (AF)x = >\G'lx + \G‘l(Ax) + (A >\)G"1x {1951

But from [193] the first terms on each slde of the equation
may be eliminated, Hence

(F - Xe'l)u + (AF)x =« (A >\ )e~ix = 0 {196]
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Form the scalar product with x j ie. multiply by the row

vector x' which is the transpocse of x @
x' (F - >\G'1)Ax +x (AP)x - (A >\ )x'G"lx =0 [1971
But since (F = >\G’1) is symmetric it 1s possible to write:
B F-Neiux={(F- Nz} ax) =0 [196]

From the lest two equations,

= (AF)x - (AN )x'elx = o [199]
or
|
AN = X AF) x [2001]
x G x

Since it is not usual to work with the matrix
=l 1

[G]"l , One can replace G ~x by ;\- Fx from {193]. Then
{1299] becomes
= (AF)x - 1)  FPx = 0 [201]

A

or, returning to the former notation in which the a=-th
root >\a was considered ,
1 A>\ 3
(L1 (aFI(L,] - 228 [L 1[FlL.] =0 [202]

Na
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Now let fh be the heth force comstant such

as fp, £, » £4qs ebc. Define a matrix [B,] associated
with fh by

[Fl g: £, (8] [203]

[B,] will be a square matrix of the same order as [F] , with
every element zero except at the locatiomns at which fh
appears in [F] . These elements of [Bh] will be the
factors by which the fh are multiplied in the corresponding
elements of [FP] o With the type of symrietry coordinates
that have been described in chapter 2, sample elements of
[B,] wold be 1, =1/ Y2, 4%/ {6, and so forth. It
follows from [203] that

[AF] = ;(Afh) (g1 {20y ]
Inserting [204] in [202] glves

% (L 1'(FlL, ] [205]

L ]'{Z(Afh)tshl} L] =
a h & -—3:;

Now if only the heth rorce constant chenges, {205] ecan

be writtens
"B 1L 1 = AN L_1'(FIL_] [206]
(a£, )L 1 (B 1L 1 = _7: o o 206

from which
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1
= 2De s g Bplining
ah =~ , £, RN [L,1'[F] L] a  [207]

This defines the elements of the Jacoblan matrix [J] .

[207] 1s a very useful relationship since the
quantity Jah is the increment of change in the a-th root
that will be produced by & wmnilt change In the heth force
constant, It is to be noted that the relationship is not
exact for large variations because of the approximation
involved in passing to the partial derivative, but beccmes
more exact the smaller the variation, Such a cealculation
is a vast improvement over the empirical method of obtaining
[J] as used by Mann et al. (79). These authors took each
force constant in turn, arbitrarily increased it by a small
increment, and then solved the [GF] matrix to find the
variations produced in the roots, thus obtaining the
elements A>\E/Afh .

Miyazawa (8ly) gives the sirmple relationship:
'
Ton = (Ll (B IIL,] [208]

which, of course, 1s only true if the eigenvectors are scaled

such that

w1 (7} L] = X (2091

a a

However such scaling requires that
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; Ly g Lja Fy, = Xa {210]

and can only be accarplished by actually performing the
maltiplication of [209]. Consequently it is preferable to
take the vectors [La] with any intermal scaling (many
conputer programs produce the vectors scaled so that the
largest element is +1,0) and use these numbers directly

in [207].

The condition [210] is simple enough if [F] 1is

disgonal for it then becomes

;Lia Fy; = PN [211]

a

This seems to be the case for the acids studied by
Miyazawa (8l).

(b) Adjustment of force constants: Onoe the

initial cholee of potentlal constents has been nmade the
problem is worked through to obtailn a set of roots >\i

and vectors [L,] . These values are used in [207] to
obtain a Jacobian element Jah for each root and eachr of
the unlknown force constants., The calculated roots arc then
compared to the experimental data, If the a=th root nust
be altered to make it equal the observed value, then the
aetit row of [J] glves the varlatlians in E\a produced

by each forece constunt fh. Fran these consideratioas,

certain adjustments urc made to the constunts, the prodlam
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is worked through again and the adjustment procedure repeated.
Although [J] changes slightly with each modification to
[F] 1t 1s usually sufficient to calculate the former once

and use it unchanged in subsequent estimations, This adjustment

cycle is repeated until all the calculated roots agree

with the experimental values to the desired degree of accuracy.

Menn et gl. (79) describe a method of force constant

edjustment which uses a least-sguares criterion to ensure that

the constants finally established are such as to give the
best possible agreement between calculated and observed

frequencies, The method is easily adapted for matrix operations

on a digital computer, The Jacobian matrix must first be
calculated (empirically, by these workers) and then a series
of matrix multiplications and inversions are performed using
[T] and the vector (A>\1 , Axa s seo O Xn) to obtain &
vector of the force constent adjustments, (Afl, AL, ees) o
These adjustments are apprlied and the cycle repeated, This
caleculation was performed for the 7 x 7 matrix in the ethyl
chloride analysis, but without advantage. It appeared that
the calculated roots must be within about 1% of the observed
values before the method can be applied, and this accuracy
was sufficient for the purposes of the present work in any
case, However, it is also possible that the error
accunulated throuch the several matrix operations required
on the computer (IBM 650) was enough to invalidate the

results,
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EXPERTMENTAL KINETIC DATA FOR THE ETHYL
CHLORIDE DECOMPOSITION

The thermeal decomposition of ethyl chloride hasv
been studlied in high-pressure range 20-200 mm by Barton and
Howlett (85) who find the reaction to be homogeneous and
first order giving, stoicheiometrically, ethylene and hydrogen
chloride, More recently, Howlett (86) investigated the
reaction at lower pressures where the same unimolecular
decomposition occurs homogeneously but below 20 mm the rate
constant becomes pressure-dependent,

In the high-pressure reglon the wvarying first

order constant was found to be expressed by

k= i0%

© Le® oxp (-60800/RT) sec™t

which, at 729°K, gives

ka>= 2,36 x 10'” sec'l

with E, = 60,8 koal mole™"

Below about 8 rm K; drops rapidly with the initial pressure,
falling to half the limlting value at 1.2 mm. The experimental
points of Howlett (86) have been taken from Figure 1 of that
paper, the pressure scale converted to logarithmic form, and

these points plotted in Figure 12 in the following section,
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Unfortunately there is a rather large degree of scattering.
The most recent spectroscopic data for the molecule
are those of Allen and Bernmstein (87) and of Daasch, Liang and
Nielsen (83)(89) whieh propose two alternative but only
slightly different assignments of tne fundamentel freguencies.,

This is discussed in the vibrational analysis below,

THEORETICAL CALCULATION OF RATES

No attempt has been made to fit a curve based on
the HKRR theory to the experimental points., It will only
be pointed out that Howlett (86), using an expression by
Hinshelwood (ref. 7, page 81), estimates that s = 13-1l as
the number of vibrational degrees of freedomn contributing to

the reaction and between which energy is assumed to flow,

Slater Theory

The equilibrium configuration of the ethyl chloride
molecule, along with the designation of internal coordinates,
is shown schematically in Figure 10, Since the reaction is
simply HCl abstraction to give ethylene, the most likely
linear reaction coordinate is the variation in the distance
Cl-H1 and it is upon this assuwiption that subsequent
calculations have been based, Of course an egquivalent
critical coordinate would be A(Cl-HZ) .

The very lengthy vibrational snalysis, which

involves the deduction of a set of potential constants, has
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f ‘flgure 10. Schematic representation of the ethyl chloride
igmolecule, showing the internal coordinates and unit vectors

iaemployed in the treatment.
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been carried out to a degree of accuracy sufficlent for

the present application and the details are presented in
the final section of the chapter. The molecule has a total
of elghteen vibrational degrees of freedam and the eighteen
normal coordinates have been represented approximately in
Figure 11, In the numbering of the modes employed here

vl - vll are vibrations symmetric with respect to a plane

passing through (1, Gl, C

are antlsymmetric with respect to this plane,

29 and H3 s While modes Vio = Y18

Howlett (86) estimates the effective molecular
diameter O of the molecule to be 5,5 x ZLO"8 oem which is the
value used here, At a temperature of 729°K, at which the
kinetlc runs were performed, the collision frequency per

molecule, W , may be calculated from [29]. In this formula

[A] 1s the gas conecentration in molecules per cc, Converting

thls to conventional pressure units at 729°K the resulting

expression 1s

6 1

W = 8,704 x 10~ P sec” [212]

where P = pressure in mm of Hg .

The amplitude factors ay and By have been
caloulated 1n a mammer simllar to that in preceding chapters
and are presented in Table 10 along with the assignment of
fundamental frequencies assumed. Since the chosen critical
coordinate bears no simple relationship to any element of

symmetry in the molecule, it would be expected that every

one of the elghteen modes would have some effect on its
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Table 10

Frequencies and amplitude factors for the H=Cl distance

in CH3 CH2 Cl

1 vi(cm'l) a (x 10“) By

1 2983 1.2 000539
2 2940 =0.1475 .00207
3 2890 2426 .00985
4 1156 2.1 .0105
5 1450 -18,1 0790
6 1383 ~8.94 .0391
7 1287 | =239 .105

8 1080 T4l «0323
9 972 =l1 .65 .0203
10 676 21,8 <0951
11 336 52..4 229
12 3012 Iy .58 ‘ . 0200
13 2878 0.331 .00kt
1 1452 21,5 «0937
15 1215 3649 w161
16 972 «19,.7 .0860
17 785 2L.0 .105
18 2h2.5 213 «930
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extension, (ie. heve nonezero ai). This is indeed the case
although certain of the vibrations are seen to contribute
very little., The feet which complicates the calculations
is the very large value of &g which corresponds to the
"torsional™ mode Vig + This anomaly first appears in the
f{1] matrix of Table 18 in the vibrational analysis, The
last column of the matrix, corresponding to V18 » shows that
the only internal coordinate which undergoes apprecisable
change in this mode is the angle @ , where Af 1is a
measure of the "torsion"™ or internal rotation of the CH261
group wlth respect to the CH3 group, The preponderantly
large value of 720.18 in the Teble 19 of Vet indlcates
that a great portion of the total energy in this mode 1s
devoted to the torsional motion, Finally, the fact that
such motion has a considerable effect on the critical
coordinate (A¢ = 0,5) leads to the wnusually large value
of g . As a result, the By show a very uneven
distribution, B4 8 being 0,930 while the next largest 1is
byq = 0,229 and only three others are greater than 0,10 .
This has a marked effect on the statistics of the Slater
calculations, a3 willl be seen presently, for the continued
product I_I-“i will now be much smaller than for a normal
distributiin of the By o

In order to compute the theoretical rate curve
it is necessary to obtain the Slater parameter 6 of [36]
as a function of pressure. In this expression, w has

already been reluted to P in [212]; v is calculated



R

=l55=

from [33]; b = Eo/'RT where E  1s obtained from [62];

[ (z) equals (z-1)! for integral values of gz or may be
computed from [37] for half-integral valuesj The-TTui term
is found from Table 10, Now as Slater discusses (13), it

is permlissible to omit the normal coordinates witn very small
By (thereby reducing the number of effective modes) if such
an omission will increase the calculated rate constant. On

the other hand, since K; increases rapidly with n it is
meocertaln how small the By should be before 1t is discarded.
In his cyclopropane calculations (65) Slater omits kg = 0,015
when all the other pt's are greater than 0,10, Preliminary
calculations,in which all eighteen p factors were retained,
resulted in the theoretical curve being far removed to the
right (on the pressure scale) from the experimental points.
The relationship between 6 and P which must be obtained

is of the form
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e, = £f(n) P [213]

as seen fram [36], and since K.l/koo is itself a function

R T e S R

of @ , f(n) must be much larger in order that P = Gn/f(n)

eIy

be sufficlently reduced to coincide with experiment.

P R

In an effort to find the curve which best approximates

the observed ratea, the function en has been caloulated
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for the various assumptions:

(a) n =18 ; all p, considered.

s
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(b) n =13 5 omltting all py < 0,015
(c) n =13 ; omitting all g < 0,025
(d) n =9 ; omitting all p, < 0,05

() n =5 ; omitting ell p, < 0.10

The results of these calculations are seen in
Table 11.

Of the five determinations made of f£(n), the
function attains a maximum at £(13). This was calculated by
omitting frqm T1;1 the factors u,y , Mo s B3 5 1 » and Hy3 s
all of which are smaller than 0,015 . It is noticed that
n =13 18 in agreement with the value for s glven by the
HEKRR theory (86) which is also the case Por cyclopropane (66),
For n =13 the weighted root-mean-square fregquency Vv

’

found from [33], is calculated to be l.2L x 1013 sec™t . The

hlgh~pressure, first-order rate constant is then given by
k= 2V exp (=-60800/RT) = 1,46 x lO"S sec™t

The factor of 2 arises fram the two ecquivalent critical
coordinates,

| Slater (13) hae tebulated values of K/k_ &s a
functlon of 1log € , for various n , determined from the
generel integral [34]. Using these figures, along with [213]
and £(13) , the theoretical cnrve of K.l/koo against log P
may now be drawn and compared with experiment. This is shown
in Figure 12, where the calculated curve for f£(13) 1s that
furthest to the right.
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Table 11

f(n) at various n

for CH,CH,C1 at 729°K.

2

n f(n)
(a) 18 9.83 x 10"‘L
(b) 13 2,66 x 107%
(c) 11 1.6 x 107t
(a) Le18 x 1072
(e) 5 1.87 x 10"l




o

-uoTg Feoduooep THoHDEHO 03

d 80T pm‘cﬁmwm 8x\.ﬂx Jo sqo0Td T®OT39409Y3 pus TBquawtaadxy °21 oand T

(ww)d4 907




As a maximum, f£(13) brings the theoretical curve
the furthest to the left (the smallesat values of P ) of any
f(n) , and yet the pressures given by this curve are still
about IOS‘h greater than those measured experimentally. As
already suspected, the reason for tils lies in the uneven:
distribution of the By factors which makes I_Iui
abnormally small, Retaining n = 13 as a reasonable value,
another curve may be drawn based upon a hypothetical critical

coordinate which gives the By factors a normal, or

"representative™ dlstribution, From experience with a few
molecules involving a hydrogen in the critical coordinate,
Slater (13) refers to a "representative" distribution of g
a8 one in which the largest is about five times the least

and, on the assumption that the kg @are in a geometrical
progression with u, = Sun, it is deduced that

13

]i_I- by (rep) = 0.050(13)"6'S = 2,87 x 1077

i=1

Using this value, the £(13) of [213] is found to be
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£(13) (rep) = 6.5 x 104

which 1s far larger than any of the f(n) listed in Table 11.

The curve based on Iﬁ[ui(rep) along with one for I—Iui(max) =

n"n/2 are shown in Figure 12 as well, The latter is seen to

lie below the experimental pressures, whlle that for If[pi(rep)




is approximately in the correct region.

The difficulty with the three curves discussed so
far l1s that they are much flatter then the experimental
trend, But the shape of the Slater curve, for a fixed value
of n, is invariant; changing such parameters as the critical
coordinate, Eo or O merely has the effect of shifting the
curve laterally to the right or left., It can be seen from
Figure 1, however, that decreasing the value of n makes the
curve slightly stesper, which 1s necessary in the present
case if agreement with experiment is to be achieved., The
final curve to be constructed was for the case of n = 3
(to obtain a maximum steepness) and IET' My (max) = 0,192
(to bring the curve as far as possibli—%o the left)., For
this case f(3)(max) = 7,19 x 10"° . The result, shown in
Figure 12,1s indeed an excellent approximation to the trend
followed by the experimental points but it is removed too

far to the right to be meaningful,

DISCUSSION

The Slater value of kOO , calculated for n =13

is somewhat lower than the experimental value of 2,30 X lO"LL

sec™l. This is due to the high pre-exponential term of

101”'6 found experimentally and orf which the wnmodiried
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Slater theory can talke no ascount, The pre-exponential term

of koo in this theory 1s v , which is always about 101)

3%

and it 1s only when there are several oequivalent critical

coordinates in the moleocule that v 1s 1lnocreased by this
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factor,

With regard to the application of the Slater theory
to the experimental data in the transition pressure region,
it may only be said that with an alternative choice of critical
coordinate for which the ky are more evenly distributed and
for which n 1s slightly less than thirteen (to increase the
slopd & reasonable agreement between theory and experiment
might be expected, At any rate, because of the scattering
of the experimental points, exact agreement for any chosen
set of molecular parameters could not be realized, The main
conclusion to be drawn from these calculations 1s the
somewhat negetive result that one of the chief inadequacies
of the Slater theory, = perhaps more so for larger molecules
than for simple ones, - i3 the assumption that the eritical
coordinate in a reacting molecule may be considered as &
simple, linear distance, It is qulte conceivable that if the
eritical "coordinate™ in the present example were multie
dimensional, involving the variations in C-H and H-H distances
as well as the H=Cl distance, the Hg would all have camparabvle
magnitudes with the result that the predicted curve would fall
in the reglon of the experimental polnts. Admnittedly the
shape of the Slater curve for large n 1s not close to that
of the observed points but in this case variations in the
date make the objection rmuch less serious than if the points

all fell along a smooth curve,
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VIBRATIONAL ANALYSIS

When the molecules N20 ’ 03 and H‘202 were

considered in the preceding chapters, the vibrational analysis

8imply consisted of setting up the secular determinant using
previously determined force constants and obtaining the

normal coordinates of vibration which were then used to
calculate the Slater amplitude factors, In the case of

ethyl chloride, however, because of the low degree of

aymmetry in the molecule, calculations become very laborious
even with the 8l1d of an electronic canputer and for this
reason no determination of force constants has been wndertaken,
prior to this work, although reliable spectroscopic data have
been available since 195 (87)(88)(89). As will be seen,

the force constants deduced in this sectlon must be considered
as approximate only, for although they may be used to
reproduce the seven "entisymmetric" frequencies very closely,
the adjustment process was not carried on long enough to
obteiln more than rough agreament with the eleven "symmetric”
frequencies, To achleve agreement throughout wowld have
requlred very prolonged calculations and it was felt that the
normal ocoordlnates obtained from the set of constants eventually

used were sufficiently accurate to provide a test for tie

I
]
6

Slater theory.
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Molecular Structure

et

The structure of the ethyl chloride molecule has
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been represented schematically in Figure 10. From microwave
studies of the normal and deuterated molecule, Wagner and
Dailey (90) could umambiguously establish the equilivrium
configuration as the staggered rather than the eclipsed form.
The internal coordinates used in the analysis are indicated

in Flgure 10 and will be numbered as follows: ry = AD ,

r, = Adl ’ r3 = Ad2 ’ ru = Ad3 » Tg = Aru s Tg = Ars s

r7 = AR , rg = Aﬁl » Tg = ABZ » P10 = ABB 2 P47 < A I »

Tz TAS g o Py3 T A, Ty T AG, , Tyg T AGyy , Tyg S A0,
Ty; =AY, Tjg =88 ) , Ty = By, Ty = 88 . The coordinate
# measures the internal rotation about the C=GC bond, AF being
the angle through which the 03201 group turns relative

to the CH3 group, measured from the equilibrium position,

The structural parameters of the molecule have

been determined by electron diffraction and more recently

by microwave measurements. Some of these results along with
the parameters assumed for this analysis are presented in

Table 12, Further results from electron diffraction experiments
are quoted by Allen and Sutton (9l) in which R ranges from
1.76 o 1.61 x 10™0 em end  between 110° and 111°30', The
set of parameters chosen for the present work were assumed

to be sufficlently rellable for the determination of normal

coordinates,

Syymetry and Coordinates

The moleculs is of Cs symuetry and vibratlions
' ] .
are elther symmetric (A ) or antlsymetric (A ) with respect

to a plane passing through C1 , C1 » 02 and H3 .
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f Structural data for ethyl chloride.
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The character table for this point group, &long with the
number of vibrations of each species for the case of
CH 3 GH2 Cl, 1is presented in Tavle 132 below, “herc are
3Web = 10 degrees of viorational freedor in the molecule,
It 138 noticed that because o the single element of symmetryr
prescnt the de wee off syrrretry factoring is very slignt.
syrmie bry coordinates Rj are constracuved as
outlined ir chapter 2. ‘hen the n mber of intermnal
coordinates m cxceeds the nuwber of degrees of freedom
n , 1t 8 necessarT tc form rm sSymuetry coordinates of
which (m « n) are "redundant", (Lce identically zero) and
to which the other n coordinates rmust be ortiosonal as

defined by [7hl.s oinece o =20 and n

H]

10 irn this case,
the two sym etrr coordinates ng and Ry, , placed in the

'
A class, arc red mdant:

*
A vibrations

Ry = (Bd, + 8d,)/ B} {21l ]
Ry = (2085 = APy = 4B,)/ '3 [216]
I, = (280 = 88 - 885V 6 [217]
R = &D (220]
Rg = 8dq {221]
Ry = &R {222]
Rig = (Bay, * By + buyy = 88y = 8, = 885 )/ {6 {223

Ry = (Y + 88 + 885 = 2§) = 855 = 40 Y/ 3 tazh)
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Table 13

Character table for the point group Cs with the number of

vibrations of each symnetry species of CH30H2Cl.

Gs I o Number of
genuine
vibrations

a' +1 a 1

|
A"’ +1 -1 7

!

5
%

%
4
B

2
Hv3
R

LAt B3,

s
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= (May, + Bayy + Bogq + BBy + 8B, + BB )/ V6 = 0 [225]
(Ay + AB) + ABg + Bty + Aig + an) Y6 = o [226]

il

'
A' vibretions

= (84, - 84,) / V2 [227]
Ry = (Arh - ArS)/ 'F3 [228]
Ry, = (88y = 8B,)/ 12 [229]
Big = (85), - a§g)/ V2 [230]
Rig = (Bap = 8ay3)/ Y2 23]
R, = (88, - 885)/ 12 [232]
Rig = o8 [233]

These expressions define the [U] matrix of [72].

Potentlal Function and [F] Matrix

The choice of a potential function in terms of the
internal coordinates was influenced by the force constants
calculated for 1, 1, letrichloroethane by Ele-Sabban, Meister
and Cleveland (95). Guided by the resalts of these workers,
it was decided thalt the cross terms in the potential fumction
that could be neglected were those wrich expressed interactions

between:

N—

e e e e R R 2 3 e S
T T e L ] . R e e e > g 5

S o]

(a) # and the other internal coordinates,

2
(¢) angles having no bond or atom in common,

(b) CHE,C1 and CH , groups,
3

T
S

(3) D and the d's or r's,

SRR R

The resulting [f] matrix which contains all the remaining

AR

'
force constants is given in Teble 1, In this matrix 1

KEIEAERIE
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is a force constant expressing the interaction between
two internal coordinates which have one atom but no bond

in common,

With this [f] matrix and the [TU] matrix, forme

from the coefficients in the symmetry coordinates, the elements

of the [F] matrix are obtained from [77]s

A' vibrations

Fiq =fg* 7%y (2341
Fy 3 = d(f;ﬁ - 2450/ 13 [235]
B g = dlfg, - £3,)/ 13 [236]
Fg = 2 £434 {2371
F) 10 = d(2fgy * £h, = fap - 2f;B)/T§' [238]
Fp o =fp + T, (2391
R, =af2f, -f. - f;g YAK) [240]
F, o = al2f,, = I - £15 /13 [211]
Fo g = 2 f.5 f22]
Fa.ll = d(fr‘r it f;ﬁ - frg - fz"g = frq)/‘B— [243]
Fy3 = 4°(fg = o) fauh]
Py g = %(ey, = fgq) [245]
Fyg =2d(fyg = fép)/{é' ) [246]
P = [a% (2 + fg;g - Lfg, )+ 232fq_§ /3 (2471
B o = 3(fy ¥ Bgg = 2, ¥ 2 - 2503 [248]
F, o =2(Rep, - arp )6 (2491
g = 2(RfRQ - deg)/{E' [250]
B, 11 = [a® (£, + £ = Loy = fep - f;5 + £, 2t 6-ff;.,z)--szqJ/3

d

[251]
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2
(s,

Fg g = - foa) [252]
Fyg = 2a(2y, = £44/ 16 [253]
Feo = dz(.?.fY - he o+ Lo+ £,0)/3 (254]
Fg o =2dlfp, £o5)/ Y6 [2551]
Fgqq = &0(8, = 28, = £, + L0 = f5 = Lop * £ogtfigting /3 [256]
F, . =1 [257]
F.o = Ipg {258]
Fy 10 = =3dfp, /N6 (2591
F, 1y = -(2dfpc + D,1)/W [260]
Fgg=*% [261]
Fg10 = (224, * £3a = fap - 2f:15) /& [262]
Fo g = %g [263]
Fy 1y = lalfp, + 285, = 2f5.) - Rfg,J/ 16 [264]
Fyo.0 = G0(2, * 2fgg + £ + 28y = 265, = Uiy )2 [265)
Py < (207020 M‘ngv = Ty ¥ s * Top ~ 2es - 2.5 *
£ ¥ T b 2T o= 265) 4 e, + Rr, 1/6 [266]
o'’ vibretions
Fip.12 = fa = faa [267]
Yoy = Slfgp - :15) [268]
12,16 ~ A(fgq = £aq) (2691
13.13 = £, = fon {2701
13.15 = e - fl‘;) 7]
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Fy3,a7 = 4fpg = Tpg) [272]
By = dz(fﬁ - £55) [273]
P16 = da(f‘;a - £5,) [274]
Pig,s = @8 = g ) [275]
Fg g7 = da(ff 5 = f'e 5) [276]
Flone = & (8 = £og) [277]
Fyno1q = &85 = T4g) [278]
Fig.18 = €14 [279]

in which Fjl = Fij and 81l other elements are zero,

[G] Matrix

The [G] elements were composed in exactly the same
manner as for the H202 molecule, using the relationships
[79], [80], Table 1, and the wnit vectors indicated in
Figure 10, This process becomes rather complex with the
large number of internal coordinates involved and the algebraic
expressions for the elements are much too lengthy to be given
here, The expressions were evaluated using the parameters

listed in Table 12 and pg = 0.5018 , = 0,1698 and

Bol
by = 5.97L x 1023 gm'l as the reciprocals of the masses of the
¢, C1L and H atoms respectively. These numerical values ave

given below, The basic units are grans, seconds and angstroms,

and eaon 2lement is to be multiplied by the factor 10233
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64309

0
0.38383
0,204
-0,.14961
0
-0.,2365
-0.2365
0

2.1409
0.003328
64309
0.2643
042975
0

-0, 54443
-0,2365
0
~0e22l46

~ 0

= 0,5659

'
A
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vibrations

3.3
G3.
%3.5
¢3.6

3,7

G3,8
93,9
¢3,10
G311
%l
%.5
%.6
%7
%,.8
.9
% .10
G a1
5.5
5.6
5,7
Gg.8

1

]

il

it

il

H

5.917
0,8968
3.327
=04 6048
-0.1869
~0451192
-0,3738
=3.285
-0d992
2.616
-0,5931
-0,8870
0.1367
-0,1871
-0.2949
-0,01979
1.895
132

0

0.7016




G9 =09

Gy 10 = =l.6L2
Gg 15 = 0.001291
Gy o = 10.83
G6.7 = 0,05657
G g =0

Gy g = 046976
=~ 0

Gg gy = 8026
G, , =1.004
g = =0.1672

= «0,1839

Gyp 12 = 60043

G12,13 = ©
Gyp,q) = =0+6726
Gyp,pg = =0.4578
Gyo g6 = 08593
Goa7 * °
Gy5,98 = 0288
613.13 = 6,643

«l73=

G7.10 = 1,052

G7.11 = 00,5890
G’8.8 = 6.1‘.{,76
G8.9 =0

Gg,10 = 0-1372

Gy, = 0.000110%4

69.9 = 0,6716
69.10 = 00,1027
G9.ll = «0,09306

Gy 9,10 = 12617

610.11 = 0,002865
Gyq ,q1 = 12.02
vibrations

Gy3,0y = 57O
G515 = =0.6726
613,16 = ©

Gy 3,17 = =0.5999

G13.18 = O.)-I-BIO

Gy)y,qy = 5918
Gy, 15 = 09205

G‘ll}..lé = 10599
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Gyp 17 = 0.14.098 Gyg 16 = 1342
Gy), 18 = 3.831 Gyg,17 = ©

Gye, 5 = 5.918 Gyg,38 = Ce5378
Gy q6 = =0.5680 Gyp,a7 = ook
Gyg 17 = -1.25 G17.18 = 5,822
Gyg,18 = =07199 Cig,18 = 28467

Fundamental Frequencies

The most recent spectral analyses available are
those of Allen and Bernstein (87) and of Daasch, Liang and
Nielsen (88)(89), The assignments proposed by these two
groups are very similar but Daasch et al, assign two A'
and one A" species in the 1450 am™+ region and consider
122 em™t to be of species A'; the former group assign éne
A' and two A" species in the 1450 am™% region and the 1242 en™t
band is taken as A'. Allen and Bernstein (87) observe an
addlitional band in the Raman spectrum which alds in thelr
assignment and, as discussed by these authors, this assignment
is preferred because the discrepancies between corresponding
bands in the Raman and infrared spectra which exist in the
scheme of Daasch et al., are now removed., However, when
celculations were begun with the 7 x 7 matrices corresponding
to the antisymmetric modes of wvibration it was founda that,
with reasanable values for the force constants, the frequencles
of Daasch et gl. could be reproduced, whereas it would require

an impossibly large value for fg to obtain a Vig of
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1440 em™t as proposed by Allen and Bernstein, As a result,
calculations were continued in an attempt to reproduce the
assignment of Daasch, Liang and Nielsen (88) whose frequencies
are listed in Table 17, It should be pointed out, however,
that the subsequent difficulty in obtaining agreement with
the symmetric frequencies may have been the result of an
erroneous assignment by Daasch et al.

One modification has been mede to this latter
asslignment. These authors report a value of 276 cm-l for
V18 which corresponds to the torsional mode of vibration,
More recent studies of the microwave spectrwa indicate that
v 18 Somewhat lower. Lide (96) finds that vyg = 242.5 em™t
from the potential barrier to rotation and this 1is supported
by the work of Wagner and Dailey (90) who obtain a frequency
of 23630 em™l. The value of 242.5 el has been adopted
for the torsional frequency (in place of 276 cm'l) in the

subsequent calculations.

Adjustment of Force Constants

The problem of deducing a set of potential constants
was begun for the case of the seven antisymmetric A" vibrations
for which the IBM 650 digital computer at the Thiversity of
Ottawa was used. A progran for matrix nultiplicatlon was
required to campute the 7 x 7 product natrix [GF] but when
difficulties were encountered in the use of the library
programs of the Camputing Centre, Mr, S, Villanyi kindly

undertook to write a program which was used in all
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subsequent multiplications. This program required about
five minutes to compute a 7 x 7 product and about nine
minutes for one of dimensions 11 x 11 .

Having determined the 7 x 7 product [GF], it was
necessary to findis eigenvalues and assoclated eigenvectors,
The only IBM library program that was available for this
purpose, number 5,2,016, was not particularly rapid nor
flexible., It combines Weilandt's deflation (ref. 75
page 306) with the power method but has no provision for
changing origin at will, The difficulty of nearly equal
roots which prevents rapid convergence, as discussed earlier,
was continually being encountered. Eventually convergence
of all seven eigenvalues with their corresponding vectors was
achieved by the two-stage procedure mentioned above in which
the four largest roots were calculated by a suitable choice
of origin, and then the origin shifted to obtain the three
smallest roots,

It is usually possible to identify one diagonal
element of the [GF] matrix with eech root sought. The two
are of comparable magnitude since the off-dlagonal elements,
arising from the interaction terms between different
coordinates, are generally much smaller that the diagonal
elements. The first rouch adjustments to the force constants
can then be made simply by altering the elements of [F]
which affect the dlagonal element of [GF] corresponding to
a piven root, bringing the diagonal element more in line

with the desired value oi the root,
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Once a set of frequencies approximately agreeing
wlth the observed values has been calculated, it is possible
to make the more refined adjustments through the use of the
Jacoblan matrix [J] whose elements are derived from {2071.
Perhaps the simplest method of obtaining the scalar quantities
[La]'[F][La] is to form the complete matrix [L] whose
columns are the eigenvectors [La] most recently caleculated
from [GF], and perform the multiplication [L]1 [FI[L] by
computer., The diagonal elements of this triple product are
then the numbers (L,]' [FI[L ] required for [207]., The
matrices [Bh] are verﬁ simply formed from the definition
[203]. The elements J_, thus calculated will then serve as
a quantitative guide for further adjustments to the constants.

The Jacobian matrix for the seven A" vibrations
was determined and is presented in the two pages of Table 15,
Rather than consider the force constants separately in this
case, the Jacoblan elements are given for the thirteen
(different) non-zero [F] elements as a whole, Silnce these
are very simple functions of the fh here, corrections to
the latter are easily deduced, After about slx adjustments
the seven A“ frequencies were obtained, all within 1% of the
observed values (83)(96) with the exception of Vig which
differed by 2.3%.

When the same IBM program was used in an attemp?t
to solve the 11 x 11 matrix [GF] of the symmetric vibrations,
convergence of the roots could not be effected although

several different choices of origin were made, This program
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Table 1

1t
[J] matrix for the A vibrations of CHBCHéCI R

* MNOH J0908J o2y3 hn. .@ngmh useq aAg] mpﬂmg.ﬁm.
210°0 0 0 T00°0 0 0 QT
61°¢ T00°0 lLgl*o 291°0 120°0 100°0 LT
fgez S00°0 a1 Th6°0 0 £00°0 9T
920°0 Q00°0 He* T 09°h 0 100°0 aT
900°0 L°2t 020°0 166°0 0 ofio*o T
9T0°0 0 Lto*o Qe0°0 09°9 LT0°0 €T
0 0 920°0 050°0 LT0°0 15%9 A

S.:.mm @H.ﬁmm mﬂ.mamm ﬁ.ﬂ.,_Hm ma.mﬁmm Nﬁ.mﬂmm
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Table 15 (continued)

o mmoa Jo30uJ 9u3 Aq poonped useq a4A®VY 59 UBWD TH

0 0 100*0" 0 0 0 6°0T| 9T
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was eventually abandoned and computation was contlinued on

the larger Ferranti computer at the Structures Laboratory

of the National Research Councll., The program used with

this machine bears the title "EIG:NSM" and has all the
characteristics desirable in such a program, In addition

to the deflation which progressively reduces the size of

the matrix, it is possible to achleve a more rapld convergence
through "acceleration™ of the lterations or a change in
origin, each of which may be introduced simply by a setting

on the hand-switches without interrupting the program, wWith
merely one change of origin it was possible to obtain a
complete solution of the 11 x 11 matrix within 45 minutes,
hfortunately these advantages were somewhat offset by the
very delicate nature of the computer itself for, as frequently
occurred, only a minor electronic difficulty was enough to
halt the program entirely,

After several adjustments to the data it was decided
to use the elgenvectors calculated at that stage without
further modifications, The calculated frequencies for both
A' and A" vibrations are given in Table 17 and compared to
the observed values of Daasch, Liang and Nielsen (83).

Seven of the A' frequencies obtained are in falrly good
agreement with experiment, but the remaining four, vu ’ vs R
v7 and Viy 9 show larger differences.,

Because of these dirfferences the force constants
deduced,~at least those whiech appear in the A' and not the

n
A calculations, — must be considered as only approximate,




«181-

although they were assumed sufficilent for the Slater
calculations, These constants are listed in Table 16,
Comparison with similar molecules such as ethane (97) and

1, 1, l-trichlorocethane (95) show that the magnitudes of the

constants do not exceed reasonable limits,

Normal Coordinates

Both of the eigenvalue programs employed on the
(GF] matrix ylelded the corresponding vector with each root,
These vectors are the [La] of [92] and together make up
the [L] matrix, The matrix [1] is now obtained from

(1] = [0]'(1] [280]

as indicated in [97], and is presented in the three pages

of Table 18, These figures give the relative variations in
each of the twenty internal coordinates for each mode of
vibration, From this data the eighteen normal coordinates
are represented approximately in Figure 11, of the preceding

section,

Amplitude Factors

(a) Ak coefficients: The Slater coefficients Ak

are defined by [10l] and express the effects of variations

in the Internal coordinates on the chosen critical coordinate,
Taking p = AP as the varlation in the Cl-Hi distance, it
1s seen that the only internal coordinates for which the

Ak are non-zero are ry = AD , r, = Adl » Top AR , rg = Aﬁl »
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Table 16

Force constants for cascazcl.

Value

5.300
4,917
4557
2.980
0.7660
0477l
043900
0.l4390
0.,2800
03477
0.00883
0.3758
0.2500
0,2500
-0,3000
0,0000
0,1817
0,0000
0.2337
-0,0600
0,000
0,1000
0,0100

(105 dynes/cm)

£y

Value

0,2000
0,0000
00000
062937
0.2660
0,0010
0.0030
0,1500
0,0000
0,0000

_ 040000

=0,0200
0,01L1
0,0000
-0,0200
0.0000
0,0200
0,011
-0,0079
0,0030
0,0050
0,0200
«0, 000
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Observed and calculated fundamental frequencies of CH

(cm'l)

Observed (88)

3012
2983
2940
2890
2878
156
152
1450
1383
1287
12445
1080
972
972
785
676
326
(276)
22,5
(rer,96)

!

Table 1

Calculated
(em™1)

3013
3056
2989
2888
2881
191L
1,67
1698
1320
1161
1216
1050
97h
9L
791
723
648

2h2.7

% aifef.

CHZCI.

Species

0.03
24}
1.7
0.1
0.1
31.5
1,0
17.1
lad
9.0
2e¢3
2.8
0,2
02
0.6
7.0
92.5

0.08

> e

x>

e e B B B P b e P >

-
-
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{1] matrix for CH3CH201.

Table 18

(Distances are in angstroms and angles in radians)

- .033
o707
o707

-o104

-.012

-o012
005

- .229

- 229

-+209

-.002

- 4002
032
2185

241
~-.071
0022
022

-+035
o1l3
o143

1,00
<00k
+00L
«00L

-0038

- ,038

-o,011
<011
«011

-,01L0
«072
+095

095

- 045
$O0L7
<017

0

V3
«023
.018
«018

'0007
o707
« 707

- 029

~-,019

-+ 019
<027

'01u9

'olhg

-.085
«135
«000
«000
«236
<O7h
<07l

0]

“b
255
=002
-4002
=+ 00k
-o065
=065
012
-,023
-, 023
=403k
=157
=157
-.216
035
104
o10L
«993
-e238
=232
0

vg
.023
0073
«073
«099
-+029
-o029
-003!"'
0036
«036
«937
-el01
-e101
-.1t79
480
=.072
-,072
«358
- 054
-+ 05}
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=e113
-e033
-e033

«000
-o Ol 2
-o042
-4003
-o0l6
- o 0lL6
-0159
- 700
=4 700
-2 8

«626
- 026
=,026

.157

53l

«53L
0

«l85e

Table 18 (continued)

-e19l
-o013
-e0k3
-+006
- o 02l
- .02l
-0059
-o,021
- 4021
- o019
.0u6
«0L6
087
-.041
L1l
.01l
o757
- 1168
- o1 68

196
- 046
-, 046
-.081
-.002
-.002
-.260
-.761
-.761

463
-.122
22

L4t 7
-.320

o579

579

126

136

136

0

s
B
PRI e b ta:
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0
« 707
- 707

‘t029
« 029

-0069
« 069

- 0lt6
06

»003
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Table 18 (continued)

i3 iy
0 0
«028 00
=028 =,040
0 0
« 707 « 00k
=707 =,00L
0 0
‘0056 0279
056  =,279
0 0
-+060 =,001
«060 . 001
0 0
0 0
-+007 « 707
«007  =,707
0 0
-.035 «021
«035 =,021
«108 o219

o)

<045
-.0h5

-+006
«006

o707
=707

«387
‘0387

-0505
+505

<036
-+036
o130

ie V17 Y18
0 0 0
.018 «009 <000
-.018 «,009 . 000
0 0 0
-,001 «,034 ~00L
<001 054  =,001
0 0 0
«el65 =113 =,005
»165 <113 »005
0 0 0
+707 273 <001
«e707 o273 =,001
0 0 0
0 0 0
«130 « 058 » 000
130 =,058 .000
0 0 0
«179 702  =,019
79 =lT702 .019
-.531 1,00 1,00




ry3 = AN and ry, = Af . This type of critical coordinate,

which 1s the distance between atoms tnree bonds removed, is
1llustrated in Figure 3(b), The equilibrium distance P= Cl-H1

may be determined from [109] which , in terms of the intermal

coordinates here, becomes

P = {RZ+D2+d§-2D[Rcosrz +d1cos;31]+
2Rd1[eos(q - Bl) - 2 sinn sin B4 cos? 30°] } 1/2 [281]

Similarly, the six 4, coefficients are found from {110]-
[115] with the substitutionst a =R, b=D, ¢ =d, a =1 ,
B=p, and g = 60° o Inserting the values of these parameters,

the numerical results ares
P = 2,950 x l()"'8 cm
A, = OP/3D = 0.,8709
A, = DP/3d; = 0,357k
A= QP/ DR = 0,6521
Ag = OP/D>py = 0,8780
Ay = OP/dN =1.191
A,o = DP/D @ = 0,5047

(b) v,y factorss The quantities ¥, ; are rsadily

computed from the elements of [F], [L] and [1] . The
energy €; in each mode is found from [95]) using [F} and

[L] and then ¥4 obtained by [98]., The Y,y nDeed not be




calculated for every coordinate but only for k = 1,2,7,5,13
and 20 which are those having non-zero Ak as seen above.
These factors are listed in Table 19.

(¢) The a; and u; ¢ The amplitude factors a, are

obtained as the sum of products designated in [116] and are
normalized to give the u, factors by {117]. These are
listed, along with the frequencles employed, in Table 10 of the
preceding section,

Although the normal coordinates represented in
Figure 11 are only approximate, i1t is seen that they may be
correlated with the By factors; the largest By belonging

to modes in which the Gl-Hi distance is changing the most,
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CHAPTER 9

DISCUSSION OF RESULTS AND

EVALUATTION OF SLATER THEORY

The intention of this chapter is to point ocut the
various merits and inadequacies of the Slater theory that
have become apparent from the present and previous work, and,

where possible, to indicate the reglons of certain necessary

modifications,

ENERGY COUPLING BETWEEN MODES

For the decomposition reactions of both Nao and
H202 (and perhaps ethane) it was found that equation [56]
based on the Slater model and employing the most reasonable
eritical coordinate gave a rate of energization k1 that
was substantially lower than that observed experimentally.
In each of these cases, however, equation [L6] based on the
HKRR model was able to predict the observed value using a
plausible value for s , Ozone was a border-line case in
which the experimental rate was glven equally well by both
the HKRR theory with s = 2 and by Slater's theory in
which all three normal modes contributed to the reactlon

coordinate, For larger molecules, on the other hand, such
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as cyclopropane, nitrogen pentoxide and ethyl chloride (with
a sultable choice of critical coordinate) 1t appears that

the Slater theory is adequate to explain the measured rates,

These results may be discussed in terms of the
following mechanism, which represents an extension of

the original proposal of Lindemann(6é)s

A¥ + 2
(s)
# ;
Products
In this scheme a distinctlon has been made between
1
two types of energized molecules, represented by A and A¥, The

A*

molecules are those that are energized in the Slater
sensej they not only contain E.* or more of energy but have
1t distributed among the normal modes in such a way that,
when the vibrations come sultably into phase, there can be
a sufficient extension of the critical coordinate. The A'

molecules are those that contain the critlcal energy (E*,

but do not have it suitably distributed for reaction to
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occur without flow of energy. Slater'!s condition is a
more stringent one than HKRR's and the rate constant kJ(_S)
will generally be considerably smeller than k{H) o

If there can be no flow of energy between the

modes the rate constants k and k_

s are both equal to

s
zero, and reaction can therefore only occur by direct
energization to A* § Slater's treatment then applies. If,
2

on the other hand, ks is not very small, A" can be

formed not only directly but also from A' e At very low
pressures, in fact, most of the A¥ may be formed from A' s
since A' may be formed from A + A much more rapidly

than A¥ , and at very low pressures practically every

A' produced will eventually become an A « At intermediste
pressures, on the other hand, more of the a* may be
produced directly from A + A , and Slater'!s treatment will
then apply. On the basis of this mechanism one would
therefore expect three regions of kinetic behaviour:

(a) A high-pressure region where the kinetics
will be first order; here both A' and A" will be essentially
at equilibrium, and the rate of reaction is controlied by
the rate of breakdown of A% . Slater's formula for high-
presasure rates [33] (suitably modified by an entropy factor)
should therefore apply in this reglon.

(b) An intermediate-pressure reglon, where there
is predominantly a direct energization to form A¥ 3
Slater's low-pressure formula [56] should apply here.

(¢) A low-pressure region, where A% will ve

] )
formed predominantly from A , and the HKRR formula {yel

P
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will apply. In some cases, when kg is sufficiently
large, the intermediate region will effectively disapeear,
and it would seem that this is the case with H202 and
Nao o« The circumstances under which ks will be large are
discussed later,

Application of the steady-state method to the

above reaction scheme gives, for the overall rate of

reaction,

kés )[Alai kS )kfi’ [Al+k, (kii-b (8)) ]

e e (8 1A e Miare(e kS _x () ya]+ 3 $S)

. [281]

In the event that ke and k-s are small this eguation
reduces to the form of J2]3

v = 'é(s)i ) [282]
k2 {A] + k2

and Slater's treatment therefore applies, At high pressures

under all conditions, [281] becomes

(s) .(s)
k
v = gl {A] [283]

so that Slater's expression for the highepressure rate will
always apply, even if ks is large. At very low pressures

{281] reduces to
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v= &) ek

uhioh,'since k{H) is probably always nuch greater than

(8)
Iy

s, becomes

v = k{8 [a12 [284]

At very low pressures the rate should therefore be glven
by the HKRR formula for the rate of energlzation.
Some of the rate constants appearing in [281] are

H) (8)

and are given by [(46]

functions of energy; k{
and [56], and kés) i1s given by Slater's treatment., The
overall rate must therefore be obtained by a sultable
integration of [281];in view of the algebraic complexity,
however, it would seem to be impossible to obtain a
solution in a convenient form,

The factors which influence the rate of flow of
energy between modes may now be considered., From the
foregoing results i% appears that this energy fiow is more
pronounced in NZO and HZO than in N205 ’ 03H6 and
CZHSCI' These figures suggest that flow can occur more
readily in small molecules with fewer normal modes than
in the larger systems where there are more degrees of
freedom. The reason for this may be seen from both the

classical and quentum points of view,

On a classical model, 1t is known that the
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passage of energy between normal modes increases with the
anharmonicity of the vibrations and with the total energy
content of the modes, If the vibrations are all of
sufficlently low energy that the behaviour 1is strictly
harmonic there is no coupling between the oscillators and

no flow of energy. The greater the deviation from harmonie

ARG A AT ST A T

behaviour, however,the greater the coupling. Now if a given
amount of energy is distributed amongst a small number of
normal modes the average amount in each may be sufficiently
large that there 1s a significant amount of coupling, Energy
may then flow readily between the modes, and the HKRR formula
for energization will apply. If the number of modes is large,
however, each vibration will be occurring mainly in the
harmonic regionj there will then be little coupling, and
reaction can only occur if the vibrations come suitably into
phase, as visualized by Slater,

In terms of quentum concepts, flow is to be
regarded as occué}ng as a result of Ferml resonance between
closely spaced levels corresponding to different modes of
vibration, If the molecules are in the lower energy states
of each normal mode the probability of a transition to

another mode through Fermi resonance may be small, owing to

a small probability that levels in different modes, or
their overtones, are close to one another, The probabllity
1s much greater, however, if higher levels of each normal
mode are exclted; these levels are more numerous and more

closely spaced, and there is a much greater probadility of
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higher levels resonating with levels in other modes or
with their overtones,
For molecules whose reaction rates are most
satlsfactorily described by the HKRR theory with a value
of 8 which 1s less than the total number of degrees
of freedom, it may be concluded that there are restrictions
to flow throughout all the normal modes of the molecule, This
may well arise as a result of symmetry; the possibilities
of Fermi resonance are, for example, much reduced when the
modes correspond to different symmetries, There can be
no resonance between the fundamentals of normal modes of
different speciesj however, the possibility of overtones,
which may be of different symmetry from their fundamentals,
allows resonance to occur provided that the energies are
closely matched,
The fact that the Slater theory does not allow
for the passage of energy between modes, which is known to
occur, has for same time been recognized as a weakness in the
theory., However the theory had not previously been tested
by calculations of the sec¢ond-order rate constant kl H
and it was not until the present work that the seriousness
of this defect, in the case of small molecules, was appreciated,
It appears, therefore, that this is one region in which the
theory must be modified if it is to have general applicability.
It is of interest to note that Slater has recently
contributed to a modification which proposes a slightly more
realistic model for the HKRR theory. As that theory assumes

an wmrestricted flow of energy between the s modes but
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considers only one of them to be involved in the reactlon
coordinate, it would be desirable to allow for tne
participation of several modes while retaining the notion

of energy flow. In a peper by Steel (98), G, , designates
f

the probability that the energy in an s=oscillator system
lies in the range (€, d€ ) when there is at least €® in
2 of the oseillators (rather than only one). Then 1f >\
is the specific dissociatlon probability of molecules

.. .5 z C s " tl
containing € £ € localized within the 2z "eritical

oscillators, the expression for km is

It =€[°° NG, (€, €¥)ae [285]

With the help of Slater, [285] was integrated for the case
in which >\ 1s considered constank, the result beings
ﬁ o

= L+ (2= 106" + eue + (2=1)1 B 2105 exp (=b)
D (ge1)!
[286]

where b has its usual significance of [10].

HIGH-PRESSURE TFREQUENCY FACTOR

Experimental filrateorder rates km of dissoclation

or isomerization are nsually represented by the Arrhenius form

k, = Aexp (=b) [287]
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Slater has shown (99) that if a molecule has quantized
energy and can dissociate if it has more than a critical
energy, then the only molecular model giving the Arrhenius

form of firsteorder reaction rate is that of a system of

degenerate harmonic oscillators, similar to the model of
HKRR, The HKRR expression for k. has been seen in (1s].
If the moleculer erergles are effectively classical and
continuous, the Arrhenius form determines the specific
rate, for molecules of given total energies, as a simple
function of the classical weights of the stetesy and
specific rates of this form arise naturally in several
peaction rate theories, In the Slater theory A =c¢v,
where v is an average frequency always lying between the

greatest and the least of the normal frequencies of the

molecule (16) and ¢ 1is the number of equivalent critical
coordinates in the molecule, Since ¢ 1is generally unity
or a small integer, the Slater high-pressure frequency

factor A 1is always of the order of 10%3 sec™d

Although & value of 1013 sec™ is considered =

normel frequency factor, unusually large values of A ,

between 10 ana 107 sec™t , have been observed in the

thermal decampositions of metal aliyls {100), carbonyl
compounds (101l) and azo compounds (102){(103). Following &
suggeation by Peard, Stubbs and Hinshelwood (1d), Pritchard
(L00)(101) has interpreted the high frequency factors in terms
of the simultaneous rupture of mnore than one bond,

Yhe compounds, represented by sz , may decompose
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either by
(a) RXR—RX + R
RX~—R + X
or

(b) RXR—~R + X + R
In many cases the two schemes are of comparable activation
energies., Consequently, 1f one may speak of vibrational
modes which are symmetric or antisymmetric with respect to
X , the former will contribute to process (b) while the latter
will promote (a), In the torsional mode, the larger the R
groups the greater their interaction and contribution to the
syrmetric type of reaction (b). Since it is found that A
is normal when R is a small group, but increases with the
size of R , Pritchard proposes that reaction occurs by (a)
in the first instance, but in additior. (b) becomes
increasingly frequent wilth the increasing complexity of R .
This is explained theoretically in terms of the Hinshelwood
expression [12] for k_ 1n which g (s,b) increases with
s and the latter is assumed to he greater for the larger
molecules,

It is the point of Steel's paper (98) that the
pre-exponential factor of (12] is similerly increased by the
use of his model in which z =2 or 3 .

Another way of considering the high frequency
foctors ig from the point of view of the entropy contribution
to A . Since 1t 1s really a free energy barrier over which

the reactant molecules must pass, the expression [287] 1is
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more correctly written

k, = Bexp (45*/R) exp (~bH'/RT) [2881]

where 4S8* ana AE® are the entropy and heat of activation
respectively. Since as¥  varies only slightly with
temperature, the experimental activation energy obtained from

the ususl plot of 1n k ageinst 1/T 1is AH® where now
A = B exp (a5%/R) [289]

Al though as¥® 1s apparently small for the reactions
with normal frequency factors, it may assume signiflcant
proportions for reactions in which the activated complex
has a very distorted of "loose" structure, possibly due to
internal rotations. This may be the case, for example, in
ethyl chloride where the frequency factor is 1011“6 (86). An
interesting discussion of these possibilities has been given
by Hinshelwood (105).

The models of both the HKRR and Slater theorles, by
assuming purely harmonic oscillations up to the point of
reaction, artificially constrain the system in configuration
but not in emergy. Evans and Rushbrooke (106) show that
with the HKRR theory this actually leads to a negative
entropy of activation. To correct the theory it is suggested
that the k  of (1] and [15] be replaced by ¥ exp (a8*/R)

80 that this entropy term now appears explicitly in the
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frequency factor,

Returning to the Slater theory, 1t is recognized
that & second deficiency in the theory (though less serious
than the first) is that the purely harmonic model does not
allow for the apprecisble entropies of activation that exist
in certain reactions. Of course there are cases of unusually
low frequency factors as well, such as in the decomposition
of nitrous oxide (chapter 3), and here the Slater theory

is equally inadequate in 1ts prediction of ka:'

CHOICE OF CRITICAL COORDINATE

It has been pointed out on several occasions in
the preceding chapters that there remains a falr degree of
empiricism in the cholce of the Slater critical coordinate p .
Although there may be only a limited number of possibilities
for this choice, it has become evident that any simple
1inear reaction coordinate is probably an over-simplification
of the truth. Whereas the restriction on energy flow was
seen to be an approximation most serious for small molecules,
this assumption of a linear p 18 probably most serious for
large molecules in which the displacements of the many
constituent atoms will all have some effect on the potential
field and reaction "coordinate™, The shape of the Slater
curve remains unchanged for a given value of n , and altering
the molecular parameters merely shifts it laterally along the
pressure axis, However, various critical coordinates alter
the number of contributing modes n and consequently the

shape of the curve as well. It might be expected that the
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objection here would be stronger for very unsymmetrical
molecules (such as ethyl chloride) than for more symmetrical
ones (such as cyclopropane); for despite the earlier remark
about symmetry considerations being an unsafe gulde to the
choice of n , & linear reaction coordinate might be slightly
more realistic where the form of vibrations is governed by
the presence of many symmetry elements, In the worst cases,
however, the theory approaches the arbitrariness of the

HKRR theory in the matter of deciding upon the number of

effective degrees of freedom.

MERITS OF SLATER THEORY

Although the Slater theory fails to be completely
general, in many respects it 1s the most satisfactory
theory of unimolecular reactions to appear so far. There
are undoubtedly many cases for which the deficilenciles
mentioned above are not serious and it is felt that the basic
physical model is a highly realistic one for all but very
small molecules, in spite of iltsepproximations. The model
has the advantage of being easily visualized, of containing
only one experimentally determined parameter, Eo , and of
being concrete where the earlier HKRR theory was vague and

indefinite.
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CONCLUDING REMARZKS

Although the HKRR theory, the Slater theory, and
others are known to contain certain approximations, they are
nevertheless very useful in yielding knowledge of reactlon
mechanisms., If the unmodified theory cannot be made to fit
the experimental data one may draw the conclusion that the
implicit assumptions of the theory are too drastic for the
case at hand; if agreement is obtained with, say, the
HKRR but not the Slater model it may be assumed that the
former approximates the truth more closely than the latter,
With the accumulation of experimental data and more test
cases, the areas in which the various theories are most
applicable shouwld become apparent. With this !mowledge it
may eventually be possible to formulate a general theory
which satisfactorily accounts for all observed rates and
which will form the basis of a much deeper mderstanding of
kinetic phenomena,

With regard to future calculatlions based on the
Slater theory, 1t is suggested that considerable ald may be
derived and perhups labour avolded by referring to the fleld
of electron diffraction stndies, These studies give, not
only accurate information regarding interatomic distances

but also data on the amplitude of vibration of the various
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atoms (107)s Since these experiments yleld the mean
amplitudes <T§j> 1/2  4¢ yivration between any pair of
atoms i1 and § this knowledge might be used elther
directly in the Slater theory or as an approximate check on
independent calculations, For this purpose it would seem
advisable to adopt a type of potential fleld first proposed
by Urey and Bradley (108)(109) in which the coordinates

used are the distances between atoms, both bonded and non=-
bonded., These mean amplitudes <Ti§> /2 may be
calculated theoretically as well. Although the exact treatment
is laborious (110), Morino, Kuchitsu, Takahashl and Maeda
(111) have worked out an approximate method for thelr
caleulation in which the enumeration of the [L] matrix, the
most time-consuming procedure, is replaced by the calculation
of [F]"l. The formulae obtained are applicable with about
L% accuracy to almost all cases except atom pairs having
frequencies above 1200 cm'l and for these certain modifled
formulae are presented. Ainsworth and Karle (112) have
compared theoretical with experimental values of <:Tk§:> 1/2

for the case of 1,2-dichloroethane,
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CLAIMS TO ORIGINAL RESEARGCH

Derivation of a standard method for obtalning the
Slater paraemeters, based upon the Wilson FG matrix

method of normal coordinate analysis,

Comparison of the Slater and previous theories of
unimolecular reactions with the experimental datea
for the thermal decomposltlons of NEO ’ O3 ’ H202 ’
Discovery of evidence suggesting that the reaction

of small molecules involves a conslderable flow of
energy between normal modes as opposed to the reaction
of larger systems which depends upon independent
contributions to the molecular deformation from each

mode separately,

Critical evaluation of the Slater theory of

mimolecular reactlons,

Derivation of a systematic method for the standard
problem of adjusting force constants to produce &
desired set of frequencies of molecular vibration.

L
The method 1is particulaq&&dapted to calculations
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carried out by high-speed electroniec computers.

Calculation of approximate values for the eighteen

normal coordinates of ethyl chloride,
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