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CHEMICAL KINETICS

by A.R. UBBELOHDE *

Studies of rates of Chemical change comprise one of the main
branches of chemistry. Progressive refinements and extensions héave
depended in the main on progressive improvements in methods for
detecting and analysing Chemical change. Observation of nature in
terms of Chemical change is in its origins as old as man himself.
Cleopatra watched the rate of dissolution of her famous pearl in
vinegar, and every schoolboy has observed the rate of melting of ice
in the sun. But in order to reduce such general observations to précisé
quantitative terms, methods of Chemical analysis of sufRcient accuracy
had first to be developed. A long history shows that analysis was one
of the earliest branches of chemistry to be taught as a science. For
example, the Fuggers supported a school for analysts in Augsburg as
early as 1500, in connection with their mining operations.

To be of use for measuring rates of change, methods of analysing
the Chemical make-up of a System must be as far as possible instan-
taneous. In practice this means that they must involve a time interval
much smaller than the total duration of the rate process to be measur-
ed. We are familiar with this condition in measuring other rates of
change. In order to time the boiling of an egg at ail accurately, for
example, each separate grain of sand in the sand glass must fall in a
time interval very short relative to the total duration of the operation.

About 100 years ago, chemists began to use methods of analysis
suflficiently rapid to détermine rates of change. At first, the Chemical

* Cet exposé a été fait a I'occasion de la réunion extraordinaire du Conseil
de Chimie en présence de Sa Majesté le roi Baudouin, le vendredi 9 novembre 1962.

This lecture was held at the spécial session of the « Conseil de Chimie »
in the presence of His Majesty King Baudouin, on Friday 9 November 1962.
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reactions studied were simple and quite slow. A favourite example
involved the combination of alcohols with acids to form esters, a
process which is of such dominant importance in the maturing of fruit
and wine. In the présent century, with the advent of more accurate
knowledge about the structure of molécules, the subject of Chemical
kinetics has diverged into two main branches, whose methods and
disciplines have separated progressively. One great branch of kinetics
deals with rates of Chemical change in what are known as condensed
States of matter, which include liquids and especially solids. In such
materials the atoms and molécules are tightly packed together, and
the movements which lead to Chemical rearrangements are under
strong “ social > or co-operative influence from neighbours. We ail
know from watching crowds of people, or the more disciplined
displacements of a company of soldiers, that in such condensed Systems
hindrances to movement from nearest neighbours are of décisive
importance. So it is in the Chemical kinetics of condensed Systems.
Transformations of major technical importance such as the setting of
cernent, the development of a photographie image in grains of silver
salts, or the conversion of carbon into diamond, illustrate to what
extent profound scientific researches on kinetics of Chemical change
in condensed States of matter are aiso of very considérable économie
interest.

Compared with reaction-rate studies in solids, physicists and che-
mists have made considerably greater advances in the second main
branch of Chemical kinetics, in reactions in gases (dilute solutions
behave similarly). One reason is that rates of Chemical change in gases
can be interpreted theoretically, in relatively simple terms. What
happens in the encounter or collision between two molécules can be
isolated from ail the rest, because in a gas at ordinary pressures the
average séparation between molécules is many times as great as the
size of the molécules themselves. Thus, they can collide and interact
in pairs, without any crowding or disturbance from neighbours.
Anyone who reflects on the différence between human relationships
“a deux ” and what is possible in a crowd, will réalisé that even for
simple molécules isolated collisions in the gas phase involve more
distinctive interactions, than under the molecular crowding in con-
densed States of matter.

Studies of Chemical reactions in gases were at first directed towards
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extremely simple examples of Chemical change. These included the
pairing of two atoms into a molécule

A + AB
and the redistribution of atomic partners in the encounter between
a pair of molécules
A-A + B-B AB + AB

Rate measurements soon led to a kinetic molecular theory for
reactions conforming to these simple patterns. Quite early in the
study of gaseous Chemical reactions it was observed that many of
them increase in rate very steeply as the température of the environ-
ment is increased. Following Arrhenius, this striking observation is
interpreted on the basis that molécules must collect energy consider-
ably in excess of the average, in order that a gaseous collision may
be chemically fruitful.

Much modem research has explored the nature of the so-called
“ activation energy >’ required for Chemical reaction. Understanding
of its significance has been closely linked with the application of
Quantum Theory to molécules. Three general comments can serve to
indicate some of the most striking Unes of advance : —

The first comment is concerned with chain reactions, or chain
activation. In the simplest case collisions between a pair of atoms or
molécules in the gas lead to isolated Chemical reaction. Provided
sufficient activation energy is available, rearrangement of Chemical
linkages takes place during the collision; new Chemical species separ-
ate and any excess (or déficit) of energy above the average is rapidly
distributed over other gaseous molécules in subséquent collisions.
For example, physical chemists have frequently examined the col-
lision between molécules of hydrogen and of iodine. By rearrange-
ment of atomic partners these give a new molécule, hydrogen iodide,
if sufficient activation energy is available, and that is ail. But in a
chain reaction, one or more products of a chemically fruitful col-
lision remain active and can immediately enter into a succession of
similarly fruitful encounters. The most easily demonstrated examples
of chain reactions involve a free atom as one of the collision partners.
Thus an atom of hydrogen colliding with a molécule of chlorine gives
rise to a stable molécule of hydrogen chloride, together with an atom
of chlorine which can immediately attack another molécule of hydro-
gen without requiring fresh activation. The succession of such reac-
tions does not cease until the atoms are trapped or removed in some
way. Concepts of chain-linked Chemical reactions have proved highly
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significant for the understanding of explosions, and have also influenc-
ed the development of nuclear reactions in atom bombs and nuclear
power stations.

A second striking line of advance in kinetics refers to the Chemical
reactions associated with biological processes. At présent study of
these is relatively less developed; but there is reason to believe that
the préparation needed by a molécule to ensure successful reaction
in an encounter often requires its passage into a spécial configuration
of low probability instead of just the collection of large amounts of
activation energy. Chemists describe this spécial feature in the critical
requirements for reaction, in terms of an entropy factor in addition
to the better known energy factor. Related concepts are of great
importance in general problems of the catalysis of Chemical reactions.

The third line of advance in the study of Chemical kinetics refers to
processes of energy transfer in gaseous collisions. At this 12th Solvay
Conférence, chemists from ail over the world are engaged in discus-
sing new attacks on this extremely fondamental aspect of what hap-
pens when two molécules collide in a gas. Its importance has been
realised ever since Arrhenius first coined the term “ activation energy ”
But analytical methods for observing rates of energy uptake by indi-
vidual Chemical molécules have become sufficiently rapid to be mean-
ingful, only quite recently. In our discussions at Brussels this week
we are particularly concerned with the rate of transfer of internai
energy of molécules, for which characteristic time intervals range from
105 to 10“® seconds, or even shorter. These time intervals can now
be dealt with quite confidently, using modem spectroscopic techniques
together with the most recent inventions of electronics. | will end by
giving only one illustration out of many. It has been established that
any molécule of ethylene in gaseous collisions with similar molécules
transfers its vibrational energy only once in about three thousand
opportunities. This réluctance of ethylene molécules to change their
vibrational State can be reduced by catalysts, till about one collision
in twenty-five is successful. Theoretical interprétations of these and
other striking discoveries about the conditions for energy transfer
between molécules are rapidly being developed. Such advances
provide an essential foundation to existing knowledge about rates of
Chemical change. When it is remembered that hundreds of thousands
of tons of ethylene are used every year in the high polymer and petro-
chemical industry, itis easy to show how close are the links between the
most abstract advances in science, and the économie welfare of anation.
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SOME PROBLEMS IN ENERGY EXCHANGE
RELATED TO CHEMICAL KINETICS

by O.K. RICE

Chemical reactions are in practically ail cases the results of energy
exchange processes. Certain reactions are the direct resuit of inter-
molecular energy exchange in a single collision. These are the
recombination of atoms in the presence of a third body, the dissocia-
tion of diatomic molécules, and the dissociation of more complicated
molécules at a very low pressure. In unimolecular reactions at high
pressures the rate-determining step is intramolecular transfer of
energy to some particular bond in the molécule. Of course, the rate
of activation, which déterminés the rate of reaction at low pressures,
is in ail cases connected with the transfer of energy between molécules.
In polyatomic molécules this is a very complicated process, since ail
kinds of interchanges of vibrational, translational, and rotational
energy may occur. The dissociation of diatomic molécules activated
by rare-gas atoms involves only exchange of translational energy
with vibrational or rotational energy, but the situation is complicated
by the fact that the vibrations are highly anharmonic. The relaxation
of the lower, more nearly harmonie vibration States, is also very
important as a process which must occur on the way to reaction.
There is a reasonably well-developed theory for the exchange of
vibrational and translational energy, which is fundamental to the
whole subject, and which is the first topic with which we shall deal.
There are, of course, other types of reaction in which interesting
energy-transfer problems arise. In view of limitations of space
and time, we shall confine ourselves to the ones specifically mentioned
above.



I. INTERCHANGE OF VIBRATIONAL
AND TRANSLATIONAL ENERGY

A. Theoretical treatment of diatomic molécules.

Attemps to understand the exchange of vibrational and transla-
tional energy generally employ a procedure due to Zener Consider
first the collision of a diatomic molécule and an atom, it being
assumed that the atom les in the line of centers of the molécule, so
that the problem is essentially one-dimensional. Ifwe let the distance
between the atoms of the diatomic molécule be X, their equilibrium
distance be X*, Write x = X— X”, and allow to be the wave function
for a vibrational State n of the molécule, we may Write for the wave
équation, assuming a simple harmonie oscillator :

fi"jSTzyL)dMnldx® + (En — On =0 1-1
{fi"y Yy

Here h is Planck’s constant, p. is the reduced mass, E» is the energy
of the State, and vq is the frequency. It is more convenient to refer
ail distances to the center of gravity of the molécule. If we write
Pi = Wi2/p, where nty is the mass of the atom which is doser to
the colliding particle, and if we let xi = Xi — Xi®, where Xi and X™
are distances of this atom to the center of gravity, it may be readily
shown that we can write Eq. (1.1) in the form :

(hISTZ27l)d2(*nldxi2 + (En — 27r2v02piXi2) O,, = 0 (1.2)

We suppose now that the mutual potential energy V of the molé-
cule and the approaching atom is a function of the distance, r — xi,
between the approaching atom and the nearer atom in the molécule,
r being the distance between the approaching atom and the center
of gravity. The average potential energy when r is fixed, will be
given by :

’00

Wnn — ~nV ndX] (1.3)

00

with normalized so that :

AnnNdxi = 1.

— 00

In zéro approximation the wave function Rnm for the relative motion



of the molécule and the atom, with the former in the State n, may
be taken as the solution of the équation :

QfiM)d"Rnmjdr~ -(- {Tnm — Unn)Rnm = 0 (2-4)

where M is the reduced mass of the System molécule and atom, and
Tnm = Wnm — En with Wnm the total energy of the System. The
wave fonction of the combined System in zéro approximation is :

form = ~nRnm (1-5)

A convenient way to normalize Rnm is to set an arbitrary upper
limit, r,,, to r. This changes the continuum to a close-spaced set
of discréte States, the energy between two adjacent energy levels
being :

Ssnm — {TnmI™Y~hlrao — (1/2) VnmhjI'M (1-b)

where Vnm is the velocity. Rnm is then a real fonction of sinusoidal
type (which makes ~nm real also), and will be normalized so that :

Rnm dr — | .7

We make use of the Dirac method of variation of constants, in
order to find the probability of transition to the translational States,
m', associated with a new vibrational State, n'. We start with the
time-dependent wave équation for the whole system :

2)2»F 1»2 A
27r2vo2[i,ixi2 + F)T'= 1.8
87c2[J,j DI-2 ( [ ) 2m ‘bt ( )

When )
-INiW__ un
T =Wnm~ nm

is substituted in Eq. (1.8) it is not exactly satisfied. Instead, we
substitute (what is still not a complété expression but sufficient for
our purposes) :

w -2niW__ Hh -TZIW llh
T=%me mn Cnm (1.9)

To reduce the resulting équation we make use of Egs. (1.2) and (1.4)
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and the similar équations for the primed quantifies, then multiply
by one of the :
iTZW_. ., Hh
To/ml g~ nm
and integrate over ail the coordinates, taking due account of the
normalization and the mutual orthogonality of ail the “nm and

~n'm (and, indeed, of the O,, as regards intégration with respect
to Xi), and assuming that the c,'m' are small. We find :

IV, )Hh

cnm------- (2niln)vVn'm'nm £ nm' M (1.10)
where the dot means time différentiation and :
Yn'm'nm ¥n'm'V'¥, mdxidr = / m'un nRnmdr ~ (1.11)
with :
un. I VOndXi (1.12)

Integrating Eqg. (1.10) and evaluating the constant of intégration by
setting Cn'm' = 0 at / = 0 we obtain :

(e 2niov , -|vnm)i/h_ J)

cnm — . (1.13)
fvn'm —

We now wish to evaluate :
2 Chﬁ%u'nhb (= Pm),

which may be changed to an intégral by multiplication by dwnm'l
Sen'm’, and it will suffice to evaluate it for large values of r and t.
For large r we may Write, neglecting the phase factor, which is essen-
tially independent of pnm’ 1

Rn'm' = (2/roo)F2 sin {iTzpn m'rjh) (1.14,
where pnm' is the momentum associated with the State n'm'. If t
is large the range of energies over which large contributions to the

intégral occur is small. We write Pq for the value of pn m when
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the total energy is equal to W,m and Tq for T,'m at this point,
and set :

Pn'm' S Po’ + (dpn'm'ldTn'm’) {Wn'm" — Wnm)
= Po' + {MjlTo'yn {Wn'r* — Wnm) (1.15)

so that :

Rn'm = (2/r,)i/2 sin(27rpoW")cos [271(M/27'0")‘/2 {win'm—wWnm)rih]

+ {2Ir,,y/2 cos (Inpo'rlh) sin [2n(MI2To'y>2 iWn'm'-Wnm)rlh]
(1.16)

The intégral arising from Pm is then seen to involve intégrais of
the type of Nos. 484 and 485 of Peirce <%, and indeed we find, after
some transformations and cancellations :

2nip _'rih
e 0 (1.17)

< t{2T0'IMyn

and zéro if
r =t {2To'IMy/2

Since {2TolMy/2 is the relative velocity Vq of the particle and the
molécule, it is seen that the condition for a nonzero value is r < Vo't.
Inside that distance there is a probability density of outward stream-
ing particles (or, more precisely, pairs), equal to :

| \P7n VAdx\ — 2Iz2Vn m nnyii™n m'yi'x (1.18)

— 00
since :

=1

— 00

This is to be compared to the probability density arising from the
original wave fonction 'Vnm, which is seen from Eq. (1.7) to be:

= (1.19)

The probability ynn for transition to the vibrational State n', per
collision, will be found by multiplying the ratio of (1.18) to (1.19)
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by the ratio of the velocities vq'lvg or (Tq jTnmy™, and by 2, since
only half of the pairs represented by are approaching each
other. This gives :

y»n' = 4lz2vVn'm nm (1.20)

If the normalization is such that \Rnm\* has an average value
of 1, so that :

0

instead of 1, then in place of Eq. (1.20) we have, from Eq. (1.6) :
Y«n — 10TZVn m nmArO (1.21)

where now Vn'mnm is reckoned with the new values of the Rnm-

This rather standard theory has been presented here to bring
freshly to mind the significance of the varions factors involved.
The rest of the development consists largely in setting up suitable
approximations for obtaining the intégral Vn'mnm- Before doing this
it will be well to review the physical meaning of the resuit. <5.6,7c,8¢c)
As the atom approaches the molécule, the latter begins to feel the
force due to their mutual potential. If the approach of the atom
is very graduai the force changes slowly, and in the limit does not
vary appreciably over a complété vibration of the molécule, first
accelerating, then retarding the vibrational motion; then there
would be no net exchange of energy. The greatest exchange of
energy would arise from a sharp blow. Thus the greater the change
of the mutual potential V with the distance, and the greater the
relative velocity, the more effective may one expect the exchange
of energy to be. These factors will be reflected in the matrix com-
ponent Vn'm'nm- The factors and [Eq. (1.12)] are mutually
orthogonal; if V did not dépend at ail on Xj the intégral would
vanish, and, at least in a general way, the more strongly V dépends
on x\ the greater Un n will be. The fonctions Rnm and Rnm’, while
possibly not orthogonal, nevertheless represent translational motions
of different velocities and have therefore different wave lengths.
Thus, unless V dépends strongly on r there can be much cancellation
of positive and négative portions. The wave length dépends inversely
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on momentum, and the longer the wave length the less cancellation
there will be. This means that for a given energy the smaller the
mass the less cancellation and the higher the transition probability;
thus a light atom may be expected to be effective in energy transfer.
On the other hand, a high velocity also has an inverse effect, sinee
less time is allowed for the forces to act, and the relative velocity
of atom and molécule does appear explicitly in the denominators
of Eq. (1.21).

Note also that the greater the différence in energy between initial
and final States the less Rnm and Rn m overlap. Thus small transfers
of energy are much more probable than large transfers, and it is
easiest to transfer energy to or from a molécule with a very low
frequency of vibration.

The répulsive forces are most important in causing energy transfer
and V is usually assumed to have the form :

(1.22)

On this basis Jackson and Mott worked out the form of the
wave fonction Rnm satisfying Eq. (1.4), and the intégrais involved

in VnmnU In so soing they assumed Unn = The resuit of
this Work is :
, __ 2567r<>Af2(A£fc)2  sinh g sinh @' /Unn (1.23)
(cosh g - cosh ;?)"* At '
where .
As* = (A/l2) (t02 — V) (1-24)

is the kinetic energy transformed into vibrational, or vice versa, so

that :
1Ae* | = /ivg (1-25)

and where :
g = A-K*MvQjha.
9" = Ak™Muvq jho.

The expression for (Aej;)2 obtained from Eg. (1.24) can be trans-
formed as follows :

(Ae*)2 = (M2/4) (z,0' + — Z'oP

2Mc){Vqg —ii0)2 = sk{g' — g)"h"0"2I"Tz*"M (1.27)
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where :
= (A/2) (V + i'0)2/4 (1.28)

is a sort of average of the relative kinetic energies before and after
the collision. Un'neMjVo is a dimensionless intégral :

uUnne'lvq = <S>ndxi (1.29)

In evaluating this intégral it is generally assumed that e may be
written as 1 + axi over the effective range of the intégration. This
may not be such a good approximation, especially for higher vibra-
tional States, since a*i is generally of the order of 0.2 A, but it will
at least give the order of magnitude. Then, in the light of the ortho-
gonality of <!>, and O,, :

, Cfr 180 . .
Unne /Fq S a <t>nXin, dxi (2.30)

— 00

If the motion is strictly harmonie, the O,,’s are the normalized
Hermite fonctions the intégral vanishes unless N'—n = + 1.
and if « —n = = | it becomes dO) ;

Unne™IVq = (a/27¢) (finj/2[i.vo)i/2 (1.31)

where n is the larger of n* and n. Since the collision can take place
at either of the two ends of the diatomic molécule, 1/p, is the average
value for the two ends (1/p = 1/2pi + 1/2p2)-

Using Egs. (1.27) and (1.31) in Eq. (1.23) we obtain ;
sinhssinhs'

, (4Mej:njllipvo)F(g’, g)
Apvo (cosh g — cosh g'y (1.32)

where F(g', g) is defined by the équation.

Eq. (1.32) can be improved by allowing roughly for indirect effects
of attractive van der Waals forces between the molécule and the
colliding atom. To do this a curve of the form e”*" is fltted as well
as may be (two methods are considered <n. 12.i30>) to a Lennard-
Jones potential in the région r < tq, where rg is the position of the
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Lennard-Jones minimum. This déterminés the value of a. It also
effectively lowers the potential energy by an amount e, where s is
the depth of the minimum of the Lennard-Jones curve, and, assuming
equilibrium to be established at ro the number of colliding pairs is
increased by a factor Herzfeld and Litovitz <136) have given
an alternative proof for the multiplication of Eq. (1.32) by this
factor, and some evidence in its support has been given by Blythe,
Cottrell, and Read. <14

An attempt was also made to adapt Eq. (1.32) to the three-dimen-
sional case. If we neglect transfer of angular momentum between
the molécule and the relative motion of atom and molécule we
may, for spécifie rotational quantum number j of the relative motion,
simply add to the potential energy the centrifugal potential :
J( + This varies slowly with r, and Takayanagi <15,
in the course of a detailed and pioneering investigation of inelastic
collisions, suggested that it be replaced by tj = j(J+)h N™"n*Mr "
where rc is the distance (less than tq) at which the relative kinetic
energy of molécule and atom vanishes, i.e., the tuming point in
their relative motion. Then, by reasoning similar to that of the
preceding paragraph, the probability of energy exchange for a given j
assuming head-on collision will be multiplied by a factor
Over ail j the total number of colliding partners, as compared to
the number which would be found at the position  will be given
by the ratio :

2 (2;+0)

where Q{ro) = is the rotational partition function for
colliding pairs at average distance tq. From the structure of the sum
it is seen that this ratio is :

Q(re)IQ(ro) = /sc2/ro2,

Because not ail the collisions are head-on, a further rough correction
is made by multiplying Eq. (1.32) by 1/3, although it is not completely
clear that these corrections are completely independent.

This déduction essentially assumes that a molécule and an atom
are in collision if their mutual distance is ro, or that the collision
diameter is ro. Actually, because of the attractive forces, more colli-

25



sions occur than would be found in this way — one must correct
by a factor of the Sutherland type, which we shall designate as Y.
The effects of the attractive forces on the probability of transition
having already been taken into account, as related in the preceding
paragraph yun must be divided by Y. Thus Eq. (1.32) is replaced by;

Yn«' = j {AMsknilhnvQyY-NirclrQy a) (2.33)

Of course, in interpreting the experimental results the number of
collisions should be calculated using the same correction.

Finally, it will be noted that dépends specifically on the
initial relative energy of the molécule and atom. This must be
averaged over the initial energy with respect to the number of colli-
sions per unit energy calculated from e (one-dimensional) Maxwell
distribution law. In doing this, however, it is convenient to use the
form obtained by use of Eq. (1.25) rather than Eq. (1.24) or (1.27).
To carry out the averaging some approximations are necessary.
First the energy sm at which the maximum contribution occurs is
found, and some slowly varying quantifies in the intégral are set
constant at their value for this energy. The final resuit is for
deactivation, and for the case where g'—q is large (poor résonance):

12tc\1/2 327T*Af2vo«( / te \2 #RE /0°\ 1/6

Yon — n
i 3lia2(xT (m) (©)
-310'\i/3+ I, 134
o0 [-1Y) T+ 2ery @9
where :

0' = 167rd4Mvo2/a2A: (1.35)

and where k is the Boltzmann constant. The value of rc which is
used is that which corresponds to the energy zm-

In connection with the three-dimensional case, we may note a
paper by Salkoff and Bauer in which, in addition to some différ-
ences in the approximations to the potentials used, and the method
of separating the potential energy as between the vibrational and
translational parts and the perturbation, the rotational potential
was in effect added to «»» in Eqg. (1.4). The équations were then
solved for each value ofj, the azimuthal quantum number for the
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relative translational motion of the molécule and atom. Thus the
contribution of the different values of j could be ascertained, and
the whole summed to get the total cross section for inelastic collisions.
This was applied to vibrational excitation in H2. Of chief
importance is the démonstration of the important range of values
ofj (up to 100 in the case considered), and of the fact that the
interactions are sensitive to the intermolecular potentials.

B. Experimental material — simple molécules.

Our principal interest in the theory just outlined arises from its
possible application in Chemical kinetics. However, there are a
number of other ways in which the transfer of energy between vibra-
tion and translation may be studied. Of most importance are the
measurement of dispersion and absorption of Sound, and a study
of the structure of shock waves, whereby the time required for
establishment of thermal equilibrium may be found. There are
also other methods which have been less used. To a first approxima-
tion one may assume that there may transiently exist two distinct
températures, one for vibration and one for translation, in the same
System, and the experiments mentioned above give information
concerning the relaxation time for attainment of equilibrium between
the two parts of the System. This relaxation time is, at least to good
approximation, related to the rate of transition between the lowest
and next lowest vibrational States in a molécule, i.e., we are able
to calculate ym and may compare it with Eq. (1.34) with m = 1.
These experimental methods have been discussed in detail by Cottrell
and McCoubrey ** and by Herzfeld and Litovitz

Eq. (1.34) has been compared by Herzfeld and Litovitz to
many cases of energy transfer in diatomic gases. In so doing, it is
assumed that the molécule whose internai State does not change
acts like an atom. It has also been applied to some cases of exchange
between a diatomic and a monatomic gas, obtained by experiments
on mixtures of gases. In general, the process is quite inefficient;
it requires anywhere from several hundred to about 10* collisions
to effect an energy exchange. The probability of exchange increases
markedly with the température, reflecting the fact that a large value
of Vq tends to favor energy exchange; for example, the probability
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of exchange for N2 varies about one in 10" at 5500 to about one
in 8000 at 46000 K,. The theory is rather successful in reproducing
these varied experimental results, generally agreeing within a factor
of 10. The theory also gives comparable results with some linear
triatomic molécules. Some refinements, such as attempting to make
some allowance for simultaneous exchange of rotational energy and
a spécial treatment for the bending vibrations of such molécules as
CO2 and N20 do not cause any appréciable improvement. In general,
the situation may be said to be satisfactory. There are one or two
spécial cases which deserve some mention. It is known that in mix-
tures of CO2 and H20 exchange takes place very readily, and H20
acts as a catalyst for the relaxation of the CO2 vibrations. This has
been explained by Widom and Bauer as the resuit of a considér-
able attraction between CO2 and H20. However Eucken and
Numann <22) found that the efficiency for this mixture first rises and
then decreases with température, which has no theoretical explana-
tion, but which suggests the implication of a CO2 - H20O complex
which would be less stable at high températures. O2-CO mixtures
and CI2- CO mixtures show much more efiScient exchange than is to
be expected. Franck and Eucken <23) imply, in the latter case,
that the incipient formation of phosgene CI2CO, might be responsible
for the eliect. However, it seems likely that the activation energy
for a process CI2 -|- COMNCI2CO would be so high that it could
be expected to have no appréciable efifect.

C. Calculations — Some comparisons.

Many years ago the présent writer <24> applied Eq. (1.21) to the
discussion of deactivation of complex activated molécules. To gain
some general ideas of the magnitudes involved, the first model used
was that of an atom approaching an oscillator along the fine of centers,
just as above. Since the results appear at first sight to be very different
from those obtained more recently, some comparison and discussion
would seem to be in order. My methods of approximation, in parti-
cular the scheme for representing the potential-energy curves so as to
get intégrais which could be handled, were somewhat different.
Also, since | was interested in deactivation of large molécules colliding
with light ones, | assumed that the oscillator involved had an equili-
brium position that was fixed in space. These différences, however.

28



are not particularly significant. More important is the fact that |
considered colliding atoms of spécifie energy, rather than averaging
over the thermal distribution.

Collisions were considered having relative kinetic energy of 800
and 2400 calories per mole, and colliding atoms having masses M
of 1, 2, and 4 atomic weight units (the latter two corresponding to
colliding H2 and He, the first being somewhat related to exchange
of rotational energy with H2). Values used for the vibrational
frequencies were 500, 1000, and 1500 cm’> a ranged from 4 to
7 x 108 cm-i and force constants, x, for the oscillator —
see Eq. (1.21)] were 0.6, 1.2, and 5.0 x 10" dynes per cm. These
values were chosen to be characteristic for the vibrations of organic
molécules, it being assumed that the vibrations which actually ex-
changed energy would usually be those of C-C, C-0, or C-N stretch-
ings or bendings (possibly in some case C-H bendings), but that
the force between the colliding atom and the molécule would be
exerted through the hydrogens on the outside of the molécule, so
that a value of « appropriate to this situation should be used. Since
vg= 1000 cm-i and [j.i= 15 atomic weight units (as in a methyl
radical) gives x = 9 X 105 dynes per cm the range of values chosen
for X may have been a little low.

The calculations showed the expected trends, the transition prob-
ability decreasing with increasing frequency of vibration (reflecting
the necessity of transferring more translational energy) and with
increasing mass of the colliding particle, and increasing with increas-
ing a, which defines the sharpness of the collision. It usually de-
creased with increasing x. The actual transition probabilities range
from more than 1 to, in a few extreme cases, 0.0001 or less. A transi-
tion probability greater than ! indicates, of course, that the perturba-
tion method is breaking down. It may, indeed, break down, even
when the calculated probability is less than 1, if the perturbations
are great enough to give Yn»”>l in the case of good résonance (i.e.,
when the frequency is very low and the amount of energy to be
transferred between vibration and translation is consequently small).
Methods of handling this situation have been worked out <20, 25) and
applied <24).

On the whole, the transition probabilities are considerably larger
than those cited by Herzfeld and Litovitz <. However, the latter
generally dealt with larger colliding masses and higher vibrational
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frequencies. The case which cornes closest to the conditions | em-
ployed is that of CI2 colliding with He, for which M is about 4
atomic weight units. The value of vq is 565 cm*i, and that of (Xi
of Eq. (1.2) is 70 atomic weight units; these give X = 1.4 x 10" dynes/
cm. a-i, according to Herzfeld and Litovitz (Method B) is 0.176
X 10'8 cm, or a = 5.7 x 10* My calculation corresponding most
closely to these conditions (vo= 500, x =5 X 105, M = 4, and
a = 6 X 108) gives a transition probability to the lowest quantum
State from the next lowest of 0.04 to 0.08 depending on the approx-
imation made. For the actual values of vq, x and a indicated, the
transition probability would probably be 0.01 to 0.02. Herzfeld
and Litovitz find a transition probability of about 0.0006. My cal-
culations were for a fixed initial translational energy of 800 cal/mole,
whereas Herzfeld and Litovitz averaged over the energies at 288° K.
However, in this particular case the efficiency of a collision does not
change rapidly with energy (this would not be true for greater values
of M), and Herzfeld and Litovitz’s value is only slightly greater
than it would be had they used an energy of 800 cal/mole. | have
not made the correction for attractive forces (factor which
would be small in this case, nor the correction for three-dimensional
collisions; in particular, the factor of 1/3 has not been included.
Even if we allow for this my value is 5 to 10 times that of Herzfeld
and Litovitz. This is an appréciable différence but perhaps not
unexpected in view of the different approximations made, and is not
much greater than the différence between Herzfeld and Litovitz’s
“ Method A ” and “ Method B »”. It is of interest in this connec-
tion that the true rate of relaxation lies between the calculated values.

D. Application of theory to more complicated situations.

We wish to appiy these calculations to activation and deactivation
in Chemical reactions, and it is clear that usually the situation is
much more complicated than that encountered in the collision of an
atom with a diatomic molécule. There can be exchange of rotational
energy, exchange of vibrational energy from one molécule to another,
and complex collisions, in which two vibrations within a single
molécule change their quantum numbers simultaneously, generally
one up and one down, thus resulting in exchange of smaller amounts
of translational energy.
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Some efforts have been made to discuss the exchange of rotational
and translational energy, and its effect on the exchange of vibrational
and translational energy. It was assumed that the atoms within a
molécule acted separately and additively on a colliding atom. This
introduced angular variables into the mutual potential. General
équations were worked out by Curtiss and Adler <26) and by Takaya-
nagi <22. A calculation on the collision between oxygen and
hélium <8) indicated that the possibility of rotational transfer did
not enhance the probability of vibrational transitions greatly. The
simplest approximation <" gives transitions only between rotational
States whose quantum numbers do not differ greatly. Aroeste S
has made a calculation for F20 colliding with Ne in which he
assumed that the atoms in F20 acted separately with Ne, and in
which large changes of rotational quantum number were found.
He considered only transitions from the lowest vibrational State of
each of the normal modes, and found probabilities of excitation
from the lowest vibration State in the range 10~8 - 10-2 per collision.
According to Herzfeld and Litovitz <8c) this is only a few times
greater than the resuit of neglecting rotation altogether. Rota-
tional motion might have more influence on activated molécules,
in which there is more anharmonity and the bonds are more greatly
stretched, especially small ones where the activation energy would be
divided up among only a few degrees of freedom. This is a very
complicated problem, which has not been worked out.

Complex collisions and collisions involving intermolecular vibra-
tional exchange may be important, as noted above, on account of
the rather modest transfer of translational energy required, (so-called
“ good résonance *’). This possibility was mentioned by the présent
writer <4> and calculations héave been carried out by Herzfeld «2)
and collaborators and by Tanczos <30*. In attempting to see what
they can do we need to consider the nature of the normal vibrations.
This was donc in my earlier work <24) and in a more elaborate manner
by the later writers «2 ,30), Here we shall use a somewhat simplified
picture. Since any given normal vibration involves principally atoms
of similar masses restrained by similar forces, we shall assume ail
the masses and forces to be equal. We can then take as the coordinate
gi of the normal vibration the displacement of any one of the atoms,
and the force constant, referred to this displacement, can be taken
as where rrii is the mass of one of the atoms and n is the
number of them involved. The effective mass for the particular
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normal mode of vibration is, then, Ziw<. The actual displacement
of some particular atom in some particular direction will be given by:

=2 cos Pt (1.36)

where the sum goes over ail the normal vibrations which are involved
in a major way and Pi is the angle between the direction chosen and
the direction of the displacement qi due to the normal vibration.
We can now consider the effects of a collision from the selected
direction. In place of the wave function of Eq. (1.1) or Eq. (1.2)

we would have a product and the wave function for the
final State, would be replaced by another product
however, ail the ' except two would be the same as the .

Let these two be designated by / = 1 and / = 2. Then we would
have to replace Un'n in Eqg. (1.11) or Eqg. (1.23) by :

Ctq, cos S txg? CoS .
un e i e 2 20,, i"n2

n .
X o~ 12 n~dqi (1.37)

Again we replace exp“/Ni““* Ni by | + cagi cos Pi, and for ail the
terms in the intégral for which «i'= «i we neglect the second term.
Then, remembering the normality and orthogonality of the

we have for a collision involving changes in two of the m :

{unnlVo) e**= cos Pi COS P2 \]O,,j'a’\iO,,li/’\i \]’\,,’\a.q2<"n2dq2

= (a2/47r2) ([12«jrt2/4ziZ2WiW2ViVz2)«~2 COS Pi COS P2 (1-38)

[compare Eqg. (1.31)], where the subscripts 1 and 2 indicate quantifies
to be associated with and respectively.

This may now be inserted into Eq. (1.23), using Eqg. (1.24) and
(1.26), but not (1.25), as in obtaining Eq. (1.32). We will wish to
take an average value for cos Pi and cos Pz- Assuming the two
vibrations to be at right angles to each other the average of cos 2pi
cos 2p2 taken over the sphere is 1/15, which takes the place of the
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factor 1/3 in Eq. (1.32). If the angles are in the same direction the
factor is 1/5 :

1/ K a2Afst«ilj2

YN sy s 2m2zzamiwavive F19h9) (1.39)

To orient ourselves we may consider the numerical évaluation
of the first factor in this expression and in Eq. (1.32) in a typical
case, taking, say, a =5 x 10" cnr™, M = 2Q atomic weight units
Wi = W2 = 15 atomic weight units [fx = 15z atomic weight units in
Eq. (1.32)] (typical of CH3 group), V2 = vj (or vq) = 1000 cm'™,
and tic= kT for 300“ K. This gives, for Eq. (1.32), with an extra
factor 1/3 included, as in Eqg. (1.33) :

T«n'= 0.4(m/z)F(g', 9) (1.40)
and, for Eq. (1.39). with the factor taken as 1/15 :
Ynn = 0.002(«irt2/MNZ2)E(g', ) (1-41)

It is also of interest to note that in this case :

(a/2T:)2(/\«il2p.vo) = 0.03 («;/z) (1.42)

Aside from the factor 1/15 (or 1/5) instead of 1/3, one obtains Eq.(I .39)
by multiplying Eqg. (1.33) by this factor.

The factor F{g', g) dépends largely upon how much energy needs
to be transferred from translation to vibration; i.e., upon how good
is the résonance between the initial and final States of the System.
As Herzfeld and Litovitz have pointed out, g and g', even in the
most unfavorable case of a hydrogen molécule of mean thermal
energy at room température, are at least equal to about 7 in which
case :

sinhg = coshg = (1/2)
cosh g — cosh g' = (1/2) (c» — e*")
= (1/2) e-(»+f'>/2[e(9-»)/2 — e<<"-">[2]

and hence :
F{g’, 9) = (9'-9)2[c™"-»")/2 — e<»'- N/2]-2 (1.43)

This has the value 1 when g — g'= 0, and a value close to 0.3 when
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In—g"\= after which it falls off rapidly. This value of g—g' may,
therefore, be taken, roughly, as the limit of good résonance.

g'—g is related to Vq'— Vg, whereas we would rather reckon the
différence in terms of energy, expressing it in terms of Aet. By
Eqg. (1.27) we have :

As/c = {IMzjcyi'* (g — g') honjAn"M

If for orientation we take e* = KT, and try T= 30Q0 K, a = 5 X 10®,
\g— gl =4 and M = 20 atomic weight units :

As* (res)/A7’ = {liMKTyi~ — 0.4 (1.44)

We have compared Ae* to KT and héave set g'/—g = 4 because it is
évident that we need transfers of energy between vibration and trans-
lation of at least the order of kKT to be effective in activation or
deactivation of a reacting molécule, and it is at the same time necessary
that the amount transferred be not very far out of the range of good
résonance if the collision process is to be efficient. We note that
the range of good résonance is stretched out by decreasing M and
by increasing the sharpness of the collision as measured by a.

Since we wish to apply these équations to activation and deactiva-
tion in Chemical reactions, and since these processes are believed to
occur generally with high efficiency, we have made no attempt to
take into account the distribution ofvelocities of the colliding particles.
If the process is highly efficient, one must fix one’s attention on colli-
sions of average energy. Nor have we attempted to make the other
corrections which appear in Eq. (1.33), for they would appear to
be relatively unimportant in view of the uncertainties necessarily
involved.

Ail these refinements were taken into account by Tanczos
who also made a much more careful analysis of the normal vibra-
tions, in attempting to explain the acoustical effects in CH4, CH3CI,
CH2CI2, CHCI3, and CCIl4. He got fair to reasonably good agree-
ment with experiment, and even accounted for a double dispersion
in CH2CI2. In these molécules a complex transition involving a
change of quantum number of 1 in one oscillator and a change of2
in another was of some importance. The transition probability in
this case would involve expanding e to the term in x*, which

34



has a nonzero matrix component only for jumps of two levais. It
introduces into the expression for another factor :

(@/27T)2 (f/2[xvo) (ni — 1)/4 (1.45)

similar to the left-hand side of Eq. (1.42) but with m replaced by
iNni-m.

E. Experimental material — Some complex molécules.

In considering polyatomic molécules it is generally assumed that
the acoustical relaxation time is controlled (through an équation
involving beat capacity of the molécule and of the particular mode)
by the most rapid transition involving transfer between translational
energy and the vibrational energy of a single mode, in general, the
one with the lowest frequency <2L. 32). it is assumed that equilibrium
within and between vibrational degrees of freedom is established
more rapidly, by complex collisions. Sometimes, however, this is
not the case, and, as noted above, two relaxation times can be
observed. Two relaxation times have also been observed in SO2,
and this has been analysed in detail by McCoubrey, Milward, and
Ubbelohde <23).

Hudson, McCoubrey, and Ubbelohde <24) have recently made
some acoustical measurements on energy exchange in C2H4, C2D4,
and also the exchange between C2H4 and isotopically substituted
ethylenes and between C2H4 and H20O and D20O. The number of
collisions to effect energy transfer at room température range from
100 to 800 for the ethylenes and ethylene mixtures, and around 30
to 40 with H20 and D20 présent. The isotopes are of interest,
because with these experiments only the masses and frequencies are
varied, and so the interprétation of comparative results is made
simpler. Even so, it is, at least in some cases, rather involved and
spéculative. Using Tanczos’ équations, McCoubrey, Milward, and
Ubbelohde <25> have had some success in correlating energy exchange
probabilities for a sériés of diatomic and polyatomic gases. The
température coefficients of some very consistent sets of data were
used to obtain that value of a which would best fit the data. The
values thus obtained were in general somewhat larger than the values
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used by Herzfeld and Litovitz <8¢ being in the range 6to 8 x 10”"cm-i,
rather than around 5 x IO”cm”i. The pre-exponential factors then
found necessary to fit the data were somewhat low, indicating, if
this higher value of a is correct, that the steric factor is somewhat
lower than the value 1/3 guessed by Herzfeld and Litovitz.

Lambert and Rowlinson bave made an extensive sériés of
Sound dispersion measurements on organic compounds, and it is
of some interest for our purposes, that the relaxation times of most
flexible hydrocarbons correspond to collision efficiencies greater than
0.01, and that they conclude that interchange of vibrational energy
between modes within the molécule is very rapid.

Extensive reviews of the literature have been given by Cottrell and
McCoubrey and by Herzfeld and Litovitz and by Vines *36).

IL RECOMBINATION OF ATOMS

A. General considérations.

The recombination of atoms in the presence of a third body is a
chemically important and simple example of energy exchange pro-
ducing Chemical reaction. In its simplest form the recombination
of A and B in the presence of a third body M will proceed in the
following way.

A+B+ M—>AB + M (@
However, there are also undoubtedly cases in which the preliminary
establishment of an equilibrium involving a loosely bond complex*37>,

say B+ M, occurs. In this case the reactions are :

B+ Muyx: B'M (b)

B-M+ A->AB + M (c)
or, perhaps in some cases <3 :

B-M + ANAB-M (c)
The complex in (b) and (c) could ofcourse be A + M rather than B + M.
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It is often more convenient to consider dissociation of the molé-
cule AB. If/ra is the rate constant for reaction (a) and kd the rate
constant for the reverse reaction, then :

ka = kdK 2.1)

where K is the equilibrium constant, (AB)/(A)(B). [(AB), etc., are
concentrations.] In making calculations, ka has the advantage of
involving only two-body collisions. Reaction (a) and its inverse
constitute the ““collision mechanism ”’.

The mechanism involving (b) and (c) we refer to as the “ complex
mechanism ””. In this case [using a prime to distinguish ka from ka
of Eq. (2.1)] :

= "BM"aM (2-2)

where is the equilibrium constant for reaction (b) and k™
the rate constant for reaction (c). In the reverse reaction, the reverse
of reaction (c) is the rate-determining step, and the rate constant
therefore may be designated as kgh Again Eq. (2.1) holds.

Dissociation in the complex mechanism may take place through
a sequence involving the reverse of reaction (c') :

AB 4 M AB . M (d)

AB*M->A 4 B'M (e)

if the complex AB ¢+ M can be stabilized by dissipation of the associa-
tion energy in the internai motions of AB «+ M. However, regardless
of whether this stabilization takes place or not, the transition State
or activated complex will be essentially the same as in the direct
reversai of (c). This being the case, if the rate can be obtained from
the usual equilibrium theory of the activated complex, the calculation
is conveniently made through the assumption that AB * M is présent
whether it is or not. This gives then, for the dissociation :

— -AAB-MAdM (2-3)

where *ab m  the equilibrium constant for (d) and the rate
constant for (e).
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In the décomposition of a diatomic molécule, the population of
the high energy levels will be considerably depressed below its equili-
brium value. In the recombination of atoms, molécules will be formed
in the higher energy levels, and these may then dissociate again,
so that they do not in the end contribute to the association reaction.
It has been pointed out by a number of writers <39-44) that these
effects can be of considérable importance, and it seems simplest to
formulate the rate constants at once in terms of a sériés of energy
transfer processes <45-47)" involving ail the vibrational levels, or at
least ail those near the dissociation limit. The rate constants ka
and kd will clearly be smaller than those obtained if it is assumed
that equilibrium is established throughout ail these energy levels.

First we remark that, though ka and ka may be altered by lack
of equilibrium, Eqg. (2.1) will still hold under conditions in which
rate constants can be determined at ail <48). This has been doubted
by a number of writers (40, 4i. 43-45, 49" so requires some attention.
We will assume that the only States which will not be essentially
in equilibrium are States which would in any case contain a relatively
small number of Systems — in the case of dissociation because they
héave a high energy, in the case of association because they are asso-
ciated States and hence occupy a restricted région of phase space.
It is further assumed that the time required to establish equilibrium
in these levels, were further reaction not to occur (which, for the
dissociation, is just the relaxation time studied in Section 1), is small
compared to the overall time of the reaction; if this were not the
case, the reaction would have an induction period, and one could
not déterminé rate constants in any unequivocal fashion. Relaxa-
tion times have been measured <30> for vibrations in Clz= over a very
large range of températures, by shock-wave methods. These are
presumably long <& compared to relaxation times in Brz, but it
has been pointed out «8> that they are always short compared to
the dissociation times in Brz. The dissociation time decreases more
rapidly with température than does the relaxation time, but the
number of collisions required for dissociation can never become
less than divided by something of the order of less than 100,
where A£ is the dissociation energy. For 02 at 6000« K, eAE/«r
is about 0™~ while the number of collisions required for energy
exchange is <¢* 1800 at 2900<> K. These examples illustrate the general
validity of the assumption. Camac and Vaughan <5i> state the relaxa-
tion time and dissociation time of O- became comparable at around
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8000° K. At these températures it is, on this account, impossible
to make a reliable détermination of the rate constant. It is some-
times necessary to consider whether the third body, if more complex
than an atom, is relaxed, but this is a different problem.

Let us consider now individual processes of association of A + B
or of dissociation of AB in the presence of a large excess of M,
essentially the condition for measurement of the rate of the reactions
we héave considered. The fate of any AB molécule will dépend on
collisions with M, and will be unaffected by the presence of A and B
atoms; likewise, the fate of any A + B after it has provisionally
combined into an excited AB will be independent of AB’s présent.
Since either of these two opposing reactions would therefore go at
same rate if A, B, and AB were présent in equilibrium numbers a
if the opposing reactants were absent, Eq. (2.1) must hold. If M
were either AB, A, or B, the experiment would still have to be per-
formed under conditions such that M was in excess for either direc-
tion of reaction, and hence for the equilibrium. Since such conditions
cannot always be met, the test to be applied (perhaps not always
carried out in practice) is whether the rate to be attributed to any
given third body is dépendent of the presence of others. It is prob-
ably generally justified to use Eq. (2.1).

It is seen that the condition postulated for the relaxation time is
such that the populations which are not in equilibrium do corne to
steady States. The steady State populations of the higher vibrational
States are less than the equilibrium populations. The steady State popul-
ations, in these same levels, which are produced in the association are
such as to just supplément the lack of population in the dissociation,
if association and dissociation are proceeding together in equilibrium.
The lowering of the rate of dissociation is also just balanced by the
lowering of the rate of association due to the back reaction of those
pairs in higher vibrational States.

Pritchard <52) has suggested that Eq. (2.1) would not hold if there
should be a “ bottleneck > among the vibrational levels, through
which reaction could proceed only slowly. However, unless the
bottleneck occurs at a very low energy level, the statements of the
preceding paragraphs will still hold. Passage through the bottleneck
might well be the rate determining step, but it has the same effect
in the two directions. The higher energy levels between the bottle-
neck and dissociation will fill up to their steady State levels, requiring
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relatively few molécules, rapidly comparée! with the rate of reaction.
The ultimate fate of a dissociating molécule or an associating pair
will still be independent of anything except the concentration of M,
so our argument will go through as before. In the actual calculation
of the rate proposed below, the possibility of a bottleneck is not
taken into account.

B. Collision and complex théories.

It has been suggested that the proper approach to the problem of
determining the populations of the excited vibrational levels and
ultimately the rate of décomposition of a diatomic molécule reacting
according to the reverse of (a) is to consider stepwise transitions
from one vibrational level to the next. Eventually, then, one would
wish to apply the ideas of Section I. However, before dissociation
occurs anharmonicity becomes great, and in many cases the energy
levels corne very close together. Changes of vibrational quantum
number considerably greater than = 1 become common; the situa-
tion will differ, at least in detail, greatly from that considered in
Section I, and it will, indeed, be expéditions to consider some aspects
of the problem from the point of view of classical mechanics. It
therefore appears to me that it will be more realistic to assume
that constant changes of energy, closely related to the average energy
of the colliding particle M, will occur, rather than constant changes
of vibrational quantum number. Actually there will be a range of
possible energy exchanges, but it is hoped that a qualitative picture
can be obtained by the assumption that the exchange of energy
from vibration to translation always occurs in incréments yj equal
to the average of the true exchanges. These can be assumed to
include rotational changes, since these also shift the level with respect
to the rotational barrier. It is not proposed to develop a complété
theory in this way, but to lay a foundation for discussion of the
experimental results.

We can think of the vibrational energy levels of the diatomic
molécule as divided into zones of width yj designated by a suffix i.
Dissociation will always take place from the highest of these zones,
for which we set / = 0; i + | refers to a lower energy than i. We
can designate a molécule in State i as ABj. We have a sériés of reac-
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lions, which can proceed in either direction, with rate constants as
indicated :

ki
AB(J M Y
U+ ®
but for/ =0 :
ABo+ M "~ A -B i M (9)

We get a sériés of steady-state équations, in the usual way, by setting
d(ABi)ldt = 0. From d(ABo)ldt :

— (A0 + kK 0)Xo = 0 (2.4)
and, in general :
+ K'i_iXi_i — {ki + k_i)Xi =0 (2.5)

where Xt is the concentration of ABi, etc. The rate constants are
of course mean values for the different zones. Each zone is character-
ized by a mean energy ej and the number gi of energy levels contained
in the zone. We take the zéro of energy at the dissociation limit,
so that Eo S —172, and write :

iikT = a (2.6)
£ / 2.7)

If ail the ki were known we could find ail the Xi in terms of Xq
from Eqg. (2.4) and (2.5) by simple itération. The ki are not known
but certain relations between them are. From the law of microscopie
reversibility we can write :

Kilk_(i+i) = (gi+ilgi)e™ (2.8)

since this gives the correct ratio XijXi®i at equilibrium. For the
steady-state concentration, it seems natural to set :

Xi = cigic (2.9)

since if Xi were the equilibrium concentration ail the ci would be
equal. The ratio cq/c”, where refers to a low enough energy
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for its Xi to practically coincide with its equilibrium value, is a measure
of the déviation of zone 0 from equilibrium. Substituting Eq. (2.9)
in Eq. (2.4) and (2.5), making use of Eq. (2.8), and setting :

yi = kijki + k_i) (2.10)
y-i = k-ij{ki + ki) (2.11)
we get :
ViCj+i + y-iCi_i —a =0 (2.12)
which includes the results from both (2.4) and (2.5) ifwe set c_i = 0.

We rewrite Eq. (2.12) by replacing / + 1 by i to get it in a convenient
form for the itération :

Ci= yini-icini — (1 (_lyt-i)ci-2 = (1 +<)c<_i — (2.13)
where :

bi =y _a_i)lyi_i (2.14)

is the ratio of a jump upward to a jump downward from the same

State. In general we can solve the set of équations (2.13) by itération

if the bi are known. If bi is taken as constant (= b), less than 1,

then it is readily shown (in exact analogy to the case of the truncated
harmonie oscillator <46, 53)) that :

a=I +b+b2+ .... b= (1—6+)/(1—8)  (2.15)

within a constant factor, and, approximately:
=1—=e (2.16)
b will be closely related to the energy différence y), and we write :
b=/e-“ (2.17)
where Zis presumably not farfrom unity, which says that the relative
probability of up or down transition is nearly equal to the Boltzmann

factor.
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We can now Write down an expression for the dissociation rate
constant

(2.18)

This may be understood by analysis of the factors involved. The
first bracket is the collision frequency for collisions between AB
and M with an elfective collision diameter ct; Af is the reduced mass
of AB + M. In the numerator of the second bracket n is the number
of attractive electronic energy levels, having the same asymptote as
the ground State, from which dissociation can occur, go is the average
number of States in the zone / = 0 in these levels, Eq is the disso-
ciation energy so that Eq— "i/2 = — akT]l is close to the average
energy in zone i = 0. Thus it is seen that the numerator may be
said to represent the partition fonction for the zone i = 0, and
Oab is the partition fonction for the molécule AB (which, classically,
equals the ratio is equal to the relative number of molé-
cules which are in a position to dissociate at equilibrium. The next
factor, which cornes directly from Equation (2.16), takes into account
the déviation from equilibrium, and the fourth gives the relative
probability of dissociation (rather than deactivation) at collision.
This would complété the expression for a nonrotating molécule.
Averaging over rotational levels, taking into account the effect of
the centrifugal potential on the dissociation energy, introduces *54)
the factor where rm is an average value of the internuclear
distance in AB at the maximum arising from the centrifugal potential
in the potential energy curve, and ro is the equilibrium distance
for AB.

The différence, Se" between energy levels near the dissociation
is given roughly by a linear relation in the quantum number v.

Bzv = ol(Vo — i) (2.19)

where is the quantum number at the dissociation limit, Eq. If
Sst)* is the value of 8ev at e® — KT it may be shown that :

go = 2an2kTI8e " (2.20)
An earlier derived expression <5S) for ka, neglecting any departure
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from equilibrium, which differed essentially from Eq. (2.18) in omitting
the third and fourth brackets, was équivalent to :

-ZolkT
n(kT/Bz,")e

w10 e

Steiner <56) had much earlier derived an expression for the association,
which, used with Eq. (2.1), was essentially the same as Eq. (2.21),
with the duration of a collision of the atoms A and B, designated
as T, substituted for h/Bzv- The near équivalence of t and h/Ssv*
can be demonstrated <55>,

Egs. (2.20) and (2.21) may be compared with what is obtained
for the complex mechanism by évaluation of Eq. (2.3). We may set :

Kab . M = 4Tza"Sae™ (2.22)

where a is the average distance of AB and M in the complex, 8a is
their average freedom of motion toward and away from each other,
so that 4na”™8a is the free volume (we assume the partners can rotate
freely in the complex), and is the dissociation energy (bottom of
potential-energy curve to the asymptote) of the complex. The reac-
tion (e) we can consider as a unimolecular décomposition, and write :

I<dM = n{kTIhQAB)e (rmlro)»
£ «vab(C {rmir*y (2.23)

where e™ is the energy of dissociation for the reaction (e) involving
the complexes, e” will, of course, be close to Sp. Combining
Egs. (2.22) and (2.23) with (2.3) we have :

Kil = 47ra2Sa/7(AT/II0AB)e™ " ©™"™""*" (r™/r0)2 (2.24)

It is to be noted that unless is appreciably greater than KT,
Eq. (2.24) will break down (at least with a usual définition of Sa)
because the bound States of AB+* M will become filled <55, and
~AB1M "ill decrease more rapidly with température than anticipated,
and Bunker and Davidson <57> have attempted a detailed calculation
of this efiect. Eg. (2.24) makes no allowance for lack of equilibrium
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in the higher vibrational States. This is probably ail right if M is
itself a polyatomic molécule and the complex AB + M actually exists.
Otherwise a correction | —/e-* should be included in the expression.
It is instructive to divide kd by ka as given by Eq. (2.21). Setting
T = Ssvjh and 8a = (kTjlTzMy/*-c (roughly distance traveled by M
relative to AB during the time of a collision of A and B) in Eq. (2.21)
we héave ;

kd'kd = (a/ay {8a/8a)e™* (2.25)

Estimates have been made <55 of Sa and 8a and the ratio is lilcely
to be near unity. Though aja may be somewhat more than unity,
the possibility of ka being of greater importance than kd will largely
dépend on the exponential factor, in particular, on and
on the validity of (2.23) and (2.24). Both mechanisms can contribute
comparably simultaneously.

The évaluation of Eq. (2.18) will dépend upon the détermination
of a. As we have remarked, a collision between M and AB when
the latter is in an excited State can probably be well handled classi-
cally. As during a considérable part of their vibration A and B will
have a considérable séparation, they will exert only small forces on
each other, and will be moving slowly relatively to each other.
Thus we might expect the transfer of energy from M to occur largely
through collision with one of the atoms A and B, say B. We would
expect to learn something about it by considering a collision between
M and B in which B is stationary. The maximum amount of kinetic
energy which can be transferred from M to B in this way is :

+ m”y times the original kinetic energy of M. We
shall make the assumption that :

a= + my (2.26)

where m is the average of and m”. This is équivalent to supposing
that if the masses were the same, the average energy transferred
would be equal to kT, and we may hope that it will take care of
the effect ofthe masses so that we can use the combination of Eq. (2.18)
and (2.26) as a working tool to help in the analysis of experimental
data. Eq. (2.26) should be applied, however, only when AB is heavier
than M, so that AB may be considered, as a first approximation,
not to be moving; then it can serve as a reasonable guide. Even
in this case Eq. (2.26) undoubtedly exaggerates the effect of a différence
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in mass, since it can only be a rough approximation to suppose that
the third body M, even if it is only an atom, collides with one of
the atoms AB.

C. Phase space trajectories — The variational theory.

Before discussing the experimental material we will give a summary
of the so-called variational theory of reaction rates of Keck
This is a development of an idea, apparently due originally to
Marcellin <59 and applied by Wigner <60) to the problem under
considération. Again using classical mechanics, one considers the
phase space for the System consisting of three atoms, A, B, and M.
If the coordinates and momenta of the center of gravity are excluded,
only motion relative to the center of gravity being considered, this
is a 12-dimensional space. One now seeks a surface S (11-dimen-
sional) which divides the phase-space into two parts, one correspond-
ing to separated atoms A and B, the other to the molécule AB.
Such a surface may be so chosen that, when the relative coordinates
and momenta, M-AB, have any fixed value, and the polar angles
made by AB, and the corresponding momenta, are fixed, the pro-
jection of the surface in the two-dimensional space, (inter-
atomic distance and relative momentum of A and B) lies at a constant
energy just touching the maximum in the potential energy plus
rotational potential curve for AB (see Fig. 1 — in the figure the
relative energy e”™b replaces the momentum as a coor-
dinate). This surface was modified by Keck, but for the cases of
most interest it was essentially as described.

If the density of phase points at any point on S surface is p and
if their vector velocity is v, then the rate at which they will cross
the surface per unit area at that point will be p|v+en| where n is a
unit vector normal to S. They may be Crossing in either direction,
depending upon the particular point in the phase space. If we
count only those which are Crossing in the ““positive” direction
and integrate over that part, say S+ of the surface corresponding
to that particular direction, we obtain the rate of reaction in that
direction, namely :

(2.27)

where da is the element of surface, provided none of the points which
thus cross S+ recross at some other position later, which of course
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reverses the reaction. This last proviso means that this method of
attack can give only an upper bound to the reaction rate. It will
still be an upper bound if we substitute  for p, where p"is the density
of phase points at the surface in equilibrium with the distribution
a great distance from the surface, since p could not exceed p* In
general, over any particular area of the surface, if this area is small
enough, the value of p should be equal either to p* or to 0; itis O
if the phase points at this part of the surface originated on the
wrong side, having already crossed one in the wrong direction.

"AB

“"AB

Fig. |

For the dissociation reaction we may write, if the concentrations
of AB and M are unity :

-elkT
Pe = e "hOQ"BQr (2.28)

where is the partition fonction for the molécule AB and Qr
is that for the relative motion of AB and M, since I/A® is the number
of energy levels per unit volume of phase space. Therefore :

) r -ZikT
M (/i6gAB2r)~M lv.n|e da (2.29)
J s

Now let us define a fonction O of the six coordinates gt and six
momenta pi such that at S we hdve O = 0 and such that a unit
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change of O (at least at S) represents a displacement of unit length
normal to S in the phase space. We may then write :

v . nla ” 14 dad<i>

-ZIKT
— (v n) e I1idqidpi (2.30)
assuming to be constant between O = 0 and O=1.
Here (v-n) = |vn] if the flow is toward dissociation but zéro

otherwise. The components of v are the time dérivatives Ci, pi and
those of n are SO/dljj.

Thus ;
V.n= + qtiin/~qi)]

iH 60 a/l a0
ani ali iq, iqi

where H is the Hamiltonian and we héave applied the Hamilton-
Jacobi équations. Since the last quantity in parenthéses is the
Jacobian of the transformation of dpidgt to dHd”, or in other
notation, to dzd<5>, it is seen that the intégral, confined, of course,
to régions where the flow is toward dissociation, is transformed to :

-ZIKT
ste dzd"&g{gkdpic
d?(l}'qqkdpk (2.31)

where = y</|7i|(i.e., = % 1, depending on the sign of Ji, since
each transformed volume élément is taken positive), or 0, if Jt = 0.
We can now find ka if we can find the limits of the varions variables
defined by S+. This is a well-defined though still a complicated
problem, which has been solved by Keck through further changes
of variables. The mutual potentials of the atoms corne in through
the variable e. Keck has represented the potential energy of AB
by a Morse function, and he has made an estimate of the mutual
potential energies A-M and B-M. The two-body potentials were
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assumed to be additive. The potential A-M and B-M include estim-
ates for the van der Waals attraction (e.g., if A or B was an iodine
atom, it was assumed for this purpose to be much like xénon), and
the assumption was made that there was an equilibrium population
bound by the van der Waals potential, so presumably both collision
and complex mechanism were included.

Since this procedure gives only an upper bound, Keck <6i) made
some calculations on actual trajectories, so that he could make an
estimate as to how great the overestimate might be. He randomly
selected points in the phase space, ail of which lay on the surface S+
(he investigated association, but the information thus obtained is
the same as for dissociation) in such a way that the surface density
was proportional to the integrand of Eqg. (2.29). The trajectories to
which these points belonged were followed by use of a computer,
both forward and backward, until M was reasonably far from A
and B in both directions. One could then décidé whether a given
trajectory which crossed S+ would resuit in reaction, how many
would recross the surface once more and so not react, how many
would cross again, etc. Also he could tell how many of those Crossing
the surface were actually in their second Crossing, having originated
on the other side of the surface. He investigated 2H + Ar, 20 + Ar,
and 21 + Ar. In each case he considered températures such that
kTj&" = 0.01 and kTjzQ = 0.1. For 2H + Ar at kTjz™ — 0.01 the
ratio of reaction to crossings (counting double those cases where
two crossings in the same directions occurred) was about 0.26, for
20 + Ar it was about 0.40, and for 21 + Ar about 0.64, it being a
little less at the higher température for the first two and a little more
for 21 + Ar. It was also possible to find the distribution of energies
for the molécule formed when reaction occurred. In ail cases close
to half of the combined molécules were within kTjA of the maximum
of the potential energy plus rotational potential. Since a pair of
colliding atoms will have an average relative kinetic energy of kT,
this seems fairly reasonable if there is an average transfer of kT or
a little less. There is no real test of Eq. (2.26), since only one case
was treated in which the mass of AB was greater than that of M.

Another calculation, based essentially on a general analytic treat-
ment of the paths in phase space, has recently been made by Light
Since he used a truncated harmonie oscillator model, it would be
exoected that these calculations could not be applicable to the actual
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reactions. As we will see, the increase in rate brought about by
the density of levels near the dissociation limit seems to be a very
essential feature. Yet, strangely enough, Light finds rates which
are too high. It is not clear how this situation arises.

A quantum mechanical calculation has been made by Bauer and
Salkoff <63)fortheprobability of transition on collision from excited
vibrational levels to the continuum. The method used was quite
similar to the method used by them to calculate the probability of
transitions from one vibrational State to another [see paragraph
following Eq. (1.35)]. The apparent motivation for this work was
to explain the high collision efficiencies for such a process, but in
the following discussion we will see that these are well taken care
of in Eq. (2.18) and in the older work. However, the results are
of some interest in themselves. Application was made to the recom-
bination of oxygen atoms to form O2 in the excited State, since
for this State there are just ten vibrational States, ail of which are
known. It was found that, even up to 5000° the contribution to
décomposition was greater from the highest vibrational level than
from the second highest, though the latter was only 340 cm~i or
970 cal/mole below dissociation. The second highest was catching
up, but it is surprising, in the light of Keck’s calculations, that it
never contributed as much as the highest level. It is possible that
quantum elfects were sufficiently important to upset this expectation
in this case; but it should also be noted that Bauer and Salkoff made
a rather arbitrary correction for perturbations which were so large
as to cause apparent transition probabilities greater than 1, whereas
actually this is a matter of considérable complication <20), Bauer
and Salkoff made no allowance for the effect of lack of equilibrium,
which would be rather extreme in this case. The fact that their
results for the recombination of oxygen atoms to the "2+ state
alone tend to exceed the total observed rate for the recombination
is, therefore, probably not significant.

D. Experimental material.

Early experimental work on the recombination of iodine and of
bromine atoms at room température was done by Rabinowitch and
co-workers <64-66) using a method which involved a photochemical
steady State. More recently use has been made of flash photolysis
for measurements up to 250° C, and of shock waves, combined with
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spectroscopic observations or density measurements back of the
shock front using optical methods, for the dissociation of diatomic
gases above 1000“ C. Since association and dissociation are con-
nected by Eq. (2.1) they can be converted one into the other.

Most work has been donc on the recombination of iodine atoms.
The recombination rate constants range from around 0.3 x 1032
cc2 molécules “2 sec-i for He as a third body to 25-50 X 10732 "ith
benzene as a third body, and even higher for some large organic
molécules, and 500 x 10~22 or more with 12 as third body. Even
with He the rate (expressed as a dissociation rate for 12) is rather
large compared with the expected number of collisions having the
requisite energy. This is in large part because of the relatively large
density of energy levels near the dissociation [the factor go in
Eq. (2.18);« and {rmIr*y also contribute]; in other cases, the very
large rates reflect the considérable stability of the complex |+ M.

In the association of | atoms in benzene a very direct comparison
is possible. Atack and Rice héve made equation-of-state measur-
ements of mixtures of 12 and benzene. Judging from the magnitude
of the déviations from the idéal mixing law, the forces between 12
and benzene molécules are of the van der Waals type. The results
of Atack and Rice were used to find the equilibrium constant for
the formation of a van der Waals complex 12 + C6He. This was then
used directly <5) in Eq. (2.3), together with Eq. (2.23) to calculate
ké . In Eq. (2.23) n was taken * as 5, Vab(=Vj2) was taken from
the tabulation of Herzberg <6f> (rm//‘0)® was estimated as 5, and
it was assumed that Eq. In this way, and by use of Eq. (2.1),
we found ka = i'i ™ 10~52 ce molecule~2 sec~< which is to be com-
pared with experimental values <86. 20. vi) of about 20 to 50 X 10~52"
the more reliable ones probably being in the lower part of the range.
It is seen that the agreement is very good.

* This value is used because there are three attractive States, connecting with
unexcited atoms, for h, <Sj+, Tlliu, and 3lI2u, the last two of which have two-
fold degeneracy. The 5IllI2« has not been observed, but there are theoretical
reasons for believing in its existence and its dissociation energy has been estim-
ated (®8). On account of the fact that iodine (and, indeed, also bromine)
approaches j-J coupling it is likely that changes in multiplicity at collision are
probable. If such transitions become comparable with energy exchange at an
energy below the dissociation limit equal to several times the average energy
transferred, the levels of ail the electronic States must be considered together.
The 3111K State is, however, so shallow that it is somewhat doubtful if this condi-
tion is fulfilled, and it may be that association to this State will be reversed before
it can be stabilized by transfer to or 5ri2u and subséquent loss of energy.
If this is true, n should be reduced to 3.
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The assumption that 2= means that the stability of CeHo * |
is the same as that of C6He * la- We actually have very little to go
on in estimating van der Waals constants for I; it may be, how-
ever, a little surprising that I, with only half as many électrons as
12, should have the same van der Waals attraction for benzene.
Porter and Smith have suggested that | forms a charge transfer
complex with benzene. In this connection, however, it should be
noted that Atack and Rice found that their van der Waals complex
in the gas phase was at least six times as stable as the well-known
la-benzene charge transfer complex, which was studied in solution
by Benesi and Hildebrand <72). it jg not certain that iodine atoms
would be comparable in this respect.

The température coefficient of ka and of ka may be inferred by
scrutiny of Egs. (2.22) and (2.23), and use of Eq. (2.1). Unless the
effective number of contributing electronic States changes with

température, on temfferature to any appréciable extent
only through and r,?- |If = Eq the factor e~
cancels the term e which occurs in Eqg. (2.1), when one

obtains ka- rm dépends only slightly on température. Assuming
that the attractive forces in 12 at the distance rm are chiefly van der
Waals forces, having the form —cjr®, where c is a constant, one

finds <73) that rm is proportional to Eq. (2.22) dépends on
température chiefly through Sa and shown
to vary as and a similar free length will occur in K. It is seen,

then, that we may expect :

ka' oc T2/3 e

which gives an energy of activation equal to
and Rice found an enthalpy AH of reaction for :

+ (2/3) KT. Atack

12-C6H6M2 + CoHe

equal to 2.44 kcal per mole, which, at the température used corres-
ponds to a AE of reaction of about 1.55 kcal. Now AE = —

dInKfIAM AT = (RIK)t™N— 1/2 RT. So is équivalent to 2.0 kcal
per mole, and the expected activation energy for association of iodine
atoms around 400° K will be —1.5 kcal. Probably the most reliable
détermination is the recent one of Porter and Smith <7>, who get
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—1.7 kcal. Al things taken together, we seem to have a reasonably
good picture of the effect of benzene on the recombination of iodine
atoms.

Porter and Smith h&ve measured the recombination rate and its
température coefficient for iodine atoms in a number of inert gases.
In a general way, large rates go with large négative activation energies,
as might be expected if a complex |I+M is formed. Russell and
Simons had previously found high rates with third bodies which
might be expected to have large van der Waals forces; however, as
noted, Porter and Smith suggest that electron-transfer forces are
involved.

Although in many cases the iodine recombination almost certainly
proceeds through a complex | «+ M, it undoubtedly proceeds according
to the collision mechanism with He, Ne, or H2 as the third body.
If | atoms exert forces comparable to 12, then with argon the binding
energy for | + Ar should render the contributions of the two mechan-
ims comparable it will be be of interest to apply Eqg. (2.18)
to the reaction with the rare gases as third bodies. In doing this
we take the experimental value of ka as given and from it calculate <j.
the effective collision diameter; we then décidé whether the value
of (T is reasonable. We again use n — 5 and {rmlroY = 5, and go
is taken from Eq. (2.20) using values of 8s," estimated from spec-
troscopic data and tabulated previously <55). a is evaluated from
Eqg. (2.26) and/is set equal to 1. The results of this calculation are
given in Table I, and the values of ¢t found from Eg. (2.21) are also

TABLE |

Recombination of | atoms in various gases.

Gas He Ne Ar Kr Xe

ka X 1032 (74)..cccccovecvennnn. 0.335 0.46 0.92 1.125 1.495

(cc2 molec. 2 see.™)

((A<>), Eq. (2.21) .- .- 11 19 31 3.9 4.9
E 0.119 0.472 0.729 0.957 0.999
| — e~ 0.112 0.376 0.518 0.616 0.632
Ci(A®), Eq. (2.18) . . . . 55 3.7 4.8 5.4 6.6
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shown. The effect of the mass of the colliding atom seems to be
fairly well taken into account by the factors involving a in Eq. (2.18),
but the large value of a found for He indicates that the effect, as
should be expected, is somewhat exaggerated by Eq. (2.26). This
conclusion is reinforced by the fact that the values of a for the
heavier gases would be reduced if allowance were made for the
part of the reaction going through the complex mechanism.

If we assume that a and a are température independent, take
S kTjM?y, allow for the température dependence, rm oc

use Eg. (2.20) for go. noting that oc and noting in addi-
tion that go will probably decrease slightly with J, the average of
which increases with T, we see that the température dependence
ofkd is very closely TNi/2 exp and (assuming consistently with
Sab = kTjh'i/™, that K has its classical value) there will then be
practically no température dependence of ka- However, even with
He as third body there is an apparent activation energy <25) of —0.6
to 0.7 kcal*. If one compares the rate at room température and the
rate determined in a shock tube <6> at 1300° K the apparent activa-
tion energy is about —1.3, but these are consistent with a rate
roughly proportional to \jT. It has been suggested <42-46) that the
température coefficient arises from the lack of equilibrium in the
upper vibrational levels. This certainly would happen if n\ rather
than a were constant. The calculations of Keck <> on the trajec-
tories in 21 + Ar seem to indicate that a is nearly constant, but an
indefinite increase of t) with T, might be hindered by a quantum
effect, arising from increasingly poorer overlap of the vibrational
wave functions as the energy levels get farther apart, especially for
those collisions in which the two iodine atoms happen to be close
together and hence cannot be considered separately in the collision.
It is also true that the effective value of n might decrease, since at
higher températures dissociation could take place more readily from
the higher electronic States with relatively shallow minima. dancing
collisions would on the whole last a shorter time and thus be less
effective at high températures. Finally, with Ar or heavier gases,
the contribution of the complex mechanism would cause the négative

* There appears to be an error in the activation energy quoted for He by
Porter and Smith (7i), since in this case their Ei and E2 do not seem to be

mutually consistent.
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activation energy to be higher. These suggestions, however, do not
oflfer a quantitative solution of the problem.

The variational theory of Keck <», based on Egs. (2.29) and
(2.31) offers a different approach to the cases where the third body
is a rare gas atom. Calculations were carried out, using potential
energies based on the assumption that, as far as concerns van der
Waals forces | is close to Xe, as described following Eq. (2.31).
In these calculations, in elfect, only the ground State, was
considered. These calculations resulted in good agreement with the
experimental rate constants for the recombination of iodine atoms
in the presence of rare gas atoms at room température, reproducing
the observed trend very well. This good agreement actually seems
strange, for not only does Keck’s calculation give an upper bound,
but, since it is an equilibrium theory, it should not be compared
directly with the measured rate. It should be comparable with
Eqg. (2.18), if the correct value of a is inserted, and the factor 1—
omitted. This may well be doser to | than shown in Table I, as we
already noted; however, it must be an appréciable factor. Thus
Keck’s calculated rate would appear actually to be too low. This
may be due in part to neglect of the excited attractive electronic
States, and in part to an underestimate of the attractive forces between
iodine and the rare gases. On this basis Keck’s calculation, after
correction as suggested, would agréé fairly well for He, but would
give too high a rate for Xe, since for Xe the correction dueto | —
would be negligible. It must thus be more of an overestimate the
heavier the molécule.

It is of interest that Keck has stated that for a given potential
energy surface, the rate constant is independent of the mass of the
third body. This occurs because the density of points in phase space
is independent of this mass, and the rate of Crossing of S+ dépends
only on the masses of the combining atoms. However, the rate of
collision decreases with the mass of the third body. On the other
hand, the time of a collision increases. This may allow more time
for multiple transversal of S+, thus increasing the upper bound
relative to the true rate. The calculations on trajectories which
were made by Keck give so far little indication as how this would
vary with the mass of the colliding atom. Nor will they give informa-
tion concerning the average absolute efficiency of collisions, since a
very spécial type of collisions, namely those in which a phase point
actually crossed the surface S+, was selected.
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Keck’s calculations of the rate by his variation method in general
give some decrease with température, but too small a one. This
might be due in part to their giving a higher upper bound at the
higher températures, but his calculations on trajectories indicate
little reason for expecting this. He does not, of course, take non-
equilibrium eflects into account, and they may be the principal
cause of this discrepancy in the cases involving such third bodies
as He, as, indeed, our calculations based on the collision mechanism
would suggest.

No other recombination reaction has been investigated as thorough-
ly as that of iodine atoms. A few experiments have been done on
bromine atoms <42, 64). xhe general features are much the same as
with iodine, but the rate constants for bromine recombination are
roughly 2/3 of those for iodine recombination in the same gas,
possibly with very slightly higher négative activation energies.

A number of experimental results in the région between 1000°
and 2000° K have been obtained in shock tubes, both for bromine
and iodine (76-80). On the whole, these do not correlate too well
with the low température results. The shock-tube results tend to
be a little higher than expected by extrapolation and to have a some-
what more pronounced température coefficient than those obtained
by flash photolysis. For example, activation energies in shock tube
héave been reported <76) as —4.6 kcal for | in Ar and —8.0 for |
in He. In some cases it is possible to draw a smooth curve through
ail the points, but it has considérable curvature on the usual log ka
VS T~" plot <77>. Often the data are fit reasonably well by a fonc-
tion proportional to r-", where n is in the neighborhood of 3/2
or greater. This has given rise to the suggestion, which keeps recurring
in the Uterature, that the reaction involves a complex of three atoms
(or more if the third body is not monatomic) and that the energy
can be distributed in any way among the internai degrees of freedom.
This, however, cannot be a relevant or instructive way of viewing
the situation, for, before the reaction can take place, the energy
must be redistributed in the right way, which can occur in only a
small fraction of the cases and which will have a température depend-
ence essentially cancelling that which arises from the calculation of
the equilibrium fraction of the three-atom complex.

Bunker and Davidson <7> have made a calculation based on the
équivalent of Eq.(2.24), but allowing for the fact that the vibrational
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levels of M against AB in the complex AB ¢« M will become filled,
as described following Eqg. (2.24). This gives a rate constant with
about the correct overall température dependence, but still does not
correlate the high and low température results. This is clearly a
problem which needs further considération.

The recombination of chlorine atoms in argon has recently been
calculated from shock wave results by Hiraoka and Hardwick).
They find a rate at 1600° K perhaps 8 to 10 times those for bromine
and iodine in argon, which have nearly the same rates at this tem-
pérature. (Hiraoka and Hardwick misquote the value for iodine
at 1300° K.) This resuit is somewhat unexpected.

The recombination of oxygen atoms in argon has been discussed
by Keck <58 who has compared his calculations with data obtained
from shock tube experiments around 1500° K by Camac and Vau-
ghan <le, and from discharge experiments with the atom concen-
tration determined from the photon yield of O -1- NO—VNO2 -f Av
at low températures. The latter values are somewhat above Keck’s
upper bound (using in this case ail the electronic States), but he
does not consider the différence significant; actually Reeves, Mannella,
and Harteck <@2) have found a lower value. A summary of other
experiments with référencés, has been given by Rink, Knight, and
Duff <851. These experiments agréé in order of magnitude but not
in detail. The température coefiBcient is not very large. 02 appears
to be several fold more effective than best rare gas, Xe, and O is
perhaps 10-fold more effective than O2. Rather surprising is a
reported increase <> of 6-fold from Ar to Xe.

The recombination of N atoms near room température has been
investigated <85-87) using a flow System, and titrating N atoms with
NO, or investigating them by spectroscopic means. The rates are
of the same order as for bromine and iodine, and show similar
trends with the inert gases. They were expressed in terms of an
effective interaction distance by Herron, Franklin, Bradt, and Dibe-
ler <86> using an activated complex theory for the rate. However,
they omitted in their expression any partition function involving
the distance N2 — M, so these numbers cannot hdve much signifi-
cance. They reported zéro température coefficient, and the results
listed by Wray and Teare <88> around 4000° seem to show a small
température coefficient, but when recalculated to ka they are 10-fold
smaller than the room température results.
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Wray and Teare <88) have investigated the décomposition of NO,
which shows no unusual features, as far as may be seen. It is to
be noted that in ail these cases an atom like N or O is a very effi-
cient third body (except O for N2).

The recombination of H atoms has been investigated in flow
Systems and in a static System, the atoms being generated by an eletcric
discharge, and in shock waves. The static System would seem the
most direct method, and Smallwood <8®), using this method, found
ka = 2-Ax 1082 cc2 molecule“2 sec*i at room température, for:

H+H+ HMH2 + H

This case is of some theoretical interest, because the effects of quantiz-
ation may be important even near the dissociation limit. There is
not more than about one vibrational State from which dissociation
would be expected to occur. | hdve made a calculation, using Eq.(2.21)
with Eq.(2.1), and taking kT/Asv® = 0.4, =25A, and n= 1,
then a value of g of about 7 A is required. This is a large distance
for a small atom like hydrogen, even though the forces between
hydrogen atoms are considérable. According to Smallwood the
efficiency of H2 is only about 1/50 that of H, so in this case no
difficulty arises. However, others have given values for the efficiency
of H2 nearly as great as that which Smallwood found for H. Quite
recently some shock tube experiments have been performed on
hydrogen. The rates given at 3500° K for H as a third body range
from 0.8 to 2.4 x 10~32 cc™ molecules~2 sec~i, with H2 stated to be
1/3 to 1/10 as effective and the rare gases around one-half as effec-
tive as H2, or less. (See Rink <90) for a summary; see also Patch <9>
and Sutton <92)). There has also been some work on deuterium <92,93)
which indicates the possibility of some interesting isotope effects,
though it seems advisable to wait for better experimental consistency
before speculating on these. Sutton has presented figures which
show the température dependence; for hydrogen and deuterium in
the molécules themselves or Ar as third bodies, the rate is inversely
proportional to T; for H or D atoms as third bodies the température
dependence is greater, but for H as its own third body the rate seems
to approach constancy at about Smallwood’s value when the tem-
pérature drops to about 3000° K. Hydrogen in H2 seems already
to bave gone above Smallwood’s resuit for this reaction.
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I1. UNIMOLECULAR REACTIONS

A. Intramolecular energy exchange.

Unimolecular reactions involve both intermolecular and intra-
molecular energy exchange. Intermolecular exchange is of course
required for the activation process; intramolecular energy exchange
is involved in the transfer of the energy in the activated molécule
to the bond which breaks or to the reaction coordinate, in order
for the reaction to occur. Unfortunately, it is difficult to disent-
angle the effects of these two types of energy transfer, either expe-
rimentally or theoretically.

There are two different théories for the transfer of energy within
the molécule which we may designate as the Rice-Ramsperger-
Kassel-Marcus (RRKM) theory <94-98) and the Slater theory <99).
The RRKM theory has a close connection <97, 98) with the transition-
state theory <9, loo-ios) of Chemical reactions. One considers a
quasi-equilibrium between ail activated molécules having energy
between e and e -f- dz, and those molécules in the same range in
which energy greater than the amount zm just necessary for reaction
is localized in the reaction coordinate. For definiteness and con-
venience the zéro of energy is taken as that hypothetical State in
which ail atoms of the molécule are resting in their equilibrium
positions. If the energy not localized in the reaction coordinate
is distributed in some one particular manner among the remaining
vibrational and rotational degrees of freedom, the rate at which
reaction occurs is proportional to the density, under this condition,
of energy levels at z associated with the reaction coordinate, and
to the corresponding relative velocity of the parts of the molécule
over the reaction coordinate. This problem can be treated as a
one-dimensional problem and, since the rate of reaction probably
does not dépend specifically on the products, it may as well be
supposed that the molécule is dissociated into separate fragments,
which, however, are contrained from separating farther than some
large distance . Then the number of energy levels in the * con-
tinuum  is equal to CLr\jhv)dz [where v is the relative velocity of
the fragments — see Eq. (1.6)]. The rate of Crossing of the transition
State in one direction by Systems in any quantum State will be vjlr™
The rate of reaction, ks,Q, will be obtained by multiplying these
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two expressions together, and dividing by Ntdz, the number of
discréte energy levels of the activated molécules (not activated com-
plexes) in the range; thus :

kt,Q = dzjhNsdt = \jhNz (3.1)

The division by Nzdz must be carried out since we are considering
a quasi-equilibrium process; the fraction of molécules in a transi-
tion State will be inversely proportional to the number of quantum
States which are not transition States. Note that \jNz is equal to
the différence in energy. Se, between levels of the molécule, whereas
kt,Q = 1/te,o, Where te,o is the lifetime of the State. Eg. (3.1) is,
therefore, a form of the uncertainty principle, as it can be written
in the form ;

Te,0Se = h.

This implies that the energy levels are in this case broadened just
sufficiently so as to overlap; and there is no difiiculty in recombina-
tion of the fragments due to the necessity of matching energy levels.

If there are Pz different ways in which a transition State can be
set up, that is, Pz different vibrational or rotational States of the
molécules with energy between z and dz and with sufiicient energy
already localized in the reaction coordinate, then the expression
for the rate constant for the fixed energy range becomes :

kz = PzjhNz (3.2)

We shall call Pz the number of available continua. If the rate of
activation is sufficiently high to maintain an equilibrium quota in
ail States of the reactant molécules, then the overall rate constant
is obtained by multiplying ate by the proper weighing factor, which
will be :

Wsdz — NeC * dzj®NzS " dz = NzC " dzjQ (3.3)

where Q is the partition fonction for the reactant, the intégral being

taken over ail energies. Thus the unimolecular rate constant :

[« * -zIkT
k\ = kzWzdz = (Qh)-» Pze dz (3.4)
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Now we note that Pz has different values in different ranges of e,
but is itself dimensionless. It is the total number of ways the energy
e — Sot may be divided among the varions degrees of freedom and
the reaction coordinate; hence we may write :

Pt = j3 Pt 'dz' (3.5)
0
where Pz dz' is the number of energy levels of the degrees offreedom

other than the reaction coordinate lying between z' and z' + dz'.
Inserting this into the intégral in Eq. (3.4) we may write :

f' P.e-"d, - J ’ (\] —7F." -“d, (3.6)
~m 0
and, integrating by parts setting "= P~ when e =e—zmi
-tlkT
+ kTr Pz-t"e dz 3.7

The integrated term drops out since the intégral vanishes at the
lower limit and exp*“"*" vanishes strongly at e = <». Thus :

r« PzeMN"dz = (3.8)

where Q* is the partition function for the degrees of freedom other
than the reaction coordinate, i.e., it is the partition function for
the activated complex, reckoned from the energy Zm- Thus :

*C IKT

kI = {kTIh)(Q*IQ)e 'm (3.9)

the ordinary expression for the transition-state theory.

In actually calculating Pz for use in the RRKM theory, it is
customary to leave out the three (or two) degrees of freedom of
rotation of the molécule as a whole; i.e., it is neglected in Q* and
Q or supposed to cancel in them. This rotational energy presumably
cannot be exchanged with the vibrational degrees of freedom because
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of the conservation of angular momentum, and the corresponding
degrees of freedom have been called “ adiabatic ”” by Marcus. It is
true, if the moment of inertia in the activated complex, Im, is different
from that, lq, in the equilibrium configuration, the centrifugal potential
will be somewhat less in the activated complex than in the normal
situation, and the extra energy will be available for redistribution,
but in complex molécules this will be a negligible amount.

One may well question to what extent equilibrium can be establish-
ed between ail the degrees of freedom, other than the reaction coordin-
ate, in the process of reaction. If complété equilibrium is not attained,
Q* may be interpreted as an effective partition fonction which
includes only the States which, on the average, are available.
Experimentally Q* may be either larger or smaller than or approx-
imately the same size as the partition fonction corresponding to the
same degrees of freedom in the unexcited reactant. In the first case
we refer to a “ loose ” activated complex and in the latter case to
a “rigid 7 activated complex. If Q* is smaller than in the case
of a ““rigid” activated complex, we will call it * constrained ”;
the implication is that some very spécial configuration is necessary
for reaction, such as ring closure (which might be temporary). This
would usually mean that some internai rotation, or torsional oscilla-
tions would be constrained to the équivalent of stiff vibrations, with
conséquent loss of entropy and decrease in the effective partition
fonction.

The rigid activated complex is often considered to represent the
normal situation. In this case the partition fonction Q* very nearly
cancels the corresponding part of Q, leaving over a single vibrational
partition fonction, and, as is well known, the pre-exponential factor
generally has a value of about 10™Msec™. In many cases the pre-
exponential factor has a considerably larger value than this. In
these cases, a loose activated complex has been postulated, in which
some of the vibrational degrees of freedom have been replaced by
rotations which make a larger contribution to the partition fonction.
For example, it is known that two methyl radicals recombine at
about every collision. This means that they can be randomly oriented;
correspondingly the rotations of the individual methyls must be
excited in the décomposition of an ethane molécule, or there must
be an équivalent multiplicity of States of the activated complex.
Many other radicals recombine almost as efficiently. These reac-
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lions occur with little or no activation energy; then the potential
energy curves do not have a maximum. If, however, the centers of
gravity of the radicals have nonzero angular momentum with respect
to each other, the effective potential energy, which includes the
rotational potential, will have a small maximum. Unless this maxi-
mum is crossed, recombination will not occur. The number Crossing
the maximum can be readily calculated for any rotational quantum
number j, and this resuit must then be averaged over j. Such a
calculation has been carried out by Ree, Ree, Eyring and Fueno
assuming that the original potential-energy curve is the resuit of
ordinary van der Waals interactions, estimated from the ionization
potentials and polarizabilities. This yielded excellent agreement
with the experimental data. However, the real problem of why
the radicals combine at nearly every collision is not answered, and
van der Waals forces are, indeed, not a sufficient cause. It has been
pointed out that it is not sufficient merely that the radicals
should become “ loose ™ in the course of a vibration of the C-C bond
in such a case as the dissociation of ethane. If this happened in the
course of a vibration which already had enough energy to décomposé
the bond, the determining factor would be the number of molécules
having this much vibrational energy, before the loosening had occurred.
There must exist a réservoir of molécules, not yet having sufficient
energy to dissociate, and capable of coming into equilibrium with
the activated complex, in which the radicals are already significantly
loosened. In other words, it is not sufficient to have a loose activated
complex; for such a complex to actually be rate-determining, there
must be an already loosened State of the still stable molécule.
Furthermore, there must be enough of these, and they must have
a sufficiently long life, so that they can be maintained in a State of
equilibrium, even though the reaction is proceeding.

We may make an estimate of the van der Waals forces between
two methyl radicals by assuming that they resemble two methane
molécules in this respect, which is closely équivalent to what was
done by Ree, Ree, Fyring and Fueno. The beat of sublimation of
methane is about 2500 calories per mole; the structure is a face-
centered cubic array of methane molécules. We may estimate the
van der Waals energy to be around 400 calories per pair-mole.
This is less than RT even at room température, and relatively few
molécules will be caught in such a shallow potential minimum.
Indeed, there will be fewer molécules in it, than exist in a similar
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range of distances, but having higher energies. We can scarcely
conceive that any large fraction of pairs of molécules which collide
would be caught in this minimum. But even this would not be
sufficient to assume a “loose ” activated complex. For such a
rapid intake into the potential minimum would be matched at
equilibrium by an equally rapid output into the stream of separating
pairs. And this in turn would have to be more than matched, if the
unimolecular décomposition is to have a loose complex, by the rate
at which these loosely bound complexes establish equilibrium with
the substrate of reactant molécules. Such a process becomes believ-
able only if there is a réservoir of loosely bound complexes in the
potential minimum which is somewhat more than comparable with
the equilibrium number of actually dissociating pairs within a com-
parable distance. Furthermore, a potential minimum as small as
that which we have estimated for two methyl radicals is easily obliter-
ated completely by the rotational potential if there is only a small
amount of angular momentum. Thus a deeper potential energy
minimum, which still allows free rotation of the separate radicals,
or its équivalent, is needed. It has been suggested that such
an attractive potential might be provided by a three center bond
of the type ;

Such a bond would be very loose, would undoubtedly allow con-
sidérable freedom of motion of the parts of the molécule, and yet
might be sufficiently stable to provide an intermediate condition
with a sufficient lifetime against dissociation to allow equilibrium
to be established with the normal stable form. In the case of the
recombination of fluoromethyl radicals the intermediate would have
the form :

It must be supposed, however, that the bonds are sufficiently loose to
allow considérable freedom of motion about the fluorine in the center.
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Wieder and Marcus <i08,i09) have suggested that the valence
bonds lose most of their stifiness against bending when the bond
is sufficiently stretched, and when the recombination reaction has
zéro activation energy. This is, of course, a possibility, but it must
then already be true when the molécule does not have sufficient
energy to break apart, and it must be possible to establish the equil-
ibrium involving the rotational oscillations of the separate parts of
the molécule. Thus a still stable molécule with a stretched C C bond
must have a sufficient lifetime in this condition at least to match
the average period of such a rotational oscillation. On the other
hand, if the recombination requires an activation energy, Wieder
and Marcus believe that near the saddle-point, the potential energy
will have sufficient curvature in ail directions to preclude anything
resembling free rotation in an activated complex. There appears
to be some evidence that reactions involving the splitting off of
free radicals are especially likely to exhibit loose activated complexes,
and these are, indeed, reactions in which the recombination is expected
to exhibit little or no activation energy. However, in the case of
azomethane, which has a loose activated complex (pre-exponential
factor in the Arrhenius expression about 10i"-") and gives free
radicals on dissociation, evidence has been presented to indicate
the reverse radical recombination has an appréciable activation
energy.

Recently data have accumulated on a considérable number of
reactions in which the pre-exponential factor lies between 1015 and
1Q15, larger than expected for a rigid complex but smaller than
observed for some loose complexes. In these cases it may be that
some of the vibrational frequencies have simply become lower in
the activated complex dos, i09).

B. Effect of pressure on a unimolecular reaction — RRKM theory.

The effect of pressure on the rate of a unimolecular reaction is
determined by the compétition between intramolecular and inter-
molecular energy exchanges. This effect is calculated by assuming
that a steady State is set up, the rate of activation of the molécules
in any energy range being equal to the sum of the rates of deactiva-
tion and of reaction. It is generally assumed that the rate of activa-
tion is the same as it would be (that is equal to the rate of deactiva-
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tion) if complété equilibrium were established. This supposes that
sufficient energy is gained or lost on the average on collision so that
the activation process in any energy range which contributes appre-
ciably to the reaction is dépendent upon collisions of molécules having
an energy so much lower that they are présent practically in their
equilibrium quota. It is generally conceded (as would be anticipated
from Section 11) that even if this is not true or if departure from
equilibrium occurs similar to that described in Section II, 114)
the effect is not particularly important if the average transferred at
collision is not much less than kT.

With the assumption of equilibrium, the fraction of molécules
wsdt in an energy range s to e + e is given by Eq. (3.3). The actual
fraction in the range we may designate as CeWedz. Then the steady-
state hypothesis gives ;

ZpCeWe + {PzlhNz)CeWs = ZpWz (3.10)

(deactivation + reaction = activation)

where Z is the effective collision number per unit volume per unit
time at unit concentration (assumed independent of s), and p is
the total number of molécules per unit volume. This yields :

cz= \H\ + PzlZphNz) (3.11)

This factor should multiply the rate constant Ae in Eq. (3.4) in order
to find the apparent unimolecular rate constant at the pressure
corresponding to p. Thus we obtain instead of Eq. (3.4) the well-

known équation :
melkT
Pze

K\ I+Pz/ZphNz (3.12)

It will be noted that this équation contains the ratio otkz — PzjhNz
and the collision number Z; they cannot be obtained independently,
although something may be learned about the dependence of kz
on Z from the shape of the rate-pressure curve. If the pressure is
very low the last term in the denominator prédominates and the
expression becomes in the limit :

*00 ~£IKT
kl = (ZIQ) Nze dz (3.13)
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where k2 = k\I"™ is the second-order rate constant for the activation
process, which is now rate determining. Note that :

Q" r Nse dz

is the equilibrium fraction of activated molécules.

In order to evaluate Egs. (3.12) and (3.13) a number of approxima-
tions have been made. Rice and Ramsperger 9% assumed that
NsjQ was to be obtained from the classical formula for the number
of molécules having a given number of harmonie oscillators in the
given energy range and that PzjNz was the fraction of these which
would have the energy localized in one oscillator (actually, they
assumed, in one squared term in the energy expression, which was
less logical but caused no practical différence). They believed that
the effects of quantization could be allowed for by using a some-
what smaller number of oscillators than were actually to be found
in the molécules. Indeed, the hydrogen stretching vibrations in
organic molécules are sufficiently high so that they are scarcely
excited even in activated molécules. Kassel 96) attempted to
allow for quantization, and at the same time keep the expression
in tractable form, by assuming a certain number of quantized oscilla-
tors (somewhat greater in number than in the classical case), ail
having the same frequency, which was chosen in the range of mole-
cular frequencies.

Marcus and Rice attempted to find Ne and Pe by aetual
count of the energy levais. Ne can sometimes be evaluated by a
quasiclassical approximation. It can be seen that for a set of
s frequencies :

Ne = Ne,vC n (vc/vi)

where Ne, is the value Ne would have if ail the frequencies had
some value vc low enough so that the partition fonction Qc could
be written (kTlkwc)” and so that Ne,vJQc could be obtained classi-
cally. Then :

NelQ = (Ne,™ 1Qc){QclQ)n i~cht)

= (Ne,wJQc)[n {kTIhvi)lQ-\ (3.14)
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Thus if Eq. (3.13) is set up classically, it can be corrected by mul-
tiplication by the bracket in Eq. (3.14). This may not be adéquate
to handle the high C-H stretching vibrations, but these may be
omitted in the calculation. It would seem that a rough criterion
for omitting a frequency would be that Eq. (3.13) and (3.14) would
give a higher rate if it were omitted. The classical expression for
(3.13) is given below as Eq. (3.23). From these équations the criterion
for omission of a frequency is roughly = tmis. Intermediate
frequencies can, if necessary, be handled separately.

Since /’e is the total number of ways the energy e — zm can be
divided among the reaction coordinate and the other degrees of
freedom, it can be evaluated by direct counting if the latter are ail
vibrations. If the latter include some internai rotations, the number
of rotational levels in a given range between Zr and zr + dzr must
be found; this can be easily done if the moments of inertia are
known. Then the number of ways the remaining energy e — zm — cr
can be divided among the vibrations and the reaction coordinate
must be found. The product of these two must be integrated between
Er = 0and Zr = Z— zm- Recently an extensive set of calculations
of this sort has been made by Wieder and Marcus 109). Before
discussion of their results, however, it will be well to review Slater’s
theory of unimolecular reactions, since their findings will throw
some light on the relation between the two théories.

C. Slater’s theory.

Slater’s theory States that a molécule reacts when the displace-
ment qi of some particular bond distance exceeds a certain value q.
The vibrations are assumed to be harmonie, though certain efforts
have been made to correct for minor déviations from harmonicity.
Also the vibrations have been assumed to be classical. Again some
discussions have been made of the effects of quantization, with the
general conclusion that, as far as the rate of reaction of an already
activated molécule was concerned, the effects would not be great.
These discussions appear to me not to be in a very satisfactory State :
in any case, the actual calculations are based on the classical, har-
monie model. A truly harmonie model would, of course, not show
any dissociation whatever; what Slater has done is équivalent to
the use of the so-called “ truncated > harmonie model, in which
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the potential-energy curve has a kink at q\ = g, remaining constant
for gi = q.

The displacement qi is affected by ail the normal modes of vibra-
tion in the molécule and — this is the important point — in varying
degrees. Assuming harmonie vibrations, we may write g in the
form :

q\ = COS (27tv<? + -ru) (3.15)
i
where Zi is the energy in the /'* normal mode, vj its frequency, ru

a phase constant, and is a constant coefficient. Slater’s condition
for dissociation becomes :

(3.16)

One important différence between this formulation and that of the
RRKM theory lies in the fact that not ail molécules with energy
above a certain minimum are capable of reacting; the manner in
which the energy is distributed among the normal modes is also
important. For example, if some particular onn were zéro, no amount
of energy in that mode could cause the molécule to décomposé.
The rate L, at which a given assembly of molécules décomposés, is
a fonction of ail the £«. The fraction of molécules with energies
between zi and Zi 4- dzi is given by :

KT
dfr (KT) e Wazi (3.17)

in the classical case, where

L then replaces kz and df replaces (NzlQ)e ~‘~dz so that Eq. (3.12)
is replaced by :
Te Wdzi

ky = {kT)-» Lizp (3.18)

L is calculated as one-half the long-time frequency with which
qgi— q becomes zéro. The one-half is introduced because only
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zéros should be counted in which qgi is increasing. Actually it would
appear that it should not be as low as one-half, for any time at
which qi is greater than q is not a time during which the System
represents an undissociated molécule. Further, it would appear
that the average time before g\ became equal to g, the active molé-
cules being created in random phases by collision, would be less
than the time between adjacent zéros of q\—qg. Thus the value
of L used by Slater may be somewhat too small, which, however,
is of Uttle importance in the general picture.

The actual évaluation of Z, is a complex mathematical problem,
which has been handled by Slater with great skill. He has shown

that the expression (3.18) can be reduced, for a molécule containing
s modes of vibration, approximately to dis») ;

ve r x~e~"dx 3.19
f~rm+ 1 1+ (3.19)
where F dénotés the gamma function and where :
6 = (Ar)"»r(m + 1) (Em/:7)™(Zp/W)II[Xi (3.20)
1

In these formulas ;
w = -(5—1), ii,f= |aii|/a(with a2

and V is a kind of average frequency ;

v2 = 2]|i,i2vi2 .
i

This may be compared with the form taken by Eq. (3.12) when
the molécule is assumed to consist of s classical harmonie oscillators
with a rigid activated complex (there is no provision for a loose
complex in the Slater theory) :

-E kT ~
n

, Ae X “~"e~"dx /i -un

1 + {AlZg)xXM-M{x+zmjkT)>-»

With a rigid activated complex the pre-exponential factor A is equal,
at high températures, to a molecular frequency, which will not differ
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greatly from v of Eq. (3.19). Further, since SmjkT is relatively large,
it is seen that Eq. (3.19) differs from Eg. (3.21) chiefly in that m
is substituted for 5— 1 and that 6 contains the factor :

@Try"*r(w + 1)0(X.

It is useful to compare Egs. (3.19) and (3.21) at the low pressure
end of the range. The bimolecular constants derived from the limiting
forms are, respectively :

-S KT
k2 = ™ (3.22)

and

ka = [r(5)]“>ze r (x + tmlkTy~"e~"dx
N0

-E kT
s [r{s)]-{zIdkTy-"Ze (3.23)

One pecularity of Eq. (3.22) should be noted. It involves a product
of the (Xi and any (Xi is a measure of the efiectiveness of a particular
normal mode in causing dissociation, as may be seen from the défini-
tion and Eg. (3.15). It is conceivable that the symmetry of the molé-
cule may be such that one or more of the (Xi would be zéro. This
would make kz zéro, which is obviously ridiculous. The difficulty
arises from the approximations inhérent in Eq. (3.19), and any
mode of vibration should be discarded altogether and m corres-
pondingly lowered if so doing will increase the value of ki obtained,
that is, if (47rsm/A’7")'/2jj,j is less than 1. It may also be noted that
in the case of degenerate frequencies only one of them (or a proper
linear combination) can contribute effectively to the rate.

In actual practice values of ZmIkT are around 40 and {A-KSmIkTy/"
will therefore be near 20. Values of (Xi commonly lie between 0.1
and 0.5. We may then compare the s— 1 factors {4TzsmlkTy*\[n
of around 2 to 10, occurring in Eqg. (3.22) and one factor involving
only a [Xi and therefore smaller, with factors ranging from SmIKT
to smKs— I)KT occurring in Eqg. (23). The latter factors are, on
the whole, larger, especially when 5 is relatively small, which is the
only case in which the low pressure limit can be reached. Thus k2
calculated from Eqg. (3.23) is larger than that calculated from Eq.(3.22).



This is a manifestation of the fact that not ail molécules with energy
greater than tm can react in Slater’s theory; this means that there
are fewer effectively activated molécules, hence fev/er activating
collisions, hence slower reaction at low pressures. Altogether [note
m = (s—I1)/2] a Slater molécule acts something like an RRKM
classical molécule with fewer active degrees of freedom. It was long
ago suggested that there might be, in some cases, a hindrance
in the transfer of energy from one degree of freedom to another
inside a complex molécule. One would, of course, expect to reach
the limiting low-pressure (second-order) région at a higher pressure
than would be found if the energy moved freely through the molécule.
At a still lower pressure the internai transfer to the active degrees
of freedom might become greater than the collision rate, providing
a new means of activation, and the rate would tend to become first
order again, or at least the unimolecular rate constant would fall
off more slowly. Such an effect has presumably not been detected
experimentally.

In any case, the Slater theory provides a spécifie mechanism for
a hindrance of intramolecular energy exchange. This mechanism
could break down in an actual molécule, where déviations from
harmonicity are great. They reach what might be called the ultimate
limit when a bond ruptures, but many times before the final décom-
position a molécule with sufficient energy to décomposé will have
reached varions configurations in which the anharmonicity, though
not quite so extreme, is nevertheless considérable. This would lead
one to expect free exchange of energy between quasi-normal modes.
In any event, this is a question upon which some information may
be obtained.

In order to bring out what is involved, we may briefly review a
“ new formulation ” of rate theory, recently developed by Slater<*i56)
and somewhat modified by Bunker In this formulation the
activated molécules which are produced by collision are divided
into classes, according to the amount of energy s they contain and
the length of time « which it will require for them to décomposé
after being formed. Let be the fraction of ail molécules in
energy range t io z + dz which would, if undisturbed, décomposé
between times « and « + d-.. These will, of course, not décomposé
if they are deactivated by collision. The probability that such a
molécule will not have a collision in time « and hence will décomposé
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is e P" where Z is the average collision number, and p the total
molecular density, so that Zp is the rate of collision suffered by a
single molécule. The rate of deactivation of such molécules, at
equilibrium, and hence, by the usual assumption, the rate of activa-
tion, will be Zpl/j. where wAdt is the equilibrium fraction
of the molécules in the range e to e + dz. Hence the total number
of reactions of such molécules per unit volume per unit time will
be Zpy.~. .w~c'*PVeifx, the corresponding contribution from the
range e to z + dz will be found by integrating with respect to <,
after dividing by p :

(3.24)

where Wcktdz is the contribution which would occur at high pressures
and Ce is the same factor introduced in Eq. (3.10). The assumption
made in the RRKM theory is that the probability of décomposition
of any molécule at any time dépends only on its energy. Thus of
a certain number of molécules activated to a certain energy range
the fraction remaining after a time t assuming no collisions, would
be .

(3.25)

where Ae is independent of «. This is what Slater calls the “ random
gap 7 assumption. It can be shown dis») that, with Eq. (3.24) it
leads to Eq. (3.11).

D. Calculations on intramolecular energy exchange.

According to the Slater theory, Eq. (3.25) is not expected to hold,
for, within any energy range, there will be different groups of molé-
cules having different intrinsic reaction probabilities, depending upon
how this energy is distributed; indeed there will be some which will
never décomposé. Bunker <*17) has examined the behavior of classical
molécules by setting up a program for a machine calculation which
selected molécules within a spécifie energy range, but otherwise
randomly distributed in phase space, and followed them through to
dissociation. He did this for a linear model, like N20O, and a trian-
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gular model, like O3. In some cases the potentials were assumed to
be harmonie (using Slater’s criterion for dissociation); in others
anharmonicity was introduced. Bunker was able to follow the
process for only a relatively short time, corresponding to collision
times which were only long enough to cause a slight decrease of the
rate constant from its high pressure value. However, this was long
enough to indicate an apparent residual of molécules which were
not going to décomposé in the harmonie case, and, as far as could
be seen, the introduction of anharmonicity caused Eq. (3.25) to be
fulfiled. The dependence of Aie on s agreed fairly well with what
might be expected, assuming that ail the vibrations were exchanging
energy, including the bending one in N20O (only motion in a plane
was considered); the power of the dependence on e —zm seemed
to decrease slightly going from the harmonie to the anharmonic
case, probably because, in the harmonie case, there would be fewer
molécules which never décomposé the higher the energy. The general
conclusions seem to accord fairly well with the RRKM theory. The
effects of quantization, of course, cannot be tested in this way.

It would also be interesting to see the eliects of a non-random
sélection of initial phase points, since the activation by collision
cannot be counted upon not to favor some configurations over others
The speed of approach to randomness would be an interesting
aspect of the situation to investigate.

E. Comparisons with experiment.

A number of unimolecular reactions in the second-order région
were analyzed by Wieder and Marcus <108,109) Jn terms of Eqg. (3.13),
actually approximating by using Eq. (3.23) corrected by the use of
Eqg. (3.14). It will be observed that since the bracket in Eq. (3.14)
dépends upon the température, the value of em which is obtained
from the température coefficient of the experimental data will dépend
upon whether the quantum correction is made or not. The caleulated
pre-exponential factor Az for the relation :

-E IRT
ka= AX 2 (3.26)

where £2 is the experimental activation energy, is then also affected.
In their calculations Wieder and Marcus used the frequencies of the
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molécules as far as known and drew on the available reaction data;
référencés may be found in their paper. In Table Il we summarize
their results.

TABLE IlI.

Unimolecular reactions in limiting low-pressure stage.

Molécule a A2 (expt) A2(?)/A2 (expt) em(q)—e0 Em(c)
03 3.35 4.6 X 1015 1.1 23.1 25
F20 4.5 2.5 X 1017 0.12 38.4 40.5
N20 3.3 5.2 X 1015 16.0 59.2 63.5
NO2CI 6.7 6.3 X 1016 11.0 27.6 32
H202 3.5 4.6 X 1018 0.07 48.0 54
N204 5.3 2.0 X 1017 2.2 11.8 17
C2Hs 3.5 5.5 X 1023 2.9 85.0 100
N205 6.0 3.1 X 1019 0.19 195 26

a is collision diameter in A.

A2 (expt) is experimental value of A2UsingEq. (3.26). Units: cc mole®>sec~>
(c) means calculated from Eq. (3.23); (9) means quantum correction used.
eS is zéro-point energy. Energies in kcal/mole.

In three cases, F20, H20, and C2H6 (dissociating into 2CH3 —
calculated from the recombination) the calculated rate of activating
collisions is appreciably less than the observed reaction rate. [The
ratio of these two quantities is equal to A2{q)jA 2(expt)]. The difiiculty
in the case of F20 had already been noted by Koblitz and Schu-
macher and subsequently analyzed by me. Two previously
neglected factors needed to be considered. The efiect of rotation
mentioned after Eq. (3.9) will not, in as small a molécule as this,
be entirely negligible; it can be taken care of approximately, as in the
case of a diatomic molécule, by simply multiplying by the ratio of
moments of inertia Im/lo- This ratio | estimated to be of the order
of 3. It was also pointed out that anharmonicity would increase
the density of energy levels of an excited molécule. If in such a
small molécule any of the “ normal ” modes could lead to disso-
ciation at about the same energy, then in an activated molécule any
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one of three vibrations would be about one-third excited to disso-
ciation, and the spacing between levels of any one would be about 2/3
that at the ground level. Thus the density of levels and the number
of excited molécules would be increased by another factor of (3/2)3<~3.
We see that the agreement between observed and calculated rates is
rather gratifying if we can indeed assume that deactivation takes
place at every collision. Similar considérations will hold for H202,
The effect of anharmonicity will be less, but Im/lo may well be
greater, since the hydrogens are light and the molécule will act much
like a diatomic molécule as regards rotation.

The assumption of deactivation at every collision, though commonly
made, needs to be scrutinized. Also it will be interesting to see if
any dues can be found in this way as to différences in Table Il. We
will attempt to apply Eq. (1.39) [or (1.32)] and (1.44) to the smaller
molécules in Table Il. In Table Ill we héve listed some or ail of

TABLE IIl.

Vibration frequencies in cm 1

Molécule Frequencies Ref.
O3 705, 1043, 1110 (119)
F20 461, 826, 929 (120)
N2z20 596, 596, 1300, 2277 (121)
NO2CI 1293 (a), 794 (a), 1685 (a), 651 (b), 367 (b), 411 (s) (122)
H202 3610, 1315, 877 (c), 230 (d)(?), 3614, 1266 (123)
C2Hé(e) 821,1379, 1486, 275 (4), 993 (/), 1155, 1375, 1460 (121)

(a) Vibrations involving principally the NO2 group.
(b) Vibrations involving CI.

(c) o-o stretching.

(d) Torsion.

(e) C-H stretching frequencies not listed.

(/) C-C stretching.

the vibration frequencies, and in Table IV we have applied the
équations for the reactants and activators listed. We have in each
case chosen as an activator an atom or a molécule which probably
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TABLE V.
Application of Egs. (1.39) and (1.44).



acts like a simple atom, to avoid complications due to vibrational
transfer from one molécule to another. It may be noted that
Mahan <124)* Jn a study of complex collisions in Chemical kinetics,
suggested that this complication is actually not important, and that
there is a corrélation in the case of NO2Cl, between the hardness
of collision and the activational efficiency of an activator. How-
ever, the a’s according to Herzfeld and Litovitz bave a relatively
small range of values; and the corrélation obtained led Mahan to
the conclusion that the average effective transfer of energy in activa-
tion or deactivation was improbably small.

Returning to Table IV, with p20-Ar it is seen that our calculated
rate of activation is about 1/8 of the observed rate of reaction,
assuming F20 reacts at every collision with F20. We are within
the limits of good résonance, but towards the edge; furthermore, in
analogy to Section Il, we might expect a factor :

due to departure from equilibrium. On the other hand, our estimate
of ynn'IF(g'.g) may be somewhat low. /jj and «2 should perhaps
be slightly larger and vj and V2 slightly smaller because of anhar-
monicity. We must also consider other efiects of anharmonicity,
and possible contributions from transitions involving rotational
changes. Furthermore, there are other possibilities, involving varions
combinations of frequencies, including a two-quantum jump in one
of them. If the probability of such ajump is calculated by expanding

to the second power in x, it is found an additional small factor,
which has been written down in (1.45), is introduced. However,
this may not be an accurate way of making the calculation, in view
of obvions large interactions within the activated molécule, which
has been shown to have an average lifetime of less than IONN
seconds, only an order of magnitude lower than the vibration fre-
quencies, and the activated complex is loose 5). While these spécula-
tions cannot be said to explain the high collisional efficiency of
argon, they make it seem not entirely unreasonable.

The calculations for H202 certainly indicate a reasonably high
efficiency. The calculation has not been carried out for C2H5, but
since there are several near résonances, since most of the vibrations
involve hydrogen atoms, and since Ar is only 0.03 times as effective
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an activator as C2H6 itself, the C2Hg-Ar reaction would seem to
présent no problem, even though the n’s would be low in this case.
CH3CHO is, however, three times as effective as czHe itself <126);
this seems a little difficult to account for.

Table 1V suggests that the différence in the rates of F20 and O3
may lie in the collision efficiencies. The table, however, throws little
light on the quite low efficiency of the NO2CI reaction. The low
rate of activation of NO2Cl may be used as an argument in favor
of the suggestion that not ail the energy in the molécule is available
for transmission to the reaction coordinate, though the calculations
of Bunker would make this solution seem unlikely. A direct com-
parison could made with Slater’s équation, but in my opinion there
would be no significance attached to this, since there is no allowance
for quantization.

In the case of N20O the low efficiency could be ascribed to the
lack of good résonance, as in a calculation of its reaction rate made
by Nikitin <122). However, some acoustical data are available from
which indirect inferences concerning efficiency of transfer of energy
may be made. From sound absorption measurements by Eucken
and Jaacks <128>, at lower températures, Patat and Bartholomé <129)
estimated that at the température of reaction the collision efficiency
for energy transfer between N20 and H20 would be not less than
about 0.2. This, of course, refers to low energy transitions; probably
the efficiency of transfer from an activated molécule would be at
least this great. The efficiency of N2O itself in acoustical experi-
ments is much less; however, as an activator it is nearly as efficient
as H20 and argon is about 1/8 as efficient as H20. Apparently
then, and surprisingly, the collisional efficiency is high, and this
would mean that energy does not pass freely between ail four vibra-
tional degrees of freedom as was assumed by Wieder and Marcus.
But just in the case of a linear molécule one might expect there to
be some difficulty in transferring the energy of both the degenerate
bending vibrations. If they were excited in phase, the molécule
would vibrate in one plane, and nothing would be different from
the situation if there were just one such vibration. If they were
excited out of phase, there would be some angular momentum.
Equivalently one could say that the vibrations make the molécule
nonlinear, so that one of the bending degrees of freedom may be
replaced by a rotation. Ail components of the angular momentum
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must be conserved between collisions, and if the angular momentum
vector along the line of centers is conserved, transfer of vibrational
energy from the bending vibrations will leave a small moment of
inertia which for a given angular momentum will require a high
energy. It is possible that some of this rotational energy could be
eventually taken up in other modes of rotation, but that there would
be some resulting hindrance of transfer of energy from the bending
vibrations seems very probable.

In the calculation for N205 Wieder and Marcus made the assump-
tion that one of the rotational degrees of freedom could exchange
energy with the vibrations. There appears to me to be little justifi-
cation for this assumption, but actually with a molécule as large
as N20s5 this would make little différence, and might perhaps be
about équivalent to taking the effect of adiabatic rotations and anhar-
monicity into account, so the resuit for N2O5 appears reasonable.

Very recently some experiments have been done on the décompo-
sition of small polyatomic molécules in shock waves. The décompo-
sition of cyanogen was studied by Tsang, Bauer, and Cowperth-
waite *130), who found that the data would be reasonably interpreted
in terms of the classical équation, Eq. (3.23) using s = 6.5. The
décomposition of BrCN, studied by Patterson and Greene
présents a very different picture. If the rate constant for dissocia-
tion in the presence of Ar be expressed as a fonction
it is found that A is only about 0.1 the value found for the disso-
ciation of Br2 in the presence of Ar. This is very difficult to under-
stand.

Hiraoka and Hardwick have recently studied the décompo-
sition of NO2CI in shock waves, with results which correlate well
with the earlier work at lower températures. They find a slightly
higher activation energy for Ar or O2 as an activator, than for
NO2CI itself, Ar and O2 being less efficient than NO2CIl. This
change in activation energy goes in the same direction with increas-
ing efficiency of third body as in the dissociation of 12, but can hardly
have the same interprétation.

Wieder and Marcus also made an extensive sériés of calcula-
tions on the pressure dependence of a nhumber of quasi-unimolecular
reactions, based on the équivalent of Eq. (3.12),counting the energy
levels, at least approximately, where necessary. In these calculations.
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since they were principally interested in fitting the pressure dependence
of the unimolecular rate constant, they assumed a model for the
activated complex which would give agreement with the rate at a
high pressure. This involved in some cases the assumption of a loose
activated complex, or one in which some of the vibrational fre-
quencies had become lowered. The varions reactions considered
were the following : (a) isomerization of cyclopropane to propylene;
(b) décomposition of cyclobutane to ethylene; (c) isomerization of
methyl cyclopropane; (d) décomposition N20O—>-N2 + O; (e) iso-
merization of cis-butene-2 to trans-butene-2; ( f) N20s->N0O2+ NO3;
(g) décomposition of ethyl chloride (which shows some evidence of
complications). The pressure at which the falling-ofi of rate constant
occurs would fit the theory if the following collisional activation
eflficiencies are assumed : (a) 0.28; (b) 0.17; (c) 0.22; (d) 0.028;
(e) 0.042. The shape of the rate-pressure curve for N2O5 deviates
sufficiently from the theoretical so that a consistent value is hard
to give, but it is of the order of 1. The experimental curve for N20O
is somewhat flatter than expected, indicating that the rate of reaction
dépends more strongly on the energy of the activated complex than
predicted theoretically for the number of vibrations available. This
could be due to some partial inhibition of intramolecular energy
transfer or to the effects of anharmonicity, which makes the higher
levels corne doser together. There are minor déviations in the shape
of the curve in other cases. On the whole, the results give little
evidence of any hindrance to the free transfer of energy among ail
the vibrations

Free motion of energy within the molécule is also supported by a
number of recent experiments, in which a “ hot ” molécule or radical
is formed by Chemical reaction <I33-138)* only to décomposé before
collision to give different products. Rabinovitch and cowork-
ers (133-135) héave, as a matter of fact, used the detailed theory of
Marcus and Rice with success to calculate the relative rates of disso-
ciation of the molécule formed knowing the excess of energy it
contains from thermochemical considérations. An example of this
is the décomposition of hot jec-butyl radicals, CH3CH2CHCHj3
to give CH3 4. CH3CH = CH2, the "cc-butyl radicals having been
formed by the addition of H to f/5-butene-2. Butler and Kistia-
kowsky (137) formed methylcyclopropane by addition of CH?2 radicals
with varying amounts of energy either to cyclopropane or to pro-
pylene. The methylcyclopropane rearranged to form a mixture of
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butenes, whose composition was essentially independent of mode of
formation or of energy, again showing free intramolecular energy
transfer. The décomposition of activated sec-butyl radicals from
different sources also supports this view

The theory has also been applied to the behavior of ions in the
mass spectrograph *139).
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Note added after the meeting.

In the calculation of Table IV it is possible that z\ andlor Zz should
be 3 rather than 2for the bent triatomic molécules involved. The
vibrational motion will not be uniformly divided between the three
atoms, but they will ail partake to some extent in the motion. Thus
the expected collision efficiency for the F20 reaction will be somewhat
decreased, increasing the difficulty of explaining the experimental
resuit accordingly.
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Discussion du rapport de M. Rice

M. Karplus. — You have discussed the phase-space (Keck)
approach to reaction kinetics. In considering the significance of
the point in phase-space Crossing the boundary between the région
where molécules and where dissociated atoms exist, respectively,
one must define the initial and final condition associated with a
trajectory. This détermines whether Crossing of the surface once
(or an odd number of times) results in reaction, and subséquent
recrossing must be substracted out.

M. Rice. — The final and initial conditions have been found
by Keck by carrying his detailed calculations on individual traject-
ories forward and backward in time, and | think that he has properly
counted and interpreted the crossings.

M. Wigner. — May | answer this question because | may be
more familiar with the point that disturbs Dr. Karplus. The picture
refers to a single three-body collision. If the sum E« of potential
and relative kinetic energies of the two atoms which may form the
molécule crosses the E* = 0 surface an odd number of times, a
molécule will resuit from the collision; if it crosses it an even number
of times, no molécule will resuit. Now what is easy to calculate,
by an extension of the transition State method, is the total number
of crossings, in unit time, of ail E«x = 0 surfaces in ail the three-
body collision in a gas. If the number of crossings of the E« = 0
surface is | or O at every three-body collision, the easily calculated
total number of crossings gives the rate of association. Hence,
Dr. Keck gives an upper limit to the rate of association reaction.

M. Slater. — To comment on Prof. Rlce’s comparison of the
RRKM and Slater théories, | would say that the latter is doser in
spirit to transition State theory than was the original RRK theory.
For the essential point of transition State theory is that décomposi-
tion occurs when the molecular configuration passes geometrically
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through a critical configuration, whereas the original RRK criterion
which most peaople still have in mind, is the accumulation of energy
in an oscillator or degree of freedom, which is not the same as
passage through a configuration. The *“ classical > Slater theory
(classical now in the sense of Graeco-Roman antiquity, although
less antique than the original RRK theory) was based on the model
of exactly harmonie vibrations because this was mathematically
tractable; and also this might not seem too bad an approximation
for large molécules, where the amount of energy per normal mode
might be small enough, even in dissociating molécules, to allow
anharmonicity to be neglected.

Prog. Wigner justly remarks that anharmonicity is unlikely to
affect appreciably the first-order (high-pressure) rate of my harmonie
model. But, as Laidler and | have pointed out and Prof. Rice has
reiterated, anharmonicity would considerably affect lower pressure
rates (and would especially increase the limiting bimolecular form) :
this would happen even if we merely regard anharmonicity as a
mechanism for transferring energy between quasi-harmonie modes.
Some heavy but very interesting calculations by Dr. Bunker and
by D.J. Wilson and co-workers have shown large effects of an-
harmonicity for triatomic (mainly linear) molécules; it is difficult
to guess what would happen in larger molécules. One difficulty
here is to think up realistic anharmonic potential energy expressions.
Profs. Wigner and Rice have usefully remarked that the anharmonic
potential terms for ail molecular bonds might be taken as for
diatomics; but this leaves open the question of what anharmonic
cross-terms should be inserted in the potential to connect pairs of
bonds which might soon be stretched together.

M. Rice. — The original theory of Rice and Ramsperger, and
of Kassel, was not directly related to the transition State theory,
and, indeed, preceded it. However, the subséquent work of Marcus
and Rice brought the unimolecular-rate theory into relation with
the transition State theory, and, indeed, considered a transition
State for each individual level of the decomposing, or otherwise
reacting, molécule. Although the original theory antedated the
transition State theory, it is of interest to note that the method of
calculation of the rate of décomposition of an activated molécule,
was, for the model considered, essentially what would be suggested
by the transition State theory.
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M. Wigner. — | would like to agréé with Prof. Slater in one
point, and differ with him in two. It seems to me also that it is his
theory which is in consonance with the ideas of the transition State
method. On the other hand | wish to differ with him when he
considers his theory to be antiquated. It seems to me, in particular,
that even though the anharmonicity may affect the history of any
particular high energy molécule, its effect will average out if the
dissociation of ail high energy molécules is considered. Dr. Slater
has to average anyway over the various amplitudes of normal
vibrations. In reality, this averaging occurs partially within the
life-time of a single molécule, not only over the fates of the different
molécules as would appear from Dr. Slater’s calculation. However,
| feel sure that the effect on the final resuit will be quite small.

On the other hand, it does not seem to me that the effect of the
anharmonicity, which | believe to be small in general, is necessarily
even lower in large molécules than in small ones. Before a bond
is stretched to the breaking point, it will be, as a rule, stretched
almost to the breaking point several times. At these occasions, the
harmonie approximation is very poor indeed. The point is that
the anharmonicity is most pronounced if a bond is stretched too
much, not if the energy in one of the normal vibrations is large.
Furthermore, a larger molécule has a longer life time so that the
anharmonic terms have more opportunity to influence the motion
also at times when no bond is particularly stretched. It would
seem, therefore, that the effect of anharmonicities is not restricted
to small molécules.

M. Slater. — The harmonie and anharmonic models may give
quite different results in the low-pressure (second-order) région,
where there is time between collisions for the energy redistribution
which the anharmonic model allows and the harmonie model
forbids. The différence should largely disappear in the high-pressure
(first-order) région, where the short lifetime between collisions
implies that only a relatively small portion of the internai phase-
space trajectory (leading over the critical barrier) is relevant to
dissociation, and there is little scope for anharmonic energy redis-
tributions or perturbations. At high pressures the anharmonic
effect is confined largely to modification of the energy profile near
dissociation, and this effect is probably of a smaller order than
the low-pressure effect mentioned above.
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M. Rice. — | agréé in the main with the statements of Wigner
concerning anharmonicity, but believe that the efifects of anhar-
monicity will be of importance in the sense that they will cause
exchange of energy between “ normal modes of motion ” (an
approximate way of viewing the situation, of course), whenever
anharmonicity is présent. My views are, indeed, already stated
in my paper (second paragraph from the end of Section IlI, C).

M. Karplus. — It seems to me that the complicated potential
energy surface of a big molécule will hdave more important an-
harmonie effects than the simpler surface of a small molécule.

M. Duchesne. — It is true that anharmonic forces characterize
the structure of a Chemical bond so that | also believe that there
is no reason why they should appear weaker in big than in small
molécules.

On the other side, experiments performed in microwave spectro-
scopy have shown that the electronic structure of the Chemical
bonds is rather dépendent upon the degree of vibrational excitation
involved. This appears indeed from changes observed in dipole
moments, quadrupole constants, and so on, with vibration.

Then the question which | would like to ask Prof. Slater
should be this : has this factor concerned with electronic changes
induced by vibrations ever been considered in handling the problem
of energy exchange, as it ought to play a part, not necessarily small,
in this process ?

M. Slater. — | héve not considered this hitherto, but clearly
this efiect should be treated as well as the anharmonic effects
mentioned earlier in this discussion.

M. Herzfeld. — My first remark is almost trivial : anharmonicities
shift the energy levels, but do not produce transitions between these
shifted levels, and therefore do not directly help in transferring
energy.

On the other hand, the broadening considered by Rice is very
important, since it does away with sharp levels. Broadening of
these levels will also occur due to collisions (in nearly ail collisions,
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even if no energy is exchanged, but only the orientations are
modifiée!). Therefore, there might be a pressure range at high
pressures, where the total rate of collisions is larger than Rice’s ke,
and therefore the number of States of importance might be changed,
leading to an anomalous pressure dependence of the rate. (O.K. Rice
points out below that the decay rate and therefore the level broaden-
ing by it may be appreciably larger than given by this expression,
midway between 3.1 and 3.2))

M. Rice. — At sutficiently high pressures, pressure broadening of
the energy levels of a decomposing molécule may become greater
than the broadening caused by the décomposition itself, however,
décomposition, according to the RRKM theory, causes broadening
just sufficient for the energy levels to overlap when the energy is
so low that the molécule can décomposé into only one continuum;
i.e., there is only one possible way for the remaining energy to be
distributed among the vibrational levels of the fragments. If there
is more than one such distribution possible, which is the situation
in the most important range of energies, the broadening will be
greater. This would presumably lesser résistance to redistribution
of energy within the molécule due to necessity for matching energy
levels.

M. Goldfinger. — 1 would like to ask Prof. Rice, if there are
more than 2 or 3 examples of monomolecular reactions which
permit one to check the accurate shape of the ,, fall-off ” of mono-
molecular rate constants with pressure and especially the small
différence expected in the RRKM and Slater théories respectively.
J.P. Chesick [/. Am. Chem. Soc., 82, 3277 (1961)] for instance quotes
three examples : the isomérisation of cyclopropane and methyl
cyclopropane, and the décomposition of cyclobutane. The dé-
composition of N2O5 or of azo-compounds is probably too complex
for obtaining data sufficiently accurate for such a comparison. As
for the case of simple molécules which for most practical purposes
are in the second order range of monomolecular reactions,
E.K. Gill and K.J. Laidler [Proc. Roy. Soc., A250, 121 (1959)] have
discussed them recently and did not arrive at clear-cut conclusions.

M. Hornig. — The question has been raised as to whether ail
of the unimolecular reactions discussed are indeed unimolecular.
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In this connection, | should like to mention that one of my students,
Mr. Modica, has been studying the dissociation reaction,

N2F4 + M ™ 2NF2 - M

in a shock tube. Although it is closely related to the NO2CI dé-
composition, the rate of this reaction is linear in both the total
pressure and the partial pressure of N2F4 (and hence second order)
over the pressure range up to one atmosphére and at températures
from 350 “K to 550 °K.

M. Slater. — Some of us take such a wide view of “ uni-
molecular ” theory that we are prepared to treat almost any second
order dissociation reaction as a unimolecular reaction for which
the nature of the molécule happens to put the first order région
(and the région of approach to first order) at an inaccessibly high

pressure.

M. Rice. — Wieder and Marcus [/. Chem. Phys., 37, 1835
(1962)], in their comprehensive comparison of experimental data
on unimolecular reactions with the theory of Marcus and Rice,
héve considered seven reactions in which the fall-off of the uni-
molecular constant can be observed. These include the three
mentioned by Prof. Goldfinger, but they also include two décom-
positions, N20O5 and C2H5CI, which may involve some complicating
factors. The décomposition of N20O, which is among the reactions
discussed by them, may not be entirely unequivocal. The seventh
reaction, which | think should be a fair example, is the isomerization
of cis-butene-2. Recently Schneider and Rabinovitch (personal
communication) have very thoroughly investigated what appears to
be an excellent example, the isomerization of methyl isocyanide.
In my laboratory, Forst has investigated further the décomposition
of azomethane; we believe that, using chain inhibitors, we have
sufficiently disentangled the complexities so that the first step in
the décomposition can be used as an example of a unimolecular
reaction whose rate falls off at low pressures, though the detailed
theory has not yet been applied. In general, investigators test for
heterogeneity. In some cases chain reactions are involved, and this,
of course, has led us to discard many reactions once believed to be
unimolecular. However, it is possible to test for chain reactions
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with inhibitors; though | am not certain that this bas been donc
with ail the isomerizations, it seems unlikely that they would be
influenced by chains. (The isomerization of methyl isocyanide is
unaffected by the scavenger O2, but is accelerated by introduced
methyl radicals.)

As noted in my paper, the fall-off of most of these reactions
agréés fairly well with the Marcus-Rice theory, and the isomerization
of methyl isocyanide agréés very well. The rate of activation of
one or two of the molécules which are at the extreme low-pressure
end, notably NO2CI, are abnormally slow, as also noted in my
paper, and the reaction mentioned by Dr. Hornig, the décomposition
of N2F4, seems to be another of this kind. This may point to an
inhibition of transfer of energy within the molécule, perhaps of
the kind suggested by Slater.

M. Wigner. — The simplest formula which describes the transi-
tion from bimolecular to monomolecular kinetics is that of Stern
and Volmer, according to which the rate has the concentration
dépendance ac/(Z> + c). This has two constants : the slope ajb in
the bimolecular région, and the asymptotic value a in the mono-
molecular région. My question then concerns the magnitude of the
déviations of the experimental rate dépendance on the concentration
¢, from the simple Stern-Volmer curve if one adjusts the initial slope
and the asymptotic value. Such déviations must be expected if the
dissociation probabilities of the varions activated States of the
molécule show a wide spread. If this is the case, the actual rate,
in the région intermédiare between bimolecular and monomolecular,
will lie below the Stern-Volmer rate if the constants of this are
adjusted in the way indicated.

| realize that it is not customary to adjust the constants in the
way indicated. Nevertheless, the question seems to me to be relevant
if one wants to arrive at an estimate of the importance of the an-
harmonic terms which we discussed. The calculation of Rice and
Ramsperger assumes that the energy of ail the proper vibrations
is equally available, even of those which have a very small amplitude
at the bond to be broken. This is one extreme which probably over-
emphasizes the rate at which the energy between the varions proper
vibrations is exchanged. The theory of Slater, in its original form,
assumes, on the other hand, that the energy of the proper vibrations
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is available only to the extent indicated by their amplitudes at the
bond to be broken; it assumes no energy exchange between the
proper vibrations. Experimentally, the two théories differ giving
different déviations from the Stern-Volmer curve. Hence, it would
be important to know to what extent these déviations can be
measured.

M. Rice. — Apparently most cases which have been worked out
in detail (refer to paper of Wieder and Marcus mentioned in my
report) agréé with the Marcus-Rice formulation of the RRKM
theory, as far as the pressure at which fall-off occurs is concerned.
However, the différence in the shape of the rate-pressure curve
predicted by the Marcus-Rice theory and that predicted by the
Slater theory is not very great, and | doubt if one can expect significant
experimental tests of this point. In any case, since quantum effects
have at best been taken into the Slater theory in only a rough way,
différences may not be significant from a theoretical point of view.

M. de Boer. — In the discussion which we witnessed between
Dr. Rice, Dr. Wigner and Dr. Slater it is, apparently, taken for
granted that the experimental data are correct, especially also with
small atoms as a third body and at very low pressures. The question
may be asked whether this assumption is right. Dr. Rice, himself,
during his lecture, referring to Table | discussed the great variation
in collision diameter obtained for He as a third body, when using
different équations (Eq. 2.21 and Eq. 2.18), resulting in too low
a value in the one and too high a value in the second case. This
too low and too high relate to the experimentally obtained resuit.
In this very case | must say that the experiments by Norrish and
his school give the best guarantee that the results are not troubled
by “ wall *’-effects; in other experiments recombination on the wall
may very well trouble the results. A small “ background ” effect
caused by the recombination on the wall is, of course, far more
troublesome when small atoms are studied as a third body and also
at low pressure. The wall, however, is not the only source for a
heterogeneous recombination reaction. Many years ago, on the
request of the Netherlands astronomers Oort and v.d. Hulst, |
calculated the ratio between the homogeneous recombination of
hydrogen atoms of interstellar gas clouds and the heterogeneous
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recombination by the tiny particles of solid ice, ammonia and
methane of the interstellar ,, dust ”” clouds : The resuit was that
the heterogeneous rate was about 1012 times faster than the homo-
geneous one. It is, therefore, also necessary to be absolutely sure
that no dust particles are there or are formed during the experiments.
Only if one is completely sure that no wall effects and no effects
caused by small dust particles disturb results, experimental data
may be used to compare theoretical results.

M. Porter. — Whilst | agréé with what Dr. de Boer says about
the importance of heterogeneous reactions in many observations
made at low pressures, | do not believe that the atom recombination
results in Table | of Rice’s paper which de Boer mentioned as a
possible example, can suffer from this difficulty. These measurements
are made at a pressure of the order of | atmosphére in a time of
a few milliseconds and the time for diffusion from the wall to the
center of the reaction vessel under these conditions is about a
second. One of the advantages of fast reaction studies, compensating
for some of the experimental diflRculties, is that one can be quite
certain that heterogeneous reactions are excluded.

M. Rice. — Most experimenters test the effects of walls by
increasing the surface-volume by filling the reaction flask with
tubing of similar glass. Some reactions may involve chains, but
it is possible to test for these with inhibitors, and in some cases
one can measure the inhibited reactions.

M. Widom. — One knows that the déviation of a rate constant
from the value it would héve with a Boltzmann distribution of
reactant molécules, is proportional to the relaxation time. For
example if product molécules are instantaneously removed from
the System then

k = keq — T (<g™> — <g=>7N)

where « is a mean relaxation time and q is the reaction probability
per unit time from a given reactant State. Have you then been
consistent in treating the relaxation time as negligible, while at the
same time considering the déviation of k from keq'l

An interesting possibility connected with the question of whether
or not the ratio of forward and backward rate constants is the
equilibrium constant is the following : In a dissociation reaction
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the inverse reaction is of higher molecularity, and may therefore
be one in which the idealization of instantaneous product removal
is valid, whereas this idealization may be invalid for an isomeriza-
tion; so there may be a déviation of kflki, from K in the former
case and not in the latter.

M. Ross. — In connection with the different problem of bi-
molecular reactions of structureless particles of the type A + B =
C + D, | would like to remark that Mr. C. Pyun and | have derived
the composition dependence of the first order déviation of the rate
equilibrium ”* value. Thus if the momentum

coefficient from its
distribution fonction of species A is “hen oM
the déviation from the Maxwellian distribution /J, is given to
lowest order in a Sonine polynominal expansion by

cpr = (1 — G/F (15/18 — + pp”/8mi)

where A is the affinity, p is (KT)™>, and are the momentum
and mass of A. F is a composition-dependent déterminant with
éléments given by certain averages of the elastic scattering cross
sections of the varions species; G is a composition-dependent
déterminant containing éléments from F but is linear in certain
averages of the Chemical reaction scattering cross section. The
ratio of the rate coefficient in the forward direction to that in the
reverse direction equals the equilibrium constant apparently only
in very spécial cases.

M. Rice. — The rate of the reaction A + B->C + D or of
its reverse may well dépend upon the amounts of products and
reactants présent, and so the quotient of the rate constant for the
direct reaction when no C and D are présent divided by the rate
constant for the reverse reaction with no A and B présent may not
be equal to the equilibrium constant. | have attempted to avoid
this difficulty in the reactions

A-hB-hM™MAB-t-M

by having M in sufficient excess so that ail energy transfer is due
to it (M might still be A, B, or AB). Under these circumstances
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the fate of any pair A-B, whether starting as two atoms or as a
diatomic molécule, is independent of A, B, and AB présent. The
rate constants for the direct and reverse reactions are then in-
dependent of whether the other reaction is occuring or not, provided
the process by which an excited AB is deactivated is fast compared
to the rate of reaction. Under these conditions ka and kg. are
definitely defined, and kajka = K. The activated molécules AB*
which are lacking from the equilibrium quota in the dissociation
reaction are just matched by the AB* which will redissociate or
rather be deactivated (and hence not be counted as reacting) after
being formed by association of A and B. It would be interesting to
see if a similar conclusion could be drawn for the reaction
A + B ™~ C - D under circumstances such that the environment
could be considered constant.

The relaxation time may be short compared to the overall reaction
time (which is relatively long because of small humber of activated
molécules or activated complex), but not small compared to the
rates of transition between individual energy levels which give rise
directly to reaction. Thus there is no inconsistency in treating the
relaxation time as negligible compared to reaction time and still
having a rate constant different from the equilibrium value.

M. Herzfeld. — Experimentally reaction rates are usually
measured far from equilibrium. Ultrasonic measurements, on the
other hand, measure rates very close to equilibrium.

M. Van Tiggelen. — When the rate constant of any elementary
reaction and in particular of atom recombination is measured
directly, a fundamental problem rises concerning its usefulness in
deriving from the equilibrium constant the rate constant of the
reverse reaction or in comparing with theoretically calculated rate
constants. This is the unavoidable difficulty which results from the
fact that the measurements are necessarily made neither in strictly
isothermal nor in strictly adiabatic conditions.

Furthermore, even if we suppose a perfect isothermal System,
the experimental rate constant will be the resuit of two simultaneous
phenomena : the recombination process itself and the beat transfer
to the walls and out of the System (into the System if a décomposition
rate is to be determined).
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On the other side, in adiabatic conditions, the measurements
are not made at a constant température since at least a minimum
of conversion is needed to render the experimental method sufficiently
sensitive. At the same time even the randomisation of energy
(residual vibration energy of the newly formed molécules) might
possibly be delayed.

Of course such difficulties should have less importance either
if the System is highly diluted with an inert gas, either if only a very
small conversion is accepted, or if the measurements are made in
a System which is already very near to the equilibrium; however
the obtained data would than have less accuracy.
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|. Introduction.

The partition of energy between the translational rotational and
vibrational degrees of freedom of molécules is conditioned by the
principles of quantum mechanics, but the mechanism by which
transfer takes place between the varions modes is not well under-
stood and can only be examined experimentally by observing
Systems not in equilibrium.

This is possible in principle because classical studies of photo-
chemical reactions have indicated that the products of both primary
and secondary processes, especially where atoms and free radicals
are involved, may be associated with large amounts of energy
completely out of thermodynamic equilibrium with the environment.
It makes itself apparent by such phenomena as chemiluminescence
and the propagation of chain reactions. Likewise the study of
atomic and molecular spectra indicates the production of excited
electronic species which may be reduced to lower electronic levels
by fluorescent émission of radiation or by radiationless transfer of
energy by inelastic collisions (collisions of the second kind). Such
processes in molécules are associated with rotational and vibrational
changes involving levels of very short duration, whose decay cannot
be followed by the experimental techniques of classical kinetics.

Until recently kinetic measurement was only possible in the case
of the transfer of translational energy to low vibrational levels and
in some cases rotational levels by the study of the dispersion of a
wide range of ultrasonic vibrations of very high frequency. Here
the equilibrium of energy partition is suddenly disturbed by the
rapid change of pressure in the wave front, and the *“ relaxation
time ” for its re-establishment may be derived from a measurement
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of the velocity of ultrasonic propagation; this in turn leads to an
évaluation of the probability of energy transfer on collision.

Methods of this kind have been amplified and extended. By the
use of shock waves, a sample of gas can be heated homogeneously
to very high températures : from the viewpoint of an observer
travelling with the shock front, the kinetic energy of the movement of
the gas into the front is converted to translational energy of the
molécules behind it : this process occurs in times corresponding
to the thickness of the front, or a few mean free paths in the un-
disturbed gas. The adiabatic relaxation process then corresponds
to an increase in rotational and vibrational energy at the expense
of translation and the (translational) température and pressure of
the gas fall and the density rises until equilibrium is attained.

The time scales of rotational and vibrational relaxation are so
different that for most gases they may be considered as independent
processes. Rotational relaxation takes place in a time comparable
to the number of collisions taking place in the shock front; it is
therefore observed experimentally as an increase in the thickness
of the front. These have been measured at pressures above 1 atmo-
sphére using the reflectivity method developed by Hornig and co-
workers;<2> and at low pressures by direct measurements of the
shock front profile.

Behind the front, rotational relaxation is already nearly complété
(except for hydrogen) and vibrational relaxation can be followed
independently. Using interferometric methods the change of
density behind the shock wave can be measured as a function of
time, or alternatively the température profile through the shock
wave may be determined by sodium line reversai methods <> in
favourable cases information may also be obtained by observing
vibrational transitions directly by the use of infra-red detectors of
rapid response.<5) These and other methods of observation make
possible the détermination of vibration- and rotation-translation
relaxation, and are applicable in general to only the first few
quantised levels. The higher quantised levels are excluded because
the températures required for their génération lie to a large extent
beyond the resources of the observational techniques available.

It is the purpose of this paper to show how the newer methods
of photochemistry make possible the study of vibrational relaxation
at high levels of quantisation under isothermal conditions, as well
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as the relaxation of metastable electronic States. It is hoped to show
that the beginning which has been made holds forth considérable
possibilities for future study, the results of which cannot fail to
elucidate the manifold problems of Chemical kinetics.

Il. Flash photolysis and kinetic spectroscopy.

The techniques of flash photolysis and kinetic spectroscopy devis-
ed and developed in the Department of Physical Chemistry at
Cambridge (6) make possible the observation of rapid physical and
Chemical changes in time intervals as short as a few microseconds
or greater. By means of a powerful light flash, generated in a quartz
tube usually half a métré in length and containing an inert gas,
high concentrations of excited atoms, molécules, or free radicals
can be generated in suitably reactive Systems and their absorption
spectra photographed by means of a second flash lamp as spectro-
scopic source, triggered electronically after the first at successive
short intervals of time.

The arrangement of the apparatus is shown in Figure 1. The
reaction vessel which consists of a quartz tube about 2 cm diameter
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Fig. 1. — Diagram of apparatus for flash photolysis.

with plane end plates is placed close and parallel to the flash tube.
The two are surrounded by a cylindrical reflector coated on the
inside with magnésium oxide. The second flash lamp also contain-
ing inert gas is arranged to pass a beam of light through the length
of the reaction vessel on to the slit of the spectroscope (Hilger,
Littrow mounting). The flrst lamp (the photoflash) is fired by dis-
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charging a capacity C of about 40 [xF at 10 kV between robust
tungsten électrodes. The energy of the flash, 1/2 CV2 is thus of the
order of 2000 Joules and its half-life 20-30 [x/sec, measured by means
of an oscilloscope. Ideally the shortest flash for a given energy is
obtained by making the capacity C as small as possible and the
voltage V as high as possible, the self induction of the circuit being
kept as low as practicable. The second lamp (the specflash) is fired
electronically by the light from the photoflash, by discharging a
capacity of 2 [xF at 12 kV, giving a flash of about 150 Joules and
2-4 [x/sec duration. It is fortunate that neither lamp is discharged
spontaneously; their firing is achieved by the passing of trigger
currents from centred électrodes which break down the dielectric.

The photoflash may be triggered from the secondary of an induc-
tion coil by discharging a small capacity through the primary. The
light from the photoflash falls on a photoelectric cell, and the
photocurrent after passing through a variable electronic delay is
amplified by a thyratron and applied to the trigger circuit of the
specflash. Thus the whole System can be charged and fired by one
switch operating the trigger circuit of the photoflash. In this way,
by adjusting the electronic delay the specflash may be discharged
at précisé intervals measured in microseconds after the photoflash,
and its intensity is sufiicient to take absorption photographs of any
spectrally responsive transient species generated in the reaction
vessel. By carrying out successive experiments at increasing delays
under controlled conditions, the growth and decay of any observ-
able transient can be observed and measured by methods of plate
photometry.

Of the energy emitted by the photoflash, some 10% canbeshown,
by using uranyl oxalate as an actinometer, to be useful photo-
chemical light, lying between 2000 and 6500 A. By employing
double walled reaction vessels the annular space can be filled with
suitable gases or solutions at adjusted concentrations to act as
colour filters, and so limit the spectral range of the photoflash — a
matter of importance, especially where two photochemically res-
ponsive species are involved. Even with colour filters the * instan-
taneous ”” light flux is so great as to generate high concentrations
of transients in suitably reactive Systems.

It soon became apparent however that the sudden dissipation
of so much light energy within an absorptive system gives rise to
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enormous température rises, and that températures of many thousands
of degrees are momentarily achieved in the gaseous reactant unless
suitable précautions are taken. For example, a tube of pure chlorine
at 1| atmosphére pressure is instantaneously exploded by a flash
of 2000 Joules.

Adiabatic processes.

The appréciation of this eflect made possible the application of
the method of flash photolysis to the study of explosive reactions
involving hydrocarbon and other fuels with oxygen, etc., using
where necessary a photosensitiser such as nitrogen dioxide, if the
reactants themselves have no absorption bands in the spectral région
of the photoflash.<> In this way induction periods, the growth and
decay of intermediates in the explosive reactions and the effects of
additives may be readily and usefully studied. Such cases, in which
an “ adiabatic shock ” is administered to the System by the photo-
flash and no attempt is made to control température, may be
called the adiabatic method. We are not further concerned with
them here.

Isothermal processes.

For the study of relaxation and of reactions under isothermal
conditions précautions must be taken to prevent a significant rise
of température. In the case of gases, this is donc by limiting the
reactant to a few millimeters pressure, and adding one to seven
hundred-fold pressure of inert gas to increase the beat capacity of
the System. By this means the température rise may be limited to
a few degrees, and kept below ten degrees. W.ith liquid Systems,
involving solutions, there is of course no problem since the inert
solvents act as suitable diluents and the beat capacity is such that
no température rise can be detected. This technique of kinetic
spectroscopy may be described as the “ isothermal method . It is
the method used in ail the examples which are cited below.

Relaxation times for the attainment of rotational equilibrium
have been shown by methods of sound dispersion to be very short,
and of the order of 10~8-10~9 sec. Such processes are far too
short for observation by the method of kinetic spectroscopy, where
we are at présent limited to a time scale measured in microseconds.
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However, vibrational relaxation which lies in the range 10~3 to
10“* sec may in many cases be studied to advantage. This may be
illustrated by a comparison of the photochemical Systems NO and
NOCI or NOBr.

1. Vibrational excitation by primary photochemical processes.

Relaxation in nitric oxide.

The fluorescence and vibrational activation of nitric oxide was
studied by Basco, Callear and Norrish.*») The relevant absorption
in this case is the 0-0 band of the y System in the région of
2270 A. There is no appréciable absorption at longer wavelengths,
except a slight absorption at 2365 corresponding to the 0.1 band,
and absorption at shorter wavelengths is efiectively limited by the
cut-off at 2000 A by quartz. Thus the excitation was approximately
by monochromatic light. The spectroscopic transition with which

Fig. 2. — Potential curves of the NO molécule.
(After Dr. H.P. Broida.")
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we are concernée! and which gives rise to the y bands is represented
by A22+ —X~n. The two potential curves lie vertically above
each other, and give rise to the fluorescence spectrum measured by
Pearse and Gaydon (Fig. 2).

On flashing a charge of 5 mm nitric oxide diluted with 600 mm N2
as coolant, the resuit shown in Figure 3 (see p. 107) was obtained
in which there is in evidence a high transient intensity of the
0.1 band and to a lesser degree of the 1.1 band of the y spectrum.
The origin of this vibrational excitation in the ground State is by
fluorescent or collisional transition from the upper State as shown
in Figure 4 and the momentary overpopulation of the n = 1 level

Upper

State
vibrational
levais

Lowar

State
vibrational
levais

Dlagrammatlc excitation of lower
levels by fluorescence

Fig. 4.

can be measured, and its decay followed quantitatively by plate
photometry. This is possible because, the 0.1 band is visible spectro-
scopically in absorption with nitric oxide at 1 atmosphére pressure;
and since its concentration at equilibrium [NO*] is given by

[NO*] = [NOJe-""*n
the photometric curves can be calibrated to give absolute concen-
trations by choosing one particular line in the band for measure-

ment.
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In this way the curves shown in Figure 5 were obtained : when

Fig. 5. — Rise and decay of NO *i7(v = 1) measured by plate photometry.
O 2mm NO+600mm N,, 1600J o 6mmNO + 600mmNj, 1600J
= 2mm NO+220mm N,, 16003 - 60mm NO+ 467 mm N*, 900J

C 1Imm NO+600mm N,, 1600J

plotted logarithmically they give good straight Unes showing uni-
molecular decay, from which the unimolecular constant for the
reaction

NOt)_i —1 NO»_o
can be obtained.

1/~3 is the mean lifetime, «. If the excited species suffers Z col-
lisions per second then Pi _ o the probability of energy transfer
at one collision is given by

1 ki
o

Kl can be split into two terms depending on relaxation by NO and
N2 respectively. Thus

Kkl = A:4(NO) + A:5(N2),

and k" and k™ may be calculated from the varions values of Ki
derived from the curves of Figure 5. Thus it is found that the value
of Pi _ 0 for NO is 3.6 &= 0.4 X 10~* at 300 °K, in excellent agree-
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ment with the Sound absorption results of Bauer et and the
extrapolated shock wave results of Robben as follow : <-i)

10~3 - iQ-4

3.8 x 10-4

Sound absorption..

Shock wave..............

The value of Pi _ o for nitrogen is calculated as 4 x 10~7 within
an order of magnitude.

In a similar way it was found that small quantities of water and
also added carbon monoxide or carbon dioxide in the presence of
nitrogen decreased the concentration of NO2ri(!:) = 1) and increased
its rate of decay. From the results obtained could be determined
and the contribution of the additive determined, the following
table gives the derived data.

TABLE 1
*5(S-1) Pressure for
Molécule for half quenching
I mm (mm)
NO 3.2 X 103 3.55 X 10-4 1-2
coO 2.0 X 102 0.25 X 10-4 40
H20 105 7 X 10-3 0.5
CO2 2 X 103 1.7 X 104 5
N2 3.8 4 X 10-7 >1000
Kr _ — >1000

The quenching data for CO2 and H20O are accurate to about an
order of magnitude and it was concluded that the true value of
P] _ 0 for CO2 may prove to be somewhat lower. The relative high
efficiency of NO for self quenching is to be noted, and it is suggested
that the high efficiency of water may be due to Chemical reaction
with the electronically excited NO + AS+ since traces of water are
very efficient in quenching the fluorescence.

By flashing with the photoflash alone it is readily possible to
photograph the fluorescent émission, v' = 0 and v' = \ progressions
being observed up to v" = 5 in the latter case. However, if the
fluorescence is completely quenched by sufficient additive the v =1
level is still observed to be overpopulated in the ground State,
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which leads to the conclusion that the vibrational levels of the
ground State may be populated not only by fluorescent émission,
but also by collision deactivation

NO2i;+( =0, 1,2) + M = NO2n(ii =0, 1, 2...) + M.

It is however significant that by whichever process the vibrational
levels of the ground level State are populated, only the level
V=1 (and at times v = 2 very faintly) can be seen by kinetic
spectroscopy. Thus since the vertical disposition of the two potential
curves for the 22+ and 2n States, and the fluorescence spectrum
indicate that the higher v levels of the ground State are initially
populated, it must be concluded that the relaxation of the higher
vibrational levels probably by self quenching is extremely rapid,
and much too fast to be seen by kinetic spectroscopy. We shall
return to this point when we have considered the results relating
to the photolysis of NOCI and NOBr.

The photolysis of nitrosyl chloride and nitrosyl bromide.

The flash photolyses of NOCI and NOBr have been examined by
Basco and Norrish.<i2) They have shown, using suitable light filters
surrounding the reaction vessel that strong photolysis takes place
in the région of 2500 A with the production of highly vibrating
NO molécules in the ground State. Ail levels from z = 11 to » =0
were observed in absorption in the |3, y, S and e Systems (see
Figs 6 and 7, pp. 111 and 112) and ail the vibrational States, with the
exception of (y = 1), were short lived and did not survive the period
of the flash. By using nitric oxide as a light filter it was shown that
these excited species did not have their origin in the secondary
excitation of nitric oxide molécules and, in fact, after careful
considération of ail other possibilités it was concluded that they
are the product of the primary reaction of the halide, NOX :

NOX + Av = NO* + X.

After careful comparison of a large number of plates a number
of very significant facts emerged; | quote from the original paper :

“ The relative population of the higher vibrational levels of nitric
oxide observed increased as the halide pressure was reduced. This
effect was most pronounced at relatively long delay times, but was
appréciable over the range 2-0.05 mm even at 3 (x/sec delay. At
the higher pressure the y (0.1) band for example was stronger than



the S (1.7) while at the lower pressure the former was barely détect-
able and the latter still quite strong. Likewise the proportion of
the molécules observed to be excited, as estimated from the increase
in intensity of the y (0.0) band with time increased as the pressure
of nitrosyl halide was lowered.

“The decay of the excited levels was always rapid, the higher
levels having increasingly short life times, so that only the first level
is détectable after the photoflash. The rate of decay was determined
by the halide pressure and was increased as this was raised. The
effect of inert gas on the rate of decay was not détectable even at
the lowest pressure of halide used. ”

The rapidity of decay of NO* suggests that near résonance
transfer processes are operating. Thus, for the range oflevels z; = 11
to ) = 0 the vibration frequencies of NO lie in the range 1900-
1600 cm~i. For both NOCI and NOBr the frequency associated
with the NO bond by Burns and Bernstein is 1800 cm~i. For oxygen
which materially accelerates the decay the frequency of 1560 cm-~i
may be effective for the higher levels, and so also naturally NO
itself. These efiects and the almost complété absence of effect of
nitrogen or noble gases give us a qualitative picture; but an anomaly
at once appears when the behaviour of NO* produced from NO is
compared with that derived from the nitrosyl halides. In the former
case as we have seen the higher vibrational levels except v =1
(and possibly z; = 2) disappear more quickly than they can be
observed by flash photolysis; if their disappearance is by résonant
transfer, why is it so much quicker than that of NO* produced in
the latter case ?

Résonant transfer.

It was stated in the passage quoted above that the tendency is
for the higher vibrational levels of NO* produced from nitrosyl
halides to predominate at lower pressures. It is also observed that
the population of lower levels, e.g. v =2 and z, = 1 increases with
time as the higher levels fade out, until only # = 1 and v =0 are
left. In view of these observations the following hypothéses may
be made ;

(1) The most favourable résonant collisions are between closely
associated levels of the vibrating species, e.g.

NO>» _ n -f- NOt) _ (» - 2) 2NO>»_ (n_1i)
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and owing to change in frequency of levels due to anharmonicity,
the most favourable resuit will be obtained when the. frequency
levels differ by 2 as above.

(2) At the instant of production from the nitrosyl halide the
NO* is formed in very highly vibrating States — say, v = 12,
V=\\, ) = 10. The vibrational energy of zz = 11 is 55 kcal and
since the bond strength of NO — CI is 38 kcal there is plenty of
energy available from the light quantum (say 98 kcal for 2800 A)
for this to occur. In conséquence, there is a gap between » = 10
(say) and y = 0 and in the absence of any other deactivating species
(inert gases inefficient) the higher vibrational levels cannot be
relaxed. This of course is an idéal conception; lower levels will be
built up by collisional deactivation by species such as the nitrosyl
halides, but this will be comparatively a slower process. As the
lower levels are populated in this way so will résonant self quench-
ing increase, but there will always be an irregular distribution of
levels and this in itself will cause a slowing down of résonant
deactivation, and since high levels are continually fed in during the
flash, this irregular distribution will be preserved and ail levels will
be observed during its operation.

These two hypothéses are in agreement with the observed results
for the nitrosyl halides. Contrast now the case of NO* produced
from nitric oxide by fluorescence or by collisional deactivation of
the excited electronic State 22+ to the 20 ground State. The
intensities of the »' = 0 progression in émission were found by
Pearse and Gaydon <9) to be ;

TABLE 1l

0.0 0.l 0.2 0.3 0.4 05
g 10 10 9 g 7

and it is considered that the 0.0 intensity may well bc weakened
because of reversai. Thus ail ground States are populated “ smooth-
ly ”” by fluorescence, and we shall assume that collisional deactiv-
ation of the excited States gives rise initially to a similar smooth
distribution of vibrational levels. Thus if there is no ““gap ” and
each vibrational level is populated slightly less than the one below
it rapid résonant deactivation is possible by the mechanism

NO» _n T NO® _(1-2 ““ 2NO>»_(n-i)
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progressively repeated as shown in Figure 8. The conséquence of
this is that ail levels are rapidly deactivated to » = 1 when the

N ! -4 |
© ! e s 4
nuE
Fig. 8. — Diagrammatic scheme of vibrational relaxation by self résonant
collisions.

résonant process must of necessity stop. Hence only the v = 1 level
is seen to be over populated with the y = 2 level appearing very
faintly and representing the last stage of the collapse of the vibra-
tional pattern. Thus with smooth distribution we get very rapid
vibrational relaxation, too rapid to be observed by kinetic spectro-
scopy, while if we héve a gap in the vibrational distribution or a
sériés of irregularities in the sequence of population of the pattern
of vibrational levels, as with NO* derived from the photolysis of
nitrosyl halides, résonant deactivation must be considerably slowed
down, — suliiciently for over population of ail levels to be observed
by kinetic spectroscopy. (See fig. Sh).

\%

Fib. 8b. — Diagrammatic scheme of the incompléte vibrational relaxation due to
over population of the higher levels.
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Decay of CN(2Z - €%) av =-1, 0, + 1 seguences with time.

pressure of CNBr = 5.1 m« Hg; pressure of N, = 350 mm Hg; flash energy = 1600 J,.

359048 3883.48 ¢ 4216, 68
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Fig. 10. — Vibrational excitation of CN from CNBr.
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Photolysis of cyanogen and cyanogen halides.

It may be added that the flash photolyses of C2N2, CNBr and
CNI (which will be referred to generically as CNR) yield results
which appear to be very similar to NOCI and NOBr.'i™) These
substances absorb in the short end of the quartz ultraviolet below
2300 A, and on flashing in the presence of high pressures of inert
gas yield vibrationally excited CN radicals up to » = 6 which are
observed spectroscopically in absorption in the Av =0, =1 and
— 2 sequences of the violet (B"S — X"S) System at 3590, 3883,
4216, and 4606 A. Typical decay sequences with time of CN*
are shown in Figures 9 and 10 (see pp. 117 and 118). At ail except
the highest pressures where only the decay is observed, ail the
vibrational levels rise to a maximum and then decay. At the lowest
pressure of CNR the maximum for the highest levels is at about
30 (xsec and for the zeroth level at about 90 psec, persisting to
ca. 90 [xsec and ca. 600 p.sec respectively.

Photometry of the plates emphasises that the lower the pressure
of CNR the slower the decay of ail levels, and the greater the
population of the higher excited levels relative to the zeroth level.
This suggests the preferential production of CN* in the higher
excited vibrational levels in the primary process and their deactiv-
ation by collision with CNR. The population of the higher levels
appears to follow the profile of the flash, the only levels to survive
the flash being the zeroth and the first levels of the X~T, ground
State. The bond dissociation energy of cyanogen CN — CN may
be taken as 112kcal/mole and the dissociation energies CN — R
for CNI and CNBr may be estimated as 64 and 75 kcal/mole res-
pectively ; there is thus ample energy for primary excitation of the
CN radical. However, the mechanism appears to be otherwise :
evidence afiorded by the use of colour filters of acetic acid, and
nickel sulphate surrounding the reaction vessel indicates that not
more than 6% of the excitation is primary. The remainder is due
to secondary population of CN* by absorption of light in the
région 3500 A - 4500 A, far outside the photolytic wavelengths of
CNR. This arises from the fact that the extinction coefficient of
the CN radical is extremely great so that it can suffer many réversible
excitations during the flash, — e.g.

CN X22(li =0, 1,2..) + liv CNB2Z@w=0,12..,)
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the reverse reaction taking place either by fluorescence or collision.
This process which differs from the nitric oxide mechanism because
of the great différence between the extinction coefficients of NO
and CN leads to a situation where ail vibrational levels of CN are
populated (ideally to an equal extent; corresponding to an infinité
vibrational température) during the period of the flash, — but at
the end only v = 1 remains as before.

Relaxation of NO, ~ i by carbon monoxide.

Référencé to Table | shows that the probabilities of relaxation
of NO(z) = 1), by CO and N2 differ by a factor of about 100. In
view of the isoelectronic character of the two gases this was regarded
as somewhat of an anomaly and further work by Basco, Callear
and Norrish 't*) has investigated this point. By carrying out kinetic
spectroscopic experiments involving détection of the products by
their absorption in the vacuum ultraviolet it was shown that a very
strong enhancement of the carbon monoxide absorption as measured
at 1650 A occurred in a mixture such as 5 mm NO + 100 mm CO
+ 650 mm N2 (Fig. 11, see p. 121). Comparative experiments showed
no appréciable enhancement of the CO absorption in the absence
of NO. The concentration of CO was measured by photometering
the unresolved 0.1 band of the fourth positive Aifl—>XiS+ system
at 1650 A. As with NO, this band is observable in the spectrum
of CO at atmospheric pressure and so the photometric results can
be calibrated in terms of absolute concentrations of the first vibra-
tional level of the ground State.

Thus there is indicated a vibrational exchange between NO(i = 1)
and CO(i; = 0) represented by

NO@z- = 1) 4- CO(@; = 0) = NOG = 0) + CO@ = 1).

The fundamental vibration frequencies of N2, NO, and CO are
shown in Table III.

TABLE 111
Substance Fundamental
N2 2350 cm-i
NO 1904 cm"i
CO 2170 cm*t
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Formation of vibrationally excited CO by rlashing 1:0/C0
mixtures., NO pressure 5 mm, CO pressure 100 mm,.,
N, pressure 650 mme.

.9
160(, 24 — A

before
50 us
Bifgid!
80 1

. 530 1"

980 "

Co
KT« X 's*)

NO bands

O’l O,O : 1,0

Fig. 11. — Production of CO(» = 1) by resonance with NO(v = 1).
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It may therefore be calculated that in an equal mixture of NO and CO
at 20 °C there are 3.7 vibrationally excited NO molécules for each
vibrationally excited CO molécule. If a predominantly high pressure
of CO is présent with a few millimeters of NO the vibrational energy
thus leaks away into the CO and by the time equilibrium is establish-
ed the concentration of NO(y = 1) is too small to be detected.
Thus the probability Pi_ o of 2.5 x 10"5 for the relaxation of
NO(n = 1) by CO cited in Table | is the probability of the vibra-
tional exchange reaction.

By comparing the rate of relaxation by N2 with that of He and
Kr it was concluded that relaxation by nitrogen also proceeds by
vibrational exchange and that 4 X IO™ represents the probability
of the reaction

NO@z) = 1) + N2(y = 0) = NO(y = 0) -t- N2(o = 1).

It is therefore suggested that the exchange reaction of NO and CO
is much faster than that of NO with N2 because the energy dis-
crepancy as shown by Table IV is less. Both reactions being endo-
thermie will require activation, but that with CO very much less,
and the achievement of vibrational equilibrium with CO will there-
fore occur in a time very much shorter than with N2 as is indeed
the case.

Table IV gives the observed values of exchange probabilities
compared with the theoretical indications of the theory of Herzfeld
and his collaborators.‘i5)

TABLE IV

Reaction P (obs) P (cale)
NO (» = 1) - cO (v = 0), etc. 25 X 10-5 17 X 10-6
NO (b = 1) + N2 (b = 0), etc. 4 X 107 15 X 10-7

It was further shown that the inclusion of CO in a mixture of
NO and N2 greatly facilitates the attainment of equilibrium between
the species to an extent in agreement with the observed kinetic
factors.
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IV. Vibrational excitation by secondary photochemical processes.

Reactions of oxygen atoms.

The vibrationally excited species which have been so far con-
sidered originale, one way or another, directly from the primary
photochemical process. The methods of kinetic spectroscopy have
however, also brought to light a wide range of secondary reactions
resulting from the transient products of photolysis which give rise
to highly vibrationally excited products, but which are otherwise
cold as regards translation and rotation. In 1955 McKinley, Garvin
and Boudart <16> demonstrated that the reaction between hydrogen
atoms and ozone gives rise to vibrationally excited hydroxyl radicals
which they detected by infra-red émission. Almost simultaneously,
Lipscomb, Norrish and Thrush <17) examined the well known photo-
lytic reactions of chlorine dioxide and nitrogen dioxide by kinetic
spectroscopy and showed the production of highly vibrating oxygen
molécules, with up to eight quanta. The quantum vyield for the
nitrogen dioxide reaction is a maximum of 2 and of the same
order of magnitude for chlorine dioxide.<1®) jhe excited oxygen
can only have its origin in the secondary reactions of the schemes

C102 + fiv y ©<=+o0 1)
(0] + ClO2 = CIO + O2* (+ 61 kcal) &)
CIO 4+ CIO := CI2 -1- O2 )
NO2 + hj = NO + O (4)
(0] + NO2 == NO -L 0o2* (+ 46 kcal) (5)

with vibrational levels of eight quanta corresponding to considerably
more than half of the exothermic energy of the reactions. More
recently Basco and Norrish have observed the 9th, I0th and lith
vibrational levels of O2* produced in the photolysis of nitrogen
dioxide, corresponding to the whole of the exothermic output
of the reaction. In Figure 12 (see p. 125) is shown the decay of
vibrationally excited O2* produced by the photolysis of CIO2. The
oxygen spectrum observed consists of an extension of the Schumann
Runge spectrum into the quartz ultraviolet. The reactions are
entirely isothermal and the rotational fine structure shows that the
vibrationally excited molécules are cold rotationally and therefore
translationally, while the vibrational structure indicates a tempér-
ature of many thousands of degrees K. We thus have a unique
source of highly vibrating molécules uncomplicated by the effects
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Fig. 12. — Formation and decay of vibrationally excited oxygen by photolysis of CIO2, shown in absorption by Schumann Runge bands.






of high température which naturally invites the study of molecular
relaxation by collision. In preliminary experiments of this kind,
using chlorine dioxide the effect of added gases on the rate of decay
of the vibrationally excited oxygen molécules from the 6th to the
5th level was estimated photometrically, the analysis of the results
involving also the effects of reactant and the product CIO. In
Table V are given the results compared with those of Kneser for
the 1—>-0 transition which were obtained by ultrasonics.<20)

TABLE V
Number Number Nearest
Deactivating of collisions of collisions vibration
molécule for for frequencies
deaetivation deaetivation (cm 1)
6"N5 1~N0
He — 15 X 10? —
Ar 10r — _
N2 107 105 2359
02 — 5 X 105 —
co2 7000 25000 1286, 1388
ClO 2000 — 868
C102 2000 — 945, 1106
No2 500 — 1320, 1621
CcoO — 8500 —
H20 — 400 —

Oxygen frequency interval 6->-5 = 1440 cm '

There seems to be some corrélation between probability of
deaetivation and closeness of corresponding vibration frequencies
in the case of CO2 and NO2 and possibly some spécifie action of
the radical CIO, and the ClO2 molécule, which may be due to un-
saturation. These conelusions can only be tentative as the data
are approximate and incompléte; they suggest however that réson-
ance with the deactivating species may play its part.

The results with ClIO2 and NO2 suggested that by analogy the
photolysis of ozone might well give rise to vibrationally excited

127



oxygen molécules. This proved indeed to be the case; using pure
ozone with added inert gas McGrath and Norrish <21) found it to
give up to 17 quanta of vibration, with no rise of rotational tempér-
ature (Fig. 13, see p. 129).

Ozone is photolysed both by orange light and by ultraviolet light
below 2500A. In the former région the quantum yield is 2,<22i
while in the ultraviolet a short chain reaction is observed with
quantum vyield up to 8.*23) Classical studies had indicated the
following scheme for photolysis in the ultraviolet ; *24)

03 HV =02 +0 (6)
O + 03 := 02+ O )
O+02 1M =03 +M (8)
02* + 03 == 02 + 02+ 0 9
0O+0 M = O 4 M (10)
O + wall = 1/202 (11)

The simplicity of the System uniquely requires this formai scheme
for propagation, in which the excited oxygen molécule plays an
essential part but the nature of the excited oxygen molécule was
not specified, though it was generally assumed to be some electron-
ically excited State. On the basis of flash photolysis it is now
identified as the vibrationally excited oxygen molécule containing
more than 17 quanta. This conclusion is based upon the déduction
that the oxygen atom generated in reaction (6) must be in the
*D State — the first excited State lying 45 kcal above the 3p ground
State, as will appear later; and also that the chain reaction in the
ultraviolet is propagated by >D oxygen atoms, because no chain
reaction occurs in the photolysis by orange light where magnitude
of the light quantum is only sufficient for the génération of 3P atoms.
Reaction (9) involving 'D oxygen atoms is 69 kcal endothermie
so that the excited oxygen molécule must bring 69 kcal or more
to the reaction. More recent work of Basco and Norrish *25) has
shown that vibrationally excited O2* molécules may be seen faintly
up to 20 quanta corresponding to 73 kcal. The agreement is
sufficiently close; we should expect that ail oxygen molécules with
17 quanta or less of vibration to be ineffective in energising reac-
tion (9) . they must therefore decay by normal relaxation processes
and are visible by kinetic spectroscopy. Higher vibrational levels,
however, which carry sufficient energy for reaction (9) react so
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SCHUMANN-RUNGE AESORPTION SPECTRUM OF VIBRATIONALLY EXCITED OXYGEN,

PRODUCED DURING THE FLASH PHOTOLYSIS OF OZONE.

05 PRESSURE = 20 mm, Hg. 03/N, RATIO = 1/40.
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Fig. 13. Vibrationally excited oxygen produced by the photolysis of ozone.
FFlash energy @ 2000 J.
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Fig. 14 — Production of excited hydroxyl by reaction of O!D with water.



rapidly that they are not seen, except that the threshold between
17 and 20 quanta is slightly diffuse as the probability of reaction (9)
rises from zéro to unity.<2i5) It is significant that reaction (7) involv-
ing ID oxygen atoms is exothermic to the extent of 138 kcal so that
vibrational levels of O2* up to the limit of dissociation of oxygen
can theoretically be generated.

The Chemical proof that the oxygen atom in the above reactions
is in the iD State lies in the fact that when ozone is flash photolysed
in the presence of increasing small quantities of water vapour, the
spectrum of the vibrating oxygen molécules is progressively sup-
pressed and replaced by the absorption spectrum of OH (Fig. 14,
see p. 130). Heidt and Forbes (27) had shown by classical methods
that the quantum yield for the photolysis of ozone in the presence
of water could be as high as 130, as compared with a maximum of
8 for dry ozone. Clearly the mechanism of chain propagation is
altered, and on the basis of the observation of the hydroxyl radical
in our experiments we may postulate the chain mechanism

03 “F — 02 “FO (6)

O + H20 = OH + OH (12)

OH “F O3 = HO2“F O2 . (13)
| Propagation

HO2 + O3 = OH + 202 (14)

followed by chain ending by intercombination of radicals.

This scheme satisfies the kinetic findings of Heidt and Forbes
and explains the appearance of the OH radical in the flash photo-
lysis results. But if reaction (12) is to take place it must be exo-
thermic and this is only possible if the oxygen atom is in the (D State.
We héve

O3P-FH'O = 2 0H —11 kcal (12a)
OiID + H»0 = 2 OH +34 kcal (12b)

The appearance of OH thus clearly proves the excited character
of the oxygen atom and shows the reaction with water to involve
a compétition between reactions (7) and (12h) with the latter pre-
dominating as the pressure of H2O increases and a progressive
replacement of the spectrum of O2* by OH. It is significant that
water has no effect on the ozone photolysis in the orange where
only 3p oxygen atoms can be generated; the quantum yield remains
unchanged at 2.
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Further reactions of O'D.

The experiments described above with ozone and water suggested
other possibilités for the reaction of the O*D atom. Basco and
Norrish 28) studied the following, using pure O3 at 4-6 mm, highly
diluted with nitrogen to maintain the reaction isothermal and
varying low pressures of the second reactant. The following reac-
tions were readily demonstrated :

OID-fH2 = OH-bH + 44 kcal (15)
oD -I- HCI = OH -b ClI + 45 kcal (16)
OID-I-NH3 = OH -b NH2 + 45 kcal @
0<D -f CH4 = OH -b CH3 + 46 kcal (18)

The OH radicals produced in these reactions, as in the reaction
between ozone and water are maximally excited vibrationally to
the extent of 2 quanta as seen in the example shown in Figure 15
(see p. 133).

A + BCD = AB* + CD.

Added to the photolysis of CIO2, NO2 and O3 described above,
and with the following reactions demonstrated by McGrath and
Norrish <29)

Cl -f- O3 = CIO* + O2 -b 19 kcal (29)
Br-b O3 = BrO* + 02 + O2 -b 40 kcal (20)
in which CIO* is vibrationally excited to the level of 5 quanta and
the BrO* to the level of 4 quanta, they formed the basis of our

généralisation <25> <30) that in the reaction between an atom and a
molécule, which may be represented by

A + BCD = AB* -b CD

the molécule AB with the newly formed bond, may take a high
proportion of the exothermic energy of reaction in the form of
unequilibrated vibrational energy.

This généralisation is confirmed by the work of McKinley, Garvin
and Boudart <16) referred to above, and by the work of Cashion
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5 The flash photolysils of ammonia/ozone mixtures
Ozone pressure = 6 mm. Hg; ammonia pressure = 4 mm. Hg; nitrogen
L .
pressure = 200 mm. Hg. Flash energy = 1600 Joules
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Fig. 15. — Production of excited hydroxyl by reaction of O!D with ammonia.






and J.C. Polanyi <3i> <32) who using the same method of observing
the infra-red émission spectrum claim the reactions

H-bcCrz =HCIK+ Cl +45 kcal (21)
H + Br2 =HBr* + Br +41 kcal (22)
H+ HO2 =OH* +OH +38 kcal (23)

with 6, 5 and 1 quanta of vibration respectively for the HCI, HBr,
and OH.

These results invite theoretical examination and so far two fruit-
ful approaches have been made. Polanyi <33) has considered the
problem from the point of valence bond résonance, and for reaction
between an atom and a diatomic molécule his hypothesis is suggestive.
He concludes that for the reaction

A+ BC = AB + C

almost the entire beat of reaction will appear as vibrational energy
in the bond AB. The transition complex is considered to be most
stable when the two résonance forms

AB —C
A —BC

have equal energy. In an exothermic reaction the bond strength of
AB is greater than that of BC, the internuclear séparation (A — B)
in the complex will be greater than in the isolated molécule, while
the internuclear distance B — C wiill be that of the isolated molécule.
Since the energy of the complex is considered to be only 5 ®§ 5 kcal
greater than that of the two résonance forms and assuming the
probability of transfer of an appréciable amount of energy to C
to be very small the molécule AB will be formed with nearly ail
the energy of reaction in vibration. Besides indicating molécules
of AB possessing nearly ail the beat of reaction as vibrational energy,
the hypothesis requires ail the molécules to be formed in the highest
observed vibrational State. Polanyi considers that the energy dis-
tribution observed corresponds to a System relaxing from a high
vibrational State, and restricted to the cases H + CI2 and H + Br2
as well as H -b O3 his conclusions appear plausible. They are not
confirmed however by the reaction O -f H2 where only about half
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the exothermic energy can be observed in vibration. Nor is il
apparent to what extent the model applies to the more general case

A + BCD = AB -f CD

where the probabuity of energy transfer between AB and CD may
well be higher, resulting in the production of some molécules AB
with appreciably less than the maximum possible vibrational excit-
ation. We need also to know more about the process and speed of
relaxation of highly vibrating molécules produced exclusively at a
single level . evidence presented earlier in this paper indeed suggests
that this is a comparatively slow process and observable by kinetic
spectroscopy.

For a non linear molécule BCD one would expect that some
fraction of the energy would appear as rotational energy of AB and
CD, as also should be the case for an oblique collision of an atom
with a linear triatomic molécule, but since rotational relaxation is
so rapid it could not be observed by any method at présent at our
command.

Smith’s approach <34) to the problem postulates a definite maxi-
mum value for the transfer of beat of reaction to vibration which is
limited by a kinematic factor sin”p where (3 is the angle of rotation
required to take a co-ordinate System describing the reactants into
one describing the résultants. This dépends only on the masses
~A) B> Mc, Mp of the atoms and was calculated for the reac-
tions

and

M~ (Ma+Mc)

This model predicts accurately for the reactions H4-O3 and H+CI2.
It was claimed to predict for the reaction O + NO2—>- O2* + NO,
but now that we héve observed the 9th, I0th and llth vibrational
levels its agreement with the 8th level must be considered inadéquate.
Similarly the agreement of the theory with experiment in the case
of ozone cannot be accepted since the exothermicity of the reaction
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was calculated for the reaction of the OMP atom, whereas we have
seen that it is the O”D which is involved. Further, our evidence
described above is strong in favour of oxygen molécules with more
than 17 quanta reacting so rapidly with O3 by the reaction

O2* + O3 = OiID + 202

that except for a trace of vibrational levels 18, 19 and 20 they do
not appear in the flash photolysis experiments rather than their not
being produced.

It would further appear that the values of sin®p for reactions
of the type
OiD + RH ™ OH* + R

described above are insufficient except in the case of H2 for the
observed production of the excited OH radical.

In a recent private communication from Dr. D.L. Bunker in-
volving a more generalised treatment of Smith’s approach, he States
““... that when the Smith treatment is generalised by lifting the
restriction that collisions be collinear, it becomes apparent that the
fraction being calculated [i.e. of energy transferred to vibration of
AB in the reaction A + BC] is more nearly a lower limit than an
upper ”’, he concludes *“ that observations concerning these reac-
tions must therefore be reinterpreted as follows. Appearance of
vibrational energy in excess of the amount calculated from the one
dimensional Smith model is always to be expected if the reflexion
approximation for the motion of the représentative point is a
realistic one. Appearance of vibrational energy less than the amount
calculated may mean that the reflexion approximation is a poor
one or that not ail the beat of reaction is released as kinetic energy
during the approach of the reactants, or that the observations have
been made after some vibrational relaxation of the observed species
has occurred .

Here the matter may be left for the présent.

Y. Electronic excitation and deactivation.

In 1921 Klein and Rossland <"5) following the experimental studies
of Franck and Hertz <36) on atomic excitation in gaseous discharge
lamps distinguished inelastic collisions of the “ first ”” and “ second
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kinds. The former conception was derived from the observation that
collisions between électrons and atoms in the discharge tube remain
perfectly elastic until a certain critical potential gradient is reached,
when radiation characteristic of the first excited electronic State of
the atom is emitted. For the mercury discharge lamp this potential
gradient corresponds to an electronic energy of 4.9 ev, for the
hélium discharge lamp 21 ev. The whole of the translational energy
of the électron is absorbed by the atom, and corresponds precisely
to the light quantum emitted by the excited atom. If the energy of
collision is greater than the critical, the excess remains as trans-
lational energy of the atom and électron. The concept of such in-
elastic collisions of the first kind was extended to include critical
collisions between atoms radicals and molécules which can give rise
similarly to molecular or atomic electronic excitation.

By the principle of microscopie reversibility Klein and Rossland
postulated inelastic collisions of the second kind, in which an
electronically excited species on collision can transfer its energy.
Cario and Franck <37) showed that excited mercury atoms in the
3Pj State can transfer their energy to thallium atoms producing
electronically excited thallium or can bring about the dissociation
of hydrogen on collision :

Hg* -f H2 = Hg + H -f H.

There is close agreement between the energy of the excited mercury
atom, and the energy of dissociation of hydrogen.

Such reactions form the basis of a large number of photo-
sensitised reactions. The deactivation of such excited species by
collision is often found to dépend on the ability of the colliding
body to take up the energy as vibration but this in turn may be
influenced by the forces of Chemical affinity, and by the possibilities
of résonant exchange. We will now consider some examples of
processes to which | héve referred above.

Inelastic collisions of the first kind.

The simplest case must occur when electronic excitation or ion-
isation accompanied by radiation is produced in simple gases at
high températures and which becomes apparent when sufiicient
thermal collisions reach the critical value. Such températures in
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general must be very high and though they may be generated in
détonation waves of explosion and in shock waves it is not always
easy to distinguish such thermal radiation from chemiluminescence.

Apart from the study of gaseous discharge lamps, a more pro-
mising opportunity for the study of collisions of the first kind is
afforded by the production in fiames of electronically excited species
in amounts exceeding those corresponding to thermal equillbrium.
This is donc by the addition of traces of metallic éléments as salts
to premixed fiames of hydrogen or hydrocarbons with air or oxygen,
and has been studied quantitatively over the past ten years by
Sugden <38) and his collaborators. Chemiluminescent émission in
the visible or ultraviolet results, and three main mechanisms of
excitation have been revealed :

(i) The burnt gases of these types of fiame contain hydrogen and
hydroxyl radicals and these can excite metallic atoms by

H+H +M = H2 +M*
H+ OH+ M = H20 + M*

the former reaction providing 103 and the latter 118kcal/mole for
the excitation of the metallic atom M.

(i) Simple molecular species may be produced in electronically
excited States under similar conditions, e.g.,

Cu +H + X = CuH* + X
Mn + OH + X = MnOH* + X

where X is any third body.

(iii) Very highly excited species can be produced in the reaction
zones of hydrocarbon fiames with energies of excitation up to at
least 170 kcal/mole. These are thought to arise from reactions
such as

CH + O + Fe = CHO + Fe*

with nearly 200 kcal/mole available for excitation.

Al excited electronic species are quenched by collision in fiames
with an efficiency of not less than 1 in 100, but accurate and compar-
ative measurements have yet to be achieved.
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Inelastic collisions of the second kind.

The simplest way in which the processes of deactivation of elec-
tronically excited species may be investigated, dissociated from the
complications of Chemical reaction, is by the study of the quenching
of the résonance radiation of a monatomic gas, for in such Systems
there is one process which is independent of collision, namely the
re-emission of the excitation energy as résonance radiation, while
by a suitable choice of the quenching substance we can limit at will
the processes dépendent upon collision, to the dégradation of elec-
tronic energy to thermal energy or to Chemical reaction.

Work of this type has been done on the quenching of the résonance
radiation of several atomic vapours, particularly that of mercury
(Stuart <39); Noyés <40>; Mitchell <4i>; Bates <2); Zemansky <43);
Evans <**¥) and sodium (Mannkopff <5); Winans <46> Terenin and
Prisleshajewa <47); Kisilbasch, Kondratiev and Leipunsky <48); Nor-
rish and Smith <49)). We shall compare here the results for the two
metals based in the case of mercury on the results of Zemansky
and of Bates, and in the case of sodium on the work of Norrish
and Smith. Until the work of the last two authors the data for
sodium were restricted to a few unrelated compounds : it is now
possible to make an extensive comparison.

Quenching of mercury in the first excited level 3Pj probably
occurs more often through transfer to the near metastable 3Pq rather
than to the ground level iSq. In contrast with mercury the first
excited level of the sodium atom is not associated with any meta-
stable State and quenching must of necessity resuit in a transition
direct to the ground State. The magnitude of the energy change is
so great that we may expect to find considérable différence in these
quenching processes and possibly some indication of the factors in
molecular structure which most influence the dégradation of elec-
tronic to thermal energy.

The effective cross section for quenching is a convenient quan-
titative measure of the quenching efficiency of a gas. It may be
defined as follows. The number of collisions per second per excited
atom, is given by the expression

Zq = 2na2 VQ27tRT(i/Mi + i/Mj)!
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where n is the number of molécules of foreign gas per cc, Mi is the
molecular weight of the atomic vapour, M2 the molecular weight
of the foreign gas and a is the minimum distance between centres
at which collision occurs. The value of which must be used in
this relation to give the number of collisions per excited atom per cc
required to account for the observed quenching assuming every
collision to be efficient is called the effective cross section.

The quantity measured experimentally in investigations on quench-
ing is the quenching ratio Q which is the ratio of the amount of
radiation emitted in the presence of foreign gas to that emitted in
the absence of it. Zq and consequently may be simply related
to the quenching ratio if it be assumed that the presence of foreign
gas does not affect the amount of radiation absorbed and if the
radiation emitted is proportional to the concentration of excited
atoms.

These conditions hold if the vapour pressure of the absorbing
atoms is so low that only primary résonance radiation is emitted
and if the effect of Lorentz broadening on the absorption line is
negligible and if there is no appréciable absorption or émission
stimulated by collision.

The ratio of the concentration of excited atoms in the presence
of foreign gas to that in its absence is controlled completely under
these circumstances by the probability of deactivation relative to
that of émission of radiation in unit time. This ratio is the quenching
ratio and in terms of the collision frequency Zq and the life time r
of an excited atom is given by the Stern-Volmer relation

Q = 1/(1 + tZq).

Since Zq is proportional to the pressure of added gas a linear
relationship between t/Q and pressure is indicated and can be
obtained in terms of Q, n, and ¢

The experimental methods dépend on the use of résonance lamps
to irradiate the fluorescence cell, and a double beam photometric
method involving visual or photometric recording to measure the
intensity of fluorescence in the presence of varions pressures of
added inert gas. Under the conditions of strong quenching only
small additions of quenching gas are necessary, and accurate values
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of Q and may be obtained, the absence of appréciable effects
due to trapping of radiation and Lorentz broadening being shown
by the linearity of VQ against pressure.

With weakly quenching gases, however, the values of are less
accurate due to the incidence of appréciable pressure broadening
at high pressures of quenching gas. The following table gives a
comparison of the results obtained for mercury and sodium.

TABLE VI

Comparison of quenching diameters for mercury and sodium.

Effective cross section X 10*6 cm2
Quenching
gas Na
Hg Hg .
A (Norrish
(Zemansky) (Bates) and Smith)
Inert gases Zéro Zéro Zéro
Methane.. 0.0596 0.059 0.11
Ethane ... 0.415 0.421 0.17
Propane.. — 1.60 0.2
Butane... 4.11 4.06 0.3
n-Heptane - 24.0 —
233 Trimethyl butane — 19.7 —
Cyclohexane...........c.cccuc.. - - 0.4
Methyl cyclohexane . . — - 0.55
Iso-octane — — 0.8
Nitrogen.. 0.192 - 145
Hydrogen 6.01 — 7.4
Carbon monoxide , . . 2.48 — 28
Benzene ... — 41.9 75
Hexadiene. — — 76
Styrene....... - — 78
Pyridine.. — — 104
Trimethyl amine. . _ _ — — 6.5
1.00 — —
2.94 — —
Carbon dioxide - - - . 2.48 — —
Ethylene — — 44.0
Propylene.. - — 52
Butene .. — — 58
Butene 2.. — — 58
Heptene L .. — 45.8 —
Heptene = 55.9

Zemansky has concluded that in ail the cases cited by him except
that of hydrogen the quenching of mercury takes place from to the
3Po metastable level, the energy différence of these two levels being
0.218 ev. This energy différence he correlates with the energy of the
two lowest vibrational levels of the quenching molécule. In ail
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these cases there is a fair agreement — within 25% and usually
much doser. There also seems from the results of Bates as well as
of Zemansky to be an increase in quenching probability with
molecular mass. In the case of hydrogen however quenching occurs
to the ground State with the dissociation of the H2 molécule. To
this must also be added the quenching by higher hydrocarbons such
as «-Heptane and 223 Trimethyl butane where photosensitised
dissociation to give H atoms and free radicals is known to occur.

With sodium on the other hand quenching must occur directly
to the ground State involving a change of energy of 2.094 ev. There
is no possibility here of résonance with vibrational modes of the
molécules and quenching gases can be divided into two groups — the
weakly quenching gases including the rare gases and the saturated
hydrocarbons, and the strongly quenching gases including nitrogen,
carbon monoxide, hydrogen and still more strongly the unsaturated
hydrocarbons, and benzene, and pyridine.

The varions values of the energy discrepancy for the saturated
hydrocarbons cannot be sufRciently different from those of the un-
saturated hydrocarbons to explain this pronounced différence in
quenching efficiency for sodium. It may be noted that the molécules
of the first group are inert and possess small external fields while
those of the second being unsaturated possess large external fields.
Apparently the sphere of “ quenching influence ”’ is somehow related
to the magnitude of the external field in the case of sodium. This
is in contradiction to Zemansky’s conclusion that the nature of the
external field has little influence on the cross section for the quench-
ing process, but he was dealing with the case of mercury where as
we have seen the quenching mechanism must be different in view
of the small energy transfer involved, and he had then no expérience
of the effect of highly unsaturated molécules.

On the border of the second group of efficient quenching agents
for sodium may be placed hydrogen, nitrogen and carbon monoxide.
Nitrogen and carbon monoxide may be regarded as possessing
potential unsaturation which will be made operative by the proximity
of a sodium atom. Along with hydrogen they probably suffer greater
distortion on the approach of a sodium atom than any other molécule
of the group as both hydride and azide are easily formed. While
this interaction brings about the conditions necessary for the tran-
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sition process it is considerably less effective than the unsaturation
conferred by the presence of a double carbon to carbon linkage.

The process of quenching has been considered theoretically from
a quantum mechanical stand-point.<50) it has been calculated on
the basis of hypothetical curves representing the potential energy
of the interacting particles that the effective cross section of the
process dépends on the nature of the interaction of the colliding
particles, on the relative velocity before collision and on the change
of relative energy on collision — that is on the différence between
the amount of energy the excited atom has to give and the quench-
ing molécule to receive. As with mercury we would expect the
effective cross section to increase with decrease of the discrepancy
between the différence of energy levels in the colliding molécules.
In the case of sodium the nature of the interaction between the
colliding particles would seem to be the prédominant factor, and
dépendent on Chemical constitution, for there can be no résonance
with the vibrational modes of the deactivating molécule.

The problem of the devising of models involving hypersurfaces
may be left for further discussion.

The relaxation and reactions of metastable electronic states observed
by kinetic spectroscopy.

The application of kinetic spectroscopy to the study of the growth
and decay of electronic States is limited to those metastable States
whose life times corne within the operational time scale of the appar-
atus. The life time of a normal electronically excited State is of the
order 10~8 sec, so neither its growth nor decay can be observed. But
with metastable States, of life times varying between 100-1000 p.sec
we have a ready means of observation. The most extensive work
in this field has been done by Porter and his collaborators <5i) in
connection with the metastable triplet States of organic (mainly
aromatic) compounds in solution, but because of the fondamental
simplicity of the reactant we shall first refer to the work of Callear
and Norrish <52) on the study of the reactions of the metastable
triplet State of mercury — Hg 6(3Po). By flashing mercury vapour
at 20 °C with continuous light Callear was readily able to populate
this metastable State and to observe its growth and decay in the
presence ofinert gases and other reactants by its absorption spectrum.
Since the excitation occurs by continuous light the addition of a
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high pressure of inert gas was necessary to pressure-broaden
the atomic lines. Thus by absorption of light on the wings of the
2537 A line an approximately homogeneous production of ~Pi atoms
was achieved in the reaction vessel, which by collision with the inert
gas were transformed to the metastable 3Pp state. By adding other
gases approximate values were obtained for the rate constants of
their reactions with Hg 6(3Pq).

The metastable atoms were detected by the following spectral
lines in absorption.

TABLE VII
XA Transition
4046 7(3Si) <-6(3P0)
2067 6(3D,) X- 6(3P0)
2753 8(3Si) X- 6(3P0)
2535 7(3D,) 7 6(3P0)
2378 8(3Di) “~ 6(3P0)

The strong line at 2967 was chosen for plate photometry and
an example of its growth and decay is shown in Figure 16 (see p. 147).
The mercury lines at 4047 and 2967 A appear weakly at first, build
up in intensity as the flash develops, and reach a maximum just
before the end of the flash. The decay occurs in the next few hundred
microseconds. At this stage the other lines listed above are also
observed fairly strongly.

Metastable atoms were detected in mixtures of mercury vapour
with nitrogen, water, carbon monoxide, and argon (very weakly).
With nitrogen the decay is unimolecular and independent of nitrogen
pressure. It was concluded that deactivation is entirely due to col-
lisions with ground state mercury atoms since there is no time for
diffusion to the walls, and the forbidden line 2637 A (6(3Po)—> 6(1Sq))
was not observed. The unimolecular constant is thus equal to
~4[Hg] and knowing the concentration of mercury vapour the bi-
molecular constant could be calculated. From this may be derived

the cross section for deactivating collisions as 22 x 10~i6cmz2,
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which is to be compared with 18 X 10-i6cm2 found by Coulliette
for the diffusion cross section of Hg 6(3Po). This corresponds to
deactivation at almost every gas kinetic collision, and may possibly
be related to the formation of a vibrationally excited triplet Hg2
molécule.

Metastable atoms were not produced by flashing mixtures of
mercury vapour in the presence of any one of the gases hydrogen,
carbon dioxide, oxygen, ethane, ethylene, nitric oxide, nitrous oxide,
and it is to be concluded that in most cases these gases react directly
with 2Pi atoms producing Chemical dissociation and ground State
mercury atoms, as is indeed known to be the case from the occur-
rence of a wide variety of photosensitised reactions based on the
Products. In the case of carbon dioxide and ethylene however triplet
States are probably produced, for triplet COz has an energy level
close to 4.86 eV corresponding to 4.9 eV for Hg 6(3Pi). With oxygen
electronic excitation is highly probable.

By adding the above gases at low partial pressures to mixtures
of nitrogen and mercury vapour, approximate values for their
rates of reaction could be determined, the order of reactivity being
N20=>C2H4=>=NO>H2=03=>C2He>H20=>C02>N2.  The reac-
tivity while following the same pattern as with Hg(”"Pi) is very much
less, yielding ““quenching” cross sections of the order 0.1 to
1.0 X 10“*6cm2 except for CO2 and H20O which are unexpectedly
inefficient and give values of the order of 10“i* cm2. Further work
along these Unes with more detailed measurements may be expected
to yield valuable information relating to the transfer of energy
from 6(2Po) mercury atoms, and electronic deactivation in general.

The triplet State in organic compounds.

The extensive work of Porter <5)) and his colleagues using the
methods of flash photolysis has clearly established the reaUty of the
triplet or diradical State in a wide variety of organic compounds
produced under the influence of irradiations and has made possible
the study of their decay and reactions. A normal organic compound
is usually in the ground singlet State, with no unpaired électrons
or free valency. The triplet States of such compounds may then be
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Fig. 16. — Growth and decay of Hg 6PPo) shown by the 2967 A absorption line.
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represented as generated by the unpairing of électrons to yield
diradicals of the type

H2C — CH2

formed from anthracene, quinone, ketones and unsaturated hydro-
carbons respectively. The triplet State consists of three levels corres-
ponding to spin combinations of 1, 0, and — 1, and in the case of
organic compounds where we are concerned with light atoms, they
are so close together that for our purpose we can regard them as
a single level.

Excited phosphorescent States of aromatic compounds and
dyestuffs in rigid solvents at low température had long been known,
and the phenomenon was first interpreted by Jablonski in terms
of transitions involving a metastable State of the molécule, which
later was interpreted by Lewis and his co-workers,<53) and by
Terenin <54) in terms of a triplet State. The Jablonski diagram <5
shown in Figure 17 forms the basis of ail subséquent interprétation.

-------------- TRIPLET 2

SINGLET Absorption of

Rodiationless  monitoring source
"Aconversion

Jik TRIPLET |
Absorption of
Fluorescence photolysis
flosh Phosphorescence
and

. Rodiationless conversion
GROUND STATE-

Fig. 17. — Jablonski diagram showing singlet-triplet relationship.
(Courtesy Prof. G. Porter).

Absorption of light, accompanied by fluorescence results from a
singlet-singlet transition as shown. The metastable lowest triplet
State is populated by a radiationless transition which must resuit
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from a Crossing of the potential curves of the excited singlet and
triplet States. The return of the first triplet State to the ground State
which as a forbidden transition is slow, is accompanied by phos-
phorescent émission, but it may also occur by a radiationless
transition. Lewis and Kasha observed the absorption spectra of
the first triplet State, corresponding to the transition triplet 1 -
triplet 2 for a large number of substances, and thus established
their energy levels and radiative life times in solid solution at low
températures.

The importance of the work of Porter and his co-workers lies in
the fact that they were able by flash photolysis to establish the
existence of the triplet States in solution and the gas phase at normal
room température. The first successful photograph which they
obtained by flashing a thoroughly outgassed 10~5 molar solution
of anthracene is shown in Figure 18 (see p. 151). The short lived
triplet 1 of life time about 200 p.sec is seen to be formed at the
expense of the anthracene whose concentration as shown by its
spectrum (first singlet) is seen to be temporarily depleted, and re-
generated as the triplet fades. Similar results have been obtained
for a wide range of aromatic hydrocarbons, ketones, quinone and
certain dyestuffs and in view of the short life of the triplet at normal
températures it is clear since no short lived phosphorescence is
observed that the return from the triplet to the ground State must
be conditioned by some other process, such as a radiationless transfer,
or collisional deactivation.

Oxygen is found to be a powerful inhibitor of triplet formation
and other inhibitors such as nitric oxide exist so that extreme care
in purification and degassing of solutions is essential. Working
under such conditions Porter and Wright <56) showed that the decay
rate for triplet naphthalene is predominantly first order but that
there is some contribution of a second order reaction, involving
triplet-triplet collisions. Since the déplétion of the singlet State can
be readily measured, the absolute concentration of the triplet State
at measured intervals after the flash can be derived and the absolute
values of the velocity constants obtained. Using solvents of varions
viscosity it was found that the rate of decay decreased rapidly with
increasing viscosity as shown in Table VIII, which is taken from
Porter’s Tilden <5i> Lecture, and A4 being the unimolecular and
bimolecular constants respectively.
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TABLE VI

Rate constants of triplet naphthalene decay in several solvents.

Concentration of naphthalene = 10"

Viscosity . .

Solvent (cp IOMNJAT] (sec i) 10-9*4 (I.m.-i s.-i)
«-Hexane . . . . 0.3 121 11 13 21 =x=0.6
Water................ 11 75 *=06 41 +1.2
Ethylene glycol . 211 0.97 L 01 0.22 + 0.03
Liquid paraffin ! 33.0 15 ho1 0.39 + 0.02
Liquid paraffin 2 167 0.31 =03 0.08 = 0.01

Porter concludes :

“ (1) The rate determining process of triplet State deactivation
in solution and in the gas phase in the absence of spécifie quenching
by other molécules is radiationless conversion to an iso-energetic
level of the ground State.

“(2) The transition is inhibited or prevented in viscous or rigid
media for the following reason. If a molécule is rigidly held in one
particular nuclear configuration it will oscillate back and forth
between the two electronic States, but will not be able to lose energy
since no conversion into kinetic energy can take place. It will
therefore remain in this configuration until energy is lost by radi-
ation.

He continues, “ It is interesting that the appearance of phosphor-
escence is then dépendent, not only on the spin-forbidden nature
of the radiative process but also on the configurational forbidden-
ness of the radiationless transition in rigid media. ”

It seems to be established that quenching may take place by
Chemical reaction, as is probably the case with anthracene which
yields with oxygen the trans-annular peroxide, but it has also been
found that paramagnetic substances in general such as NO and
paramagnetic ions of the first transition sériés and rare earth sériés
are efficient deactivators. It has been suggested that the process
involves a complex formation which dissociates into the ground
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singlet State and the unchanged quencher without violation of the
spin conservation rules.

Finally résonant transfer of electronic energy from one molécule
to another of the type

A*(Triplet) + B(Singlet) —A(Singlet) + B*(Triplet)

has been identified by Porter and Wilkinson in solution as an efficient
process, an example being the transfer of energy from triplet benzo-
phenone to naphthalene in benzene solution.

There can be no doubt that the study of the energy relationships
of the triplet States of organic compounds particularly in solution
is of paramount importance to the understanding of the mechanism
of many reactions. Further work in this direction is proceeding as
for example the studies of radiationless transfer from the triplet
State by Hoffman and Porter.<57) It seems likely that triplet tran-
sients, as do free radicals, may well play their part in thermal as in
photochemical processes and if this is so many interesting possibilities
will be opened up, as in the case of sulphur dioxide at high tempér-
ature. <7

VI. Drierstoss. Atomic and radical recombination.

The recombination of atoms and simple radicals is well known
to require the intervention of a third body. In a direct recombin-
ation such as

X-I-Y = XY*

most of the energy of recombination is taken up by vibration, so
that unless the association complex is stabilised by the intervention
of a third body to remove the energy, it will dissociate. In rare
cases the complex XY* may be formed in an electronically excited
State which can stabilise itself by emitting a large part of the energy
of recombination as radiation — the so-called recombination con-
tinuum as described for the reaction

CO -k O = CO2* CO2 -f Av
by Laidler,<58> and for the reaction
S-I-O0 = SO* SO

by Norrish and Zeelenberg. <59>
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Such continua are possible if the excited complex exists in a
répulsive State, so that transitions to the lower stable electronic
State involve continuons émission. Cases of this kind may however
be more frequent than is realised, and careful examination of atomic
or radical reactions for chemiluminescent émission of this kind,
especially in the ultraviolet, might well be rewarding.

For the stabilisation of an excited complex by ternary collision
the process can be divided into two stages, — the meeting of two
particles to form an excited complex, and its subséquent or simul-
taneous reaction with a third. Since no collision can be regarded
as truly ternary, the second stage must occur within the life time of
the excited complex, — probably the time of one vibration, say,
103 to 10“i4 sec.

The matter has been considered from the kinetic stand-point by
Noyés and Leighton,following Rabinowiteh who distinguish
two possibilities. In the first the complex may be formed between
the recombining particles, and the stabilisation subsequently effected
by the third body according to the sheme

h
X-\-Y XY*
n2
Ki
XY* + M~ XY + M.

This yields the kinetic resuit
AMXY) N kik3(X)(Y)(M)
dt Kkl + k3M

and it is seen that if Ki is large compared with k3M the reaction will
be first order with respect to each of these reactants, but second
order if k3M is much greater than Kki-

The second process involves the formation of a transitory complex
between one of the combining particles and the third body, which
then reacts with the second particle, as represented by the scheme:

kl*
X -1-M XM
KI*

Kk~
XM +Y XY + M.
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The rate of recombination is given by

AXY) N AFAS(X)(Y)(M)

dt K™+ k~{Y)

and the rate will be first order with respect to M under ail conditions
and independent of Y if ki is small.

Assuming sec as the life time of the excited complex, the
“ ternary collision ” must be achieved within this time and it may
readily be shown kinetically that the ratio of such ternary to binary
collisions is of the order 1/100 or 1/1000 at 300 °K at one atmo-
sphéere pressure, and that this ratio will be directly proportional
to the square root of the absolute température. The same resuit
was originally obtained empirically by Bodenstein «%2) who, with a
keen insight into the problem, took the ratio of ternary to binary
collisions as equal to the ratio of the binary collision diameter to
the mean free path in the gas.

The most available data based on classical methods of kinetics
apply to the recombination of bromine and iodine atoms. Ritchie,<63)
and Hilferding and Steiner derived their measurements from the
kinetics of the photochemical formation of hydrogen bromide from
its éléments in the presence of added gases. Rabinowitch and
Wood <65 studied directly the photochemical equilibrium of the
reaction

X2 -f/lv ;f£ X + X

in the presence of varions third bodies (M) by an optical method.
Table IX, derived by Noyés and Leighton,<60> gives the ratio of the
number of recombinations to binary collisions as calculated from
their results, taking the collision diameters for bromine as
45 X 10“8 cm, and for iodine as 5.2 x 10~8 cm.

In general the order of magnitude predicted by the simple kinetic
theory is confirmed and the order of efficiency is in general the same
as for the quenching of fluorescence, those molécules which can
take up energy only as translational energy being much less efficient
than those which conceivably absorb it into vibrational degrees of
freedom.
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TABLE IX

(After Noyés and Leighton.)

No. of X2 molécules formed
No. of biniolecular X + X collisions
for T = 300 °K and (M) = 245 x molecules/cc.

Values of ratio

Other cases of stabilisation by ternary collision may be cited
though data are sparse; Griffiths and Norrish ‘66) studying the
décomposition of nitrogen trichoride photosensitised by chlorine
showed that the chain length is depressed to a limiting value of 2
by the addition of inert gas. This was interpreted quantitatively by
the expression for the quantum yield y

The expression readily explains the course of the reaction on the
basis of reaction chains which have their inception from chlorine
atoms formed in the gas phase and their conclusions through some
ternary collision in which both nitrogen trichloride and a third
body participate. This is believed to be the stabilisation of the
complex NCIl. by the reaction

NCI, + CIl + M = NCl. + M.
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Table X shows the values for kx when the pressure of chlorine P/
and of inert additive P* are measured in millimeters Hg.

TABLE X
kx
HEIUML...oi s 0.00093
AATGON ettt s 0.0016
NItrOgeN......oi 0.0017
OXYGEN ...t 0.0025
Carbon dioXide..........ccociiiiiiiiiiiiiiic 0.0038
ChIOFNNE. ... 0.0038

These may be compared with the values of Dodd and Steacie «*7)
for the reaction
CHs + CHs + M = C2H6 + M

who by determining the pressure dependence of the reaction deduced
with reserve the following relative values for the efficiency of the
third body.

TABLE XI
AATGON..oociee et 0.03
Carbon dioXide...........cccoiiiiiiiiiiiii e 0.03
Fluorobutane.............ccccociiiiiiiiic 0.2
Fluoroheptane...........ccccovciiiiiiiiiic s 0.3
ACETONE......ooiiie s 1.0
Ethane ... 1.0
Acetaldehyde...........cccoiiiiiiiiiiiiic 3.0

With increase in complexity of recombining radicals, the need
for third body stabilisation must rapidly decrease, since it is to be
expected that stabilisation by internai vibrational degrees of free-
dom will take its place.
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Specificity in ternary recombination.

Finally we may refer to reactions which involve a remarkable
specificity of three body collision mechanism, as shown by classical
kinetics. The photosensitised décomposition of ozone by chlorine
studied by Norrish and Neville «6S) jg a chain reaction involving
the propagating steps :

Cl +03 = CIO + 02
CIO + 03 = CIO + 202

This has recently been confirmed by kinetic spectroscopy. The
chains are terminated by the reactions

CIO + CIO = Cl2 + O2
Cl+ O3+ M = CIO3 + M.

The latter reaction takes place predominantly when the concen-
trations of chlorine and oxygen are relatively high and gives rise to
the short lived red vapour CI206.

The important point is that the third body is represented only
by Cl2 or O2, the effects of nitrogen and carbon dioxide being un-
observable in comparison. This apparent specificity was explained
by supposing that short lived complexes (sticky colhsions) are
formed between chlorine atoms and the third body, represented by
CI3 and ChOO. CI3 as a transient complex has been postulated
theoretically by Rollefson and Eyring,”® and by Lehner and
Rollefson in connection with the photosynthesis of phosgene
where it may well act kinetically in a spécifie manner for the pro-
pagating reaction

Cl + CI2 -h CO = COCI + Cl2

The application of flash photolysis to the problem of atom recombin-
ation.

The study of the recombination ofiodine atoms by kinetic spectro-
scopy was first made by Christie, Norrish and Porter using a
spiral flash lamp surrounding a linear double walled quartz reaction
vessel protected by suitable light filters and containing iodine at
very low pressure (ca. 0.1 mm), and varying high pressures of inert
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gases. The molecular iodine concentration was strongly depleted
by the flash due to dissociation, and the rate of recombination of
iodine atoms could be measured by the rate of return of the 12
spectrum. This was achieved by a monitoring beam of light from a
tungsten lamp which passed through the length of the reaction cell
and was recorded by a photoelectric cell and oscillograph. On
operating the photoflash the time base of the oscillograph was
triggered and the oscillograph trace provided a measure of the growth
and decay of iodine atoms. Calibration of the iodine atom concen-
tration in terms of trace deflection was carried out by determining
the relationship between a microammeter reading and trace deflec-
tion, and between microammeter reading and iodine concentration
for each mixture used in the rate déterminations. Extension of this
Work by Christie, Harrison, Norrish and Porter, in which dis-
turbing magnetic effects were eliminated, and the disturbance caused
by slight température inhomogeneity was allowed for, gave good
second order constants for the recombination of iodine atoms,
and yielded the third order rate constants for the five inert gases
as follow :

TABLE XII
M ~ He Ne A Kr Xe
1032Atm (ml.2mol.*2 5-1) 0.67 0.92 1.84 2.25 2.99

Measurements by other authors for argon gave confirmatory
values for the termolecular recombination at room température :

1032/:(ml.2mol.~2sec~>)

Marshall and Davidson  ............... 2.32 + 0.22
Russell and Simons  ......ccccecvevieenn. 2.00 &= 0.10
Strong and Willard <"5)........cccccceevnnneenn. 1.60 = 0.05

1.47 = 0.04

Comparison of these values with those of Rabinowitch and Wood
using the steady State method referred to above was very satis-
factory; in the same units they found for argon 3.4 = 0.3 x 10~32.

From the work of Christie, Harrison, Norrish and Porter how-
ever there emerged a further important point, — namely the powerful
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third body effect of the iodine molécule. Compared with the value
of the termolecular constant for hélium of 0.67 x 10-32~ that for
iodine was found to be 470 < 10~ and even though the pressure
of iodine was very small, it exerted a significant effect on the reac-
tion rate.

This powerful effect of the 12 molécule may be explained by the
formation of an 13 complex of considérable life : such a complex
may be regarded as a “ sticky ” collision between 1 and 12 and
greatly increases the probability of stabilising ternary collisions.
We have

I+ 12 = I3
I3* +1 = 212

A spécifie stabilising effect of the same kind was attributed to
bromine in the recombination of bromine atoms by Givens and
Willard who later studied the analogous reaction by flash
photolysis.

These results of spécifie stabilisation are to be correlated with
the ““sticky collisions »* of chlorine and oxygen already referred to
above in connection with the ozone photolysis and the spécifie
effect of chlorine on the photosynthesis of phosgene.

Température effect.

Whereas it has been concluded on kinetic grounds by Noyés and
Leighton as stated above, that the ratio of ternary to binary collisions
should be proportional to the square root of the pressure, it has
been found experimentally that ternary recombination reactions
show a small négative température coefficient. This was confirmed
by Russell and Simons for example, who found that the velocity
of recombination of iodine atoms at 127 °C is approximately
0.4 times the velocity at 20 °C for six different additives. The work
of Russell and Simons, which covered a wide variety of third bodies
and showed an enormous différence in the stabilising power of
different molécules (from 0.94 X 10“32mi2mol~2sec*i for hélium to
224 X 10~32 for mesytelene) appears to the writer to emphasise the
importance of an increasing number of degrees of freedom within
the stabilising molécule. They were however able to correlate their
results with the molecular force fields of the stabilising molécule
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and to show parallelism between the corresponding boiling points
and critical températures.

In the opinion of the writer however it must be said that where
complex hydrocarbons, and other organic species, are considered as
third body, much caution must be exercised in view of the possibility
of Chemical reaction with iodine atoms.

The Work of Russell and Simons has been extended more recently
by Porter and Smith who have measured the third order con-
stant k and the négative température coeflBcient for a sériés of third
bodies. The following table is extracted from their results, assuming
K = Ae-E/RT.

TABLE XIlII
Quenching gas 1032A: — E (kcal/mole)
HeElum. ... 0.84 0.4
AIrgON.. ... 1.64 13
OXYQeN....coviiiiiciiisee e 3.72 15
Carbon dioxide.......................... 7.41 1.75
Benzene ... 43.9 1.7
Toluene........ccoovviiiiiiccc, 107 2.7
Ethyl iodide........cccccoviiiiininins 144 2.4
Mesytelene.........c.cccccvvveinenen, 223 4.1
lodine.........ccocoiiiiiiiis 760 —

Following Russell and Simons, Porter and Smith adopt the second
mechanism of Noyés and Leighton, in which the stabilising molécule
first makes a transitory complex with one of the combining atoms.
If it be assumed that the reverse reaction of

1+ M IM

is so rapid {ki is large in Noyés and Leighton’s scheme) that equi-
librium is maintained, then the négative température coefficient.
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and also the fact, confirmed by them, that higher ternary recombin-

ation rates should be associated with more négative coefficients
are explained.

However, the van der Waals type interactions in the complex IM
envisaged by Russell and Simons are too low to give the bonding
energy necessary to account for the magnitude of the négative
température coefficients of Porter and Smith and the authors are
driven to postulate a charge transfer complex between the stabilis-
ing body and the iodine atom. They examine their conclusions on
a theoretical basis but it seems clear that much more experimental
Work is required before any généralisation relating to the mechanism
of recombination of atoms can be established. It is to be expected
that this will be achieved by the application of methods depending
on shock wave techniques and kinetic spectroscopy.

It will be obvions to those who have penetrated to these last
paragraphs that our approach to the problem of energy transfer
between atoms and molécules has been Chemical and empirical. In
handing on the torch to my younger friends and colleagues, | can
only express the hope that some experimental results have been
presented which may be worthy of further investigation, both
experimentally, intuitively and mathematically. This is in no sense
meant to be an authoritative or a complété review, but | hope that
the expérience of some forty years of photochemistry may héave
been presented with some measure of intégration in so far as our
main topic is concerned. In re-reading the manuscript | am hopeful
that it has something in commun with the ““curate’s egg If that
is so and if anything | have written should give rise to further thought
and expérimentation | am well rewarded.

In conclusion | wish to thank ail those collaborators whose work
I have cited, and many whose work has not been referred to; if it
should appear that | have misrepresented their views, | can only
ask them to remember our unresolved discussions. For them
tomorrow is another day and the world of research is wide open.
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Discussion du rapport de M. Norrish

M. Herzberg. — | should like to supplément Prof. Norrish’s
report by a few remarks on the relaxation of electronically excited
species, also observed by means of the flash photolysis technique
first developed by Norrish and his collaborators. While our
interest at Ottawa has been mainly on questions of the structure of
free radicals, we hadve made some qualitative observations on energy
transfer involving electronically excited species which may be of
interest in connection with Prof. Norrish’s account.

We héve shown that the free methylene radical (CHz) has two
low-lying electronic States : a triplet State in which it is linear
and a singlet State (*A]) in which it is bent with an angle of about
105°. In the flash photolysis of diazomethane (CHz2N32), the CH:
radical is first formed in a highly vibrationally excited singlet State
(singlet because of spin conservation) in which it has only a lifetime
of a fraction of a microsecond before it décomposés spontaneously
into CH + H. The CHe:z radical is observed only if the diazomethane
is mixed with a large excess of inert gas (Ar, Nz, He, etc.). Collisions
with inert gas atoms or molécules remove vibrational energy in
the singlet State and thus stabilize the CHz molécules before they
have time to décomposé. Collisions can further produce a transition
of CH:z from the singlet to the triplet state, but since this transition
is spin-forbidden it requires a large number of collisions.

Singlet CH2 has a discréte absorption spectrum in the red as well
as the far ultraviolet part of the spectrum while triplet CHz absorbs
only in the far ultraviolet, near 1400 A. By observing the relative
intensities of the singlet and triplet features as a function of time
and of the mixing ratio, we can judge the way in which the triplet
and singlet concentration varies. We find that triplet CH:z persists
longest and that it is strongly favoured by higher mixing ratios,
that is, after a greater number of collisions. We conclude therefore
that the triplet State is below the singlet State. Unfortunately we
have not been able to déterminé the magnitude of the energy
différence but it is likely to be fairly small. As yet we have not found
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any great différence between various gases with regard to their
effectiveness in bringing about a singlet triplet transition. It
seems however significant that a singlet-triplet transition can be
brought about by a number of collisions of the order of 1000.

A number of Chemical experiments have already been made by
various investigators showing the different Chemical behaviour of
triplet and singlet CH2. For a better understanding of this behaviour
a more quantitative study of the triplet-singlet transfer would be
désirable.

Another interesting observation in the flash photolysis of diazo