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The kinetics of an elementary reaction step are discussed from the viewpoint of the stochastic theory of chemical kinet-
ics. The general form of the rate constant found in the stochastic approach is described and compared with the expressicn
from transition state theory. Whereas the stochastic theory predicts a rate enhancement in cases which are not adiabatic (in
the quantum mechanical sense), transition state theory, which is essentially an adiabatic theory of reaction rates, does not per-
mit inclusion of the effect. This effect can be expected to be of greater importance in cases of catalysis by structures, such as
enzymes, containing large numbers of vibrational degrees of freedom (particularly low frequency ones) than in cases lacking
such structures. The stochastic theory is more general than the transition state theory, the rate constant expression given by
the latter being obtainable from the former when restrictive assumptions, including that of adiabaticity, are -nade. Interpre-
tations of enzyn:z catalysis based on the transition state theory must thus be viewed as speculative.

1. Intreduction

The kinetics of enzymatically catalyzed reactions
have been discussed by many authors [1--8]. The argu-
ments for rate enhancement effects have generally
been made [1—6] within the framework of the expres-
sion for the raie constant provided by the transition
state theory (TST) [9] of chemical kinetics. As is well
known, this theory can be based on either of two sets
of questionable special assumptions (which will
henceforth be referred to as’the “equilibrium set” and
the “adiabatic set™).

There is, however, another approach to kinetics,
the stochastic method [10—19]. When the rate con-
stant for a reaction is formulated within the stochastic
theory, one obtains an expression which is not equiv-
alent to the usual TST result. In the present paper we
discuss a feature of the general stochastic theory rate
constant, which may be of importance in explaining
part of the rate accelerations observed in biochemical
reactions caialyzed by enzymes.

Gibbs [16] and Gibbs and Fleming [17,18] have ar-
gued that the stochastic theory rate constant is more
general than the TST expression. The first section be-
low discusses the stochastic theory rate constant and
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compares it with the TST result. By adopting the view-
point that TST is an adiabatic (in the quantum mecha-
nical sense [20] defined below) theory of chemical re-
actions, we are able to clarify the relationship between
the two rate constants and show that the stochastic re-
sult reduces to the TST. result under certain assump-
tions (which may be especialiy inappropriate in the
case of enzymatically catalyzed reactions). The suc-
ceeding section discusses the general form of the fre-
quency factor found in the stochastic theory and its
relevance for enzymatically catalyzed reactions. The
final section contains a brief comment on the expect-
ed range of validity of TST. It is noted that, whereas
the speculations of several authors concerning an im-
portant role of certain very low frequency vibrational
modes appear inconsistent with TST’s underlying as-
sumptions of adiabaticity and separability of the reac-
tion coordinate, they are admissable within the frame-
work of the more general stochastic theory.

2. The stochastic theory

Steady progress has beer. made in applying the sto-
chastic formalism to chemical reactions [10—19]. We
are particularly concerned here with the results of refs.
[16—18], whichk describe the rate constant of a single
elementary reaction step.
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The stochastic theory assumes the validity of a
“master” equation describing the transitions between
states of the reactants and products. A stochastic mas-
ter equation simply assumes that the flux of particles
leaving a quantum state is proportional to the number
of particles in that state. This proportionality is ap-
plied in refs. [16—18] not only to the reacting mole-
cules but also to molecules which merely interchange
energy in a given collision event with the reacting mol-
ecules. The latter are termed “reservoir’” molecules. If,
for example, A and B are two chemically distinct spe-
cies undergoing an internal conversion from one to
the other in a single transition and each is in contact
with “reservoir’” molecules which define the tempera-
ture, then the master equation expresses the net flux
from A to B, g g, as the difference between forward
and backward components [16]:
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Here, w(a,v;b,u) is the transition probability per unit
time thai a molecule of A in state a will proceed to
state b of B upon colliding with a set of reservoir mol-
ecules which make a transition: from collective state »
to collective state u. /V, and /Vy, denote the number of
reacting molecules in states a and b respectively; NV,
and A, denote the number of sets of reservoir mole-
cules in states » and p respectively. In the present case
the reservoir molecules may be thought of as solvent
molecules primarily.

The presence of a potential energy barrier between
reactants and products has the effect of rendering the
quantities w(a,»;b,u) equal to zero for all combined
states a,» which have aggregate energy significantly less
than the barrier height. Two limiting cases may be dis-
cerned. There might exist a high energy transition state
that is “long-lived” in the sense described in ref. [17],
undergoing many collisions with other molecules. Al-
ternatively, the high energy transition “state” may be
short-lived or transient, proceeding directly to prod-
ucts before undergoing collisions with any other mole-
cules. These iwo limiting cases are discussed in detail
in refs. [16,17].

For purposes of comparison with the TST result,
we choose an example of a bimolecular reaction pro-

ceeding through a short-lived transition “state”:
A]+A2 ?—-’B-(_-?C] +C2, (2)

B is the high energy transition ““state’ anrd is taken to
be the set of states above the potential energy barrier
dividing the A, A, and C;,C, species. Actually, we
treat two different types of reaction simultaneously.
if we take Ay and C, as a reactant and product respec
tively, we may either take A, and C, as co-reactant
and co-product, in which case we have assumed that
no reservoir molecules play a role in the reaction, or
we may take A, and C, as identical molecules of some
species playing exclusively a reservoir role. The former
viewpoint will facilitate the comparison of the stochas
tic result with the TST result; the jatter viewpoint will
provide a more realistic case for discussion of the in-
fluence of enzymes. For formal treatment of the gen-
eral case involving both co-reactants and “reservoir”
molecules, the reader is referred to ref. [17]. The rate
constant for the forward reaction (A—C) of eq. (2) is
given by [17]

Kac = Wag 2 exp[—B(Fg — F)]

= uﬂgc:szﬁzB/nglglqz- €))

Here Bis 1/k7, QA , Az »and Op are partition func-
tions (per unit volume) and F A,TB are free energies.
WAC 2, termed the frequency Tactor, is defined by

Wac 2= 27 {lexp(—BEy)1/Cg}

23,22
C1,C2

X S(Eal ar’ Eb! E +E )w(apaQsC]ac’)) (4)

where w(ay,a5;¢1,C3) is deﬁned similarly to the w’s
appearing in eq. (1). 8 (E, Eb, E  +E, ) which
arises from the requ1rement that energy be conserved
in each reactive event, is equal to one if E; +E Ey
=E_, +FE_. and is equal to zero othemlse 'I'hese Te-
sults eqsf%3) and (4), are obtained from eq. (1) by
employing the assumption that non-reactive collisions
are sufficiently more frequent than reactive ones to in-
sure that the number of molecules of each chemical
species Aj,A,5,Cy,Cy is partitioned among the energy
levels of that species in equilibrium ratio. For the sim-
ple special case described here, the derivation of the
form of the rate constant (egs. (3) and (4)) can be
siven without the cumbersome notation of ref. {17]
and is so given in the appendix to this paper.
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The right-hand side of eq. (4) contains summations
over the states of both reactants and products. The
quotient [exp(~£)1/Qy may be taken as normalizing
either the summations oVer reactant states ay,a, or
those over product states ¢;,¢; [16]. Two unnormal-
jzed summations remain, however. The entire sum
may thus be viewed as an average transition rate W, o
for high lying levels of A;, A5, C;,C, times an effec™
tive number € of states of the products that are cou-
pled to each state of the reactants or vice versa.

For reactions more complicated than eq. (2), such
as those involving both more than one reactant mole-
cule and also reservoir molecules which coniribute
energy to or receive energy from the reacting mole-
cules, the genersal forms of egs. (3) anad (4) remain the
same |17]. if the transition state is “long-lived” rather
than “short-lived”, the form of the frequency factor
changes, but it still contains an overall linear depen-
dence on an average iransition rate W and an effective
number of product states {2 that are coupled 1o 2 typi-
cal reactant state [16,17]. We also note that the rate
constants obtained from an exact solution [19]} of the
stochastic master equation for a specific model reac-
tion exhibit qualitatively the same dependence on W
and £2. For reactions proceeding through a high ener-
gy transition state it would appear, then, that the
stochastic method yields a frequency factor which is
a measure of both the strength of the coupling (W)be-
tween reactants and products and the effective num-
ber of (quantum mechanical) paths (£2) {0 products
from each reactant staie (or, equivalently, from reac-
tants to each product state).

We now consider the relationship of this stochastic
theory to the familiar TST. The standard approach to
the TST rate expression employs both the assumpiion
of the existence of a long-lived “activated complex”™
and the assumption of an equilibrium between reac-
iants and these activated complexes [9] (the “equilib-
rium set” of assumptions). A more satisfying basis for
the final result has been given within the context of
the “adiabatic set” of approximations [21-25]. In this
a principal requirement is quantum mechanical adiabat-
icity [201 (as in the Born-Oppenheimer approxima-
1ion). That is, the motion in the internal degrees of
freedom is assumed to adjust smoothly as the system
progresses along the reaction coordinate. Each initial
quantum state is connected smoothly to one final
state. This contrasts with the stochastic approach

which allows for the possibility of multiple paths from
the reactants to each product state.

Petailed discussions of TST in its setting as an
adiabatic theory of reactions have been given {2123,
25]. A brief justification has been given by Marcus
[241. This “adiabatic set’’ of assumptions needed to
obtain the TST rate constant includes: 1. that the reac-
tant (and product) molecules have Boltzmann popula-
tions in their internal and translational levels; 2. that
the reaction progresses along a single coordinate which
is separable from all other coordinates; 3. that motion
along the reaction coordinate is rectilinear (as opposed
10 curvilinear); 4. that motion in all other coordinates
is adiabatic; 5. that the probability of passing the saddle
point (transmission coefficient) is a step function.

Thus the adiabatic version of the TST theory de-
pends upon four assumptions that have not been need-
ed in the derivation of egs. (3} and (4), namely postu-
lates [2--57. We now sketch how egs. (3) and (4) re-
duce 1o the TST results if these additional assump-
tions are made. For the simple case described by eq.
(3) a center of mass coordinate system may be used. 1J
there is a separable reaction coordinate x, then the
energy of any state b may be written as £y, = E%'E'(x)
+ Ef (x), where E%'E(x) is the translation3] kinetic
enetgy along x. (The breakdown in this approximation
for reactions involving simple molecules has been dis-
cussed recently [261.) Ey, (x) is the energy in the other
degrees of freedom along with the potential energy in
the coordinate x, and it varies smoothly as a function
of x. The adiabaticitv assumption implies that, as the
reaction coordinate is traversed, there are no transitions
among the internal states £7, (x). That is, for fixed ay,
a, the w of eq. (4) is nonzetu for only one choice of
€1,¢5. Eq. (4) may then be regarded to contain a sum-
mation over only the initial states a,,a,. The transi-
tion rate w is simplified to a function only of x and of
p,the momentum along x. This function is nonzero
only for complexes near the top of the energy barrier
which are about to pass from reactants to products.
With these assumptions the rate constant of eq. (3)
may be rearranged to

kac = ({3 lexp(—BER)IO% )

X ( [ % exp(~BEXEY dp/h) Op/0x,0n,.
0
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where Eg are the energy levels £y (x) evaluated for x
at the position of the energy bartier, and OB is the ar-
tition function corresponding to the states £7. EX

the kinetic energy along x at the iop of the barner X,
the velocity, arises from the transition rate w, and 1/k
is included as the appropriate density of states [27] in
classical phase space. The first factor in eq. (5) is sim-
ply unity. Utilizing d £X--= ¥dp, one obtains KT/H

for the integral, and the rate constant of eq. (5) is then
identical to the TST result [9]:

= (kT/h) exp [(AS/K) — (AET/RT)], 6)

where AS™ and AE™ are the usual entropy and energy
of activation, respectively.

In summary, TST makes specific simplifying as-
sumptions about the form of the w’s in eq. (1) and is
thereby able to evaluate the frequency facior in eq.
(3) (within those assumptions). However, since TST
is essentially an adiabatic theory of reactions, each ini-
tial state is assumead to be connected to a final state in
one-to-one correspondence, and the £ of eq. (3) is
then effectively unity. The frequency facior X7/h in
eq. (6) is the TST estimate for Win eq. (3). The
stochastic theory, on the other hand, makes 1o as-
sumptions about the transition rates and obtains the
more general form W Q for the frequency factor. Be-
cause the master equation (eq. (1)) allows for the pos-
sibility that reactant molecules in different initial states
may have nonzero probabilities of proceeding to the
same final state of the products, £2 is not approximat-
ed as unity in the stochastic theory.

3. Enzymatic reactions

When discussing the ability of an enzyme to catalyze
a reaction, one is comparing the overall rate of a series
of elementary steps catalyzed by the enzyme to the
rate of the same overall reaction in the absence of the
enzyme. The intermediates and the elementary steps
between them in the two observed overall reactions
may not, however, be chemically analogous. Neverthe-
less, an elementary step of the enzymatic pathway can
be compared to a hypothetical chemically analogous
step involving only small molecules. Thus any elemen-
tary step,

of an enzymatic reaction can be compared (theoretical-
ly) with its corresponding, possibly hypothetical, non-
enzymatic step

A;2 B, (7b)

where the transformation of the sets of molecules A,

to B; is chemically analogous to that of EX; to E'Y;.
Suppose one siep A; — B; to be rate-controlhno in

the hypothetical ron-ﬂnzymat;c pathway. The corre-

sponding step EX; - E Y] in the enzymatic pathway

must have been accelerated by a factor at least as great

as the ratio of the rate of the overall enzymatic pathway

-to that of the hypothetical non-enzymatic one. If the

real non-enzymatic pathway does not proceed through
the series of hypothetical steps (7a), it must proceed
through a faster route. Therefore the experimental
measurement of overall enzymatic and non-enzymatic
rates underestimates the enzymatic rate enhancement
of the slowest hypothetical elementary step. The same
conclusion applies when the overall enzymatic rate is
limited by processes that have no analogy in a non-en-
zymatic process, such as binding or r¢lease of substrate
or product, or a conformational change in the enzyme.

The stochastic theory may be invoked to interpret
the enzymatic acceleration of an elementary reaction
step. However, in contrast to the comparison between
rates of similar non-enzymatic reactions, the compari-
son of enzymatic with non-enzymatic reaction rates
does not-allow the assumption that the product W2
of eq. (3) is nearly constant. When the substrate binds
to the enzyme, the poterntial energy surface for the
reaction is greatly altercd. In particular, the internal
vibrational states of the substrate are coupled to those
of the enzyme. The density of states (number per ener-
gy interval) in the EX and E'Y complexes is much
larger than in the A and B molecules, and the EX and
E’Y complexes include many low frequency vibrations
which are expected to be non-adiabatic in reactive
events [5,20, and below]. Of course, the transition
probabiiities connecting many of the states of EX and
E’Y are zero. Nevertheless, one may expect an increase
in the effective number of initial states, £2, coupled to
each state of the producis. The very large density of
states in the enzyme implies that this effect has the po-
tential of altering by several orders of magnitude the
frequency factor, and thus yielding a significant accel-
eration of the elementary step [17].

Unfortunately, orthodox kinetic experiments gen-
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erally measure only two parameters, which describe
the magnitude of the reaction rate and its temperature
dependence. It is therefore impossible in such experi-
ments to separate the effects described above from
the often discussed [1-—3,5] entropy of activation,
AS™in eq. (6), even when the rates of elementary
steps can be measured. By the same token it should
be clear from the preceding analysis that comparisons
of observed temperature independent factors between
reactions as different as egs. (7a) and (7b) may be
thoroughly deceptive if used as measures of the corre-
sponding AS™ values. In addition to differences be-
tween the reactants and activated complexes influ-
encing the AS ¥ values, one may be comparing hidden
differences (which may be very large) in the frequency
factors attributable to variations in either the transi-
tion probabilities W or the effective number of cou-
pled states £2. Perhaps future experiments employing
lasers to activate enzyme states may be able at least to
detect coupling between the states of the enzyme and
those of the substrate.

Several ways in which the frequency factor might
remain constant between reactions (7a) and (7b)
should be noted. If both reactions are truly adiabatic,
then, as we have seen, £ =1, which removes one pos-
sibility for variation. If, for example, the motion of
all coordinates of each species is completely classical,
£2 =1, because the initial conditions in any classical
systemn completely determine the final state. Also, the
conditions for a significant change in the frequency
factor assume that, at least in reaction (7b), reactive
events are rare compared tonon-reactive events. There
is an overall imit to the size of the W £2 product in eq.
(3), which is determined by the case in which every -
collision between reactants (with sufficient energy)
produces products. In the TST description, for exam-
ple, it is clear that the rate of appearance of products
is limited by the initial velocity along the reaction co-
ordinate. If reactive events in eq. (7b) were very fre-
quent, then the frequency factor would be nearly at
its limiting value (saturated) and no further increase
would be possible in eq. (72).

4. Discussion

Many catalytic effects of enzymes which have tradi-
tionally been discussed within the TST framework,

such as lowering of the potential barrier and favorable
positioning of reactants, are of undoubted importance
in understanding the observed rate accelerations. These
have been discussed many times elsewhere in relation
to their effects on the energies and entropies of activa-
tion, constructs which arise in the stochastic theory as
well as in TST. .

We have discussed in the above the fact that the fre-
quency factor in the stochastic theory is profitably
viewed as dependent on two effects, an average prob-
ability of transition from reactants to products and an
effective number of reactant states coupled to each
state of the products. Only the former =ffect is appar-
ent in the TST result, owing to the assumption of
adiabaticity for all internal quantum states in that the-
ory. Insight into the nature of the frequency factor
has suggested that it may vary greatly when the rate
constants of uncatalyzed and enzymatically catalyzed
reactions are compared. This possibility has apparent-
ly not been appreciated before and indicates that one
should exercise caution when comparing the entropies
of activation {egs. (3) and (6)) of catalyzed and un-
catalyzed reactions.

Viewing TST as an adiabatic theory of kineticsis
useful in discussing its expected range of validity. In
particular, the assumptions of separability of a reaction
coordinate and adiabaticity for the internal states re-
quire a large difference between the average speed of
the motion along the reaction coordinate and that nor-
mal to it. More precisely, given that the vibrational fre-
quencies for motions normal to the reaction coordi-
nate are altered between the reactants and the transi-
tion state, the frequency separations between these vi-
brational levels must remain large relative to the rate
at which the frequencies change during a reactive event
[20]. The details of the potential energy surface for
the reaction determine, of course, whether the assump-
tions of separability and adiabaticity are good approx-
imations. However, as a rough rule we cannot expect
the TST theory to describe adequately vibrational
modes for which 7z v g < k7. Cook and McKenna {5]
have suggested that alterations in such iow frequency
vibrational modes may resclt in a rate acceleration in
enzymatically catalyzed reactions. It would appear
from the above comments. however, that the treat-
ment within TST of low frequency vibrational modes
which are altered during the course of the reaction is
inconsistent with the assumptions of that theory. Con-
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clusions reached by such a procedure are questionable.

The considerations presented in this paper in no
way vitiate the precepts of reaction mechanism (as the
term is understood in physical organic chemistry) that
have been applied to the problem of reaction rate en-
hancement by enzymes. “Reaction mechanism’ in the
latter sense deals with a succession of states (e.g., the
transition state) pictured essentially statically. Appro-
priately, then, these mechanism considerations have
been based solely on the free energy of activation, a
factor present in the final result of the stochastic the-
ory as well as that of TST. In TST, however, only these
conventional considerations of mechanism can be
brought to bear on the problem of enzyme catalysis,
inasmuch as TST presents a universal factor k7 /4 for
the frequency factor. The factor WS2 of the stochastic
theory admits other considerations in addition to those
of TST-based physical organic chemistry.

Appendix:

Derivation of the stochastic theory equation for
the rate constant in a simple case

For the elementary reaction step [2] involving 2
reactant molecules A; and A, reacting to form 2 prod-
uct molecules C; and C, via a “‘transition state™ B of
such “short-lived” [17] existence that the reaction is
to be viewed as a single quantum-mechanical transi-
tion, the appropriate master equation is

qég aIE W(a;,as;5c1,c9) NV,
Clzcz

- Z; W(C] »C2 ;a] ’az)NC1N02 M
ay,az
€1,C2

A.1)

We now assume that the partitioning of the NA
molecules cf A; and of the Ny, of A; among their
quaniurm states a; and a, is equlhbrated and that the
partitioning of N¢, and NV, is similarly equilibrated
among thelr state ¢; and c, and thereby write

exp(—£, [kT)
N31=P31NA1—— QAl Aq
= [exp(—E, /AT exp(+ Fp [kT)1 N, . (A2)

and simifar expressions for Naz’ N, andN Here
£, is the equilibrium fraction of Al in state aj, Oy,
the partition function of reactant A, and F, Ay ds its
free energy.

We also introduce the law of microscopic reversibil-
ity,

W(a;.,a55¢q,¢2) = W(cq.c2:a;.a2) (A3)

which is legitimate because the transition probabilities,
W(a;,az;cq,02) used here refer to total events includ-
ing the changes occurring in reservoir molecules (here
represented by a5, c5), in cases involving these, as well
as those among the reactants. As such these total
events conserve energy, so we have

E, +E,, =E, +E_ A4)

for every aggregate choice of aj,a,, ¢, ¢, that yieldsa
non-zero W(a;,a5;:c4,67).

Introducing (A.2), (A.3) and (A.4) into (A.1) yields,
after quantities independent of a;,a,, c;,¢5, have been
factored out of the summations,

qAC {NAlNAz eXP[(]';\l"'FA YkT]

X 22 W(ay.ay;cy,co)exp[— (&, +

ay,az
Ci,C2

E, YT
(A.5)

We note in passing that eq. (A.5) only gives g AC™ =0
when

Ny, Ne, /INANa,

=exp{—[(Fg, v Fg,) — (Fp +Fp )i /kT} =Koy

the thermodynamic equation for the equilibrium con-
stant K ;. This result was, of course, not guaranteed
by the narrower equilibrium assumptions that we have
made, namely that the reactant and product systems
are each internally equilibratzd (but not equilibrated
with each other); it is a consequence of the consisten-
cy of the stochastic master equation with the Boltz-
mann distribution of equilibrium.

According to (A.5) the rate constants kAC and %3 AC
for forward and backward reactions are
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Kac = exp[(Fp, +Fp,)kT]

X Z; W(al,az;cl,cz) exP[’_(Ea +
az,az
C3,C2

E, )T
(A.52)

and a similar expression for kRC .

Up to this point our equations apply to reactions
that may or may not involve significant potential energy
barriers to be surmounted. In the usual case, for which
such a barrier exists, its effect is contained in the de-
pendence of the transition probabilities W(aj,2;5¢1,¢2)
on the energxes E, + (— ) of the aggregate
state of the reactant system (or product system for
the back reaction). The simplest assumption we can
make to allow for the effect of a barrier is simply that
W(ay,a5;¢q,¢) =0 for all aggregate states a,y,a, (or
c,¢p) for which E, +E, <Ej (or equivalently E, +
Ec2 < Eg), where Eg is a “threshold™ energy approx-
imately equal to the height of the potential barrier.
With this assumption we can easily cast (A.5)ina
more illuminating form by the following devices.
Among the set of aggregate states aj,a, of the reactant
system (or the set cy,c, of the product system) we
consider the subset of states that lie above Eg and de-
signate these by b and their energies £ +E by E.
We also define a “free energy” Fgy and a partltlon func-
tion Oy assocjated with this (sub) set of “activated”
states By

Fg=-kTlnQp=—4Tln ( 22 exp(—E, /kT))
(A.6)

and a free energy of the init.ial state by

F, AS Fp +Fp,.

Introducing this new notation, multiplying and divid-
ing (A.5) by exp (—FB/kT) and making explicit

the dual condition E +E, =E_ +E_, = Ej, for non-
zero W(a],az,cl,cz) ‘we have -

Kpc = exp[—(Fg— Fp)IAT]

X E W(aj.,az:¢1,C2) [exp(~Eb/kT)] /OB

T 2y,az2
€1, C2
X 8B, +E,,, Ey,, E., + E,,), (A7)

as cited in the main text.

With this procedure we have clearly forced the first
factor into a form which by itself carries the sort of
temperature dependence observed experimentally for
the whole rate constant. The obvious question to be
faced now is whether this procedure has also removed
most of the temperature dependence from the remain-
ing factor (the summation). This summation can be
seen to be of the form of an average of the quantity
W(a;,a5:¢4,C5) over the states for which B, +E, =
Ey, =E_ +E_ . Such temperature dependence as the
sum may contain is attributable solely to that in the
statistical weight factors [exp(—FEy, /kT)]/Qg = P}, - Inas-
much as Py, is normalized over thé manifold of states
b alone (16t over all the states a;,a,!) the sum will be
temperature-independent if the quantity W (al,az;cl,
¢,) is independent of energy in the range of statesb
(i.e.,above E).

That the temperature dependence of our whole fi-
nal result for &%, Acis approximately an exponential
dependence on  (—1/7) can be se~n in another way.
If, instead of multiplying and dividing by Qg =
exp(—~Fg/kT) to obtain our result in the form (A.7),
we had multiplied and divided by the quantity @, =
Op, Op, =exp(—Fy /kT), and had thereby removed
the temperature depéndence from the factor outside
the summation, the statistical weight factor in the sum-
mation would have been normalized over the whole
set of states ay,a,, including the non-reacting states be-
low E; the presence in the summation of this band of
non-reacting states would have give: this sum the same
sort of temperature dependence that the non-conduct-
ing band of states gives to semiconductors, i.e., the ex-
ponential dependence in question.
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