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'THE RELATIONSHIP BETWEEN FORVARD AND REVERSE REACTION
- RATES UNDER NON-EQUILIBRIUM CONDITIONS

Alan W. Searcy,* Alfred_Bﬁchler, and Dafie Berutel
Inorganic Materials Research Division,_Lewrence'Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of Callfornla,
Berkeley, California 9h720
Abstract
It is shown that foria given elementary reaction and under non-
equilibrium conditions, the ratio of the rate constant of tpe forward
reaction to the rate constant for the reverse reaction is equal to the
equilibrium conefant, provided (a) both forward aﬁd:reverse reaction
take place under the same experimental conditions, and (b) products and
reactants esteblish independent equilibrium distributions of states to
the transition complex of the reaction. One application of this proof

is shown to be that vaporization and condensation coefficients must be

equal for any specified non-equilibrium conditions.



“1- a LBL-1460

| I. Introduction
One of the most important questions of reaction kinetics is the cir-
cumstances uﬁdé% which the ratio of’fhe'rate constants for a forward and
.réverSe_reaction can be eqﬁated to the equilibrium cqnstant for the
'.reacfion in question. Thé principie of ﬁicrdscopic reversibility2
requires the equality at equilibriﬁﬁ,:and experiﬁehtal verification of
the relationship to‘withiﬁ reasonable érror~1imits has been obtained for

particular reactions far from equilibrium.3 But théoretical proof of

the relation épparently has been given only for ideal solutions.y-6
Furthermofe, Johnston recently ccmmented that those proofs are either
‘-qualitati&e or are iacking in generality.

Our.aftention wvas attracted to the problem of'obtaiﬁing a more
general and qﬁantitative proof when;-invthe course of édapting a model
for vaporizationikiheticé7’8 to analysis of the_kingticsvof decomposition.
reactidns,rtWC'cf us derived an expression\for,thé effect of a porous

9

layer on the decompositibnvrate. The ekpressi9n>dépends on the cbndén-v
sation coefficient ac--that.is, on fhe fréction'of those molecules strikF
ing a sﬁfface’that traverse any free enérgy barrier to the condensation
prbcess;

. The cdndenéaxion ccefficient is difficult to.measure directly,
although the vapcrization coefficient a&--that is, fhg ratio of the.
measured vapor flux from a surface:to the maximur possible flux calcu-
;ated from tﬁe Hertz—Knudsen—Langmuir equaticn——éan feadily be obtained
from‘experimental_measurements of rates of'vaporization in vecuum.Tle

By the principle of microscopic reversibility, the céndensation’co-

efficient must be equal to the vapcrization coefficient at equilibrium.
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:Buﬁ because the principlé of hicroscopic reversiﬁility cennot be assumed
for nén—equilibrium'conditions, Paule apd Mérgravelq have.wérned against
assuring the eqﬁality o, = a, in those effusion étudies in which the
pfessure is reduced below the equilibrium value.’ Ackermann, Thorn and
Winslow ™ have noted that "although the'faporiiation coefficient must
equal the cdndensation coefficienﬁ if the gas and the condensed phase
are at eQuiiibrium, nothiﬁg requires that they be éqﬁal if the'gaseoﬁs
and condensed phases afe at different'temperatureé."  They,deveiopea a
medel which yieldé a tempe;ature4independent vaporization ccefficient
but a temperature-dependent coﬁdensation ccefficiéht,

Our intuitive judgment, despite these éssessﬁehts,.was that under

fixed experimentel conditions the vaporization and condensation co-

efficients must be equal, so that, in the casevof the porous desorrtion
barrier, tﬁe experimentally determiﬁed vaporizatibn_coefficient couidAbe‘
- substituted for the condensation ccefficient under the séme éxpérimental'
coﬁditions,v To ﬁest.this Jjudgnent, we determinéd't§bexémine the general
'question of when the fate constant of a forward reaéﬁion and the rate
constant for the reverse reaction can be quantitatively related through
the Gibbs free eﬁergy of the>overall reaction.. ﬁeforé discuséing this
general question, which is the focgsof our paper;.ﬁe'will‘review the
'conﬁection betweén ﬁaporization coefficients, gondensatioh coeffiéients,
and the fate cbnstants for the vaporizatidn and cogdensation processgs.l2

By definition a_ = J_/J and a = J /J where J_ is the flux per
v v “max c c'“s T v

unit time per unit area of molecules of the condensed phase that success-.

fully traverse any barrier to vaporization and leave the surface; Jc is

the flux of vapor molecules that successfully traverse any barrier to

. g/’;

<
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.’condenSation, Jé is the total flux of vapor that strikes the svrface when

“the preésure-has some arbitrary value P, and Jmagfis the total flux of

molecules that strike the surface if. it is exposed to vapor at its
equilibrium pressure P_. From the kinetic thecry of gases the flux Jg

for any ges pressure P can be calculated to be

o P !
J = (2nMRT)l/2 _ . | (1)

‘where M is the molecular weight cf the vapor molecule, R is the gas con-
stant and T is the absolute. temperature. Equatibn (1) yields J when

the pressure is the equilibrium pressure Pe'

The equilibritm'pressure is related to the standard free energy of L
vaporization AGz by

Yae

= ox o .
P, exp ( AGVZRT) S . (2)
. . ' . ' . . .- 13 ﬁb . R
Using stendard formulations of reaction kinetics, the vaporization rate,
if it is assumed to be governed by a single rate-limiting step that is
unaffected by catélysts or impurifies, can be written as

. % .
J, =« exp (-AG_/RT) S (3)

where Kv>is the transmission coefficient, v, is the frequency factor

- and AGV is the free energy of activation for the vaporization process.

The rate of condensation is
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o * | |
_ qc = KchP exp(—AGc/RT) a-i | : (L)

' where the subscripts designate the condensation pfoqéss. But by (1) and
()

v exp(fAGglﬂT) »

1/2

J = (5)
max  (2mMRT)

and for a_ to be equal to a, requlres that the value of (3) ‘divided by
" (5) ve equal to (W) d1v1ded by (l), or that, wher the common factor

(ZNMPT)l/ is-eliminated

*
v, exp(eAGv/RT)

® . '
. v_ exp(-AG /RT). (6)
: o] : c c ,
exp(—AGv/RT) : o :
If this relationship can be proved for non-equilibrium conaitions, then
the equality ac = av is proved for non—equilibrium:ccnditioﬁs.
i . e .

Equation (6) can be recognized as & special éxample of a general

relation,

* .
KeVo exp(-AG /RT)

, * | :
= kv exp(-4G /RT) - (7)
exp(-AG /RT) R
where the subscript f indicates factors of the slow step of the forward
reaction, r factors of the reverse reaction, and AG§ is the standard
free energy of the overall reaction written in the forward direction.

‘When' (7) is written in terms of the rate copstants kf

(-4G./RT)
KeVe exp'—.Gf/RT ’

R
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* .

- AG : AR ' : c
= S A= nt K = - T
kr KV exp ( = ) and the equlllbrlum cgnstant eq cexp ( AGn/R )

for the reaction and rearranged (7) becomes

.l.lz;f“; Ko = o (co/m) (8)
Rice> has proved Eq. (8) for some impcrtant_nqn-equiiibrium con- .
ditions. His proof assumes that concentrations of reactants and products
remain small. In consequence, the reaction environment is held essen-
tially constant, that is, unchanged between equilibrium and the non-
eqﬁilibfium cbnditions cf the préof, and the rate constants for forward
and reverse reactions are independént of concentrations of reactants and

5,6

products over the experiméntal range that he and others coensidered by

means cf his general analysis. l 7

Rice's proof-justifies use of Eq. (8), fbr.éxémple, for the‘analysis
of low7preSSure gas—pha§e réa¢tions, but does not préve the equation when
~the thermal,ias distinct from ccnfigurational, portion of the.free
energyls bafrier to reaction may be different frbm the barrier under
equilibrium conditions. Surface mérphology, and therefcré ﬁhe concen-
tration of active surfaée sites, is known sometimes to change markedly
.vwheﬁ.a‘crystal undefgoes free Vaporizétion from thevmorphology developed
in the presence’qf.the saturated vapor. Consequently, it is clearly
'possiﬁie for a different reaction step to Ee raté-limiting urncer free
.vaporizatidn condifions from.that which limits tﬁe‘reacticn rate as an
equilibrium vapor concentration is appreoached. Similar possibilities

exist in solution réactions for which the reactant and/or product
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concentrations are high. Furthefmore, in solutioné when cdncentrétions
of féaétants.br,products érevhigh‘and far from eQuilibrium, their
presence may influéhdé.thebdielecfrié'strength enoﬁgh to change: the
height of the free energy barrier to reactions from the heigﬁt that
would be found under equilibrium conditions.

We wish, therefore, to derive ‘the relationship between'the forwerd
and feverée reaction rates and the free energy diffefence between
prbduct;_and reactants witﬁout'restriction on the concentrations of
either prbductsvor reacténts, although the:concentratioh of activated
complexes éan bé assumed to be low--the usual situation in reaction
kineficso The demonstration should be applicéble whether'the rate-
limiting step under the ndn-equilibrium coﬁditions is the same or dif-
ferent froﬁ that under equilibrium conditions.

| 1I. Thébretical Dévelopment'

The aétivated complex for the forward reaction;b& a particuigr‘
reéction‘path is here defined asian'aggregéte of pérﬁidles supplied by:
equilibration among the reactants énd any possiblé.cata;ysts.to reaction
such-thatvthe activated complex for the forward reacfion ha; (l) ab
therﬁél freé_energy (its free energy other than éénfigurationél free
energy of particle mixing)15 equél'to or greater'thaﬁ the'saddlé point -
freevenergy barrier to feaCfion aﬁd (2) a trajectofy directed past thé

- saddle point free energy barrier in the direction of‘feaction products.
An acﬁivated complex for the reverse reaction over tﬁe §ame saddle point
_barrier is an aggregate of particles of the same composition and thermal
free energy content as found in the activated comple# for the forward

reaction, but is produced by equilibration among the products and
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-7~ | | LBL;-lh6O

possibie Catalysts and has an opposite trajectory from the cbmplex pro-
duced fromireactanté. |

It is assumed that bothvreactants and prodﬁcts‘of an elementary
step are éapable of establishing_independently an equilibrium distribu-
tion of étates up to and inéluding.any state thétvcanvundefgo a decompo-
sition that would be irfé#érsible, or paftly so, iﬁ the absence of an
equal.or greater opposite flux from a second sourC§;i This kind of.
aésumption-is_customariiy made in transition staté ﬁheory for the for-

Suppose the net reaction to be considered is

QA+ rB=AB S (9)

where A and B are reactants, and AqBr'is the reaction product. Suppoée
that one path for the reaction, not necessarily the principal path at
equilibriﬁm;_is

-> * ' . -
+ ) - n - -
mA + nB. pC + AmBnCp > AqBr + (m q)A + (n -r)B + pC . (10)

S * | . v v :
where AmBnCp is the activated complex for this reaction path. -Any

 reaction product in»thé system ﬁill establish an equilibrium distribu~-

tion of aécessible excited states and of productS of reaction with matter
in the system environment, énd_some activated éomplexes_will be formed
from the reaction product with trajectories which will carry these com-

plexes back'?cross the saddle point free energy barrier.
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The net rates of the forward and reverse reactions, Jf‘and Jr’ can

be written

' f
Wyl L
= = ) *
Ie dt g8e [X) 5 "l (11)
. mnp
' r
alx, Br] « _ - '
= - _—ar . * .
Ir at g, [X, 5 c*1 (12)
. mn p . :
f - - r
. + + .
% * : ;
where [XA'B ],[XA B C ] and [XA B C ] are the concentrations of the
qr m n p m n-p

products and of activated complexes of thé forwardvahd reverse reactions,
respectively, and 8y anq gp are proportionality constants to be evaluated'
latef.. The_fhermOdynamic relations between reaétants, products aﬁd_’u
activated complexes are illustfated in Fig. 1. Siﬁce the produc£s.and
reactants are taken to be in equilibrium with their respective actifated
complexes,sthg free energy changes in:the two vertical step; arévzero.'
and AGé; the free energy difference between @he.activated comﬁlexes which'
are producéd‘by-equilibra#ion with>products‘and complexes Produced‘ﬁy'
equilibration with reactants is equel to the freé'energyvchange of tﬁe )
‘overall reac£ion,,AGﬁ;m“éoﬁplexes that differ only in having opposite
trgjgctories across a frée eﬁergy barrier must be identical in_thermal

15

free energy Eontents, so the difference AGa’in free energies between-
complexes of the reverse and forward reaction directions depends only

"on their concentrations, that is

Lo

e
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, But ‘the activated complexes for. forward and reverse reactlons have

identical standard free energy contents,;so AG - AG = AGh.' And in any
snec1f1ed solutlon Yo yf, therefore
f _- _ ApQ S S _ _ y
Pali (-AG_/RT) z o (13)

o]

r

I7 thevproportionality constants obeds;dtéydandF(T), gp and g, areiéQual
to each other, Eq. (13) is identical to Eq. (3); the relationshipvbetween
rates of forward and reverse reaction that.we wishbtorprove.c
" Rice's "L o of. 1ndependence or non—interactlon" (lO) when applied to
Eq (13) leads to the conclu51on that &r must equal g in the solutions
of fiXed.activity coefficients which he considered. But since we wish»ti.
“to examine the relationship between 8¢ and_gf under.a.wider range of
cOnditions,'we_will undertake a more detailed.exanination than bis of'tne
implications‘of tne principle.of_microscopic reversibility to none
_ equilibrium'reaction conditions. | |
"At.eqnilibrium, the total forward_flnx dfttwhich'Crosses a saddle H.\
point tnermal free energy;barrier at -any point must exactly.equal the
‘total reVerse flux J ; at the same p01nt The total forward flux w1ll be _
>Jn° sum of several components, Jf, J P’ and. ZJ 52 and the reverse flux ,
. will be the sum of several components’ Jr,lj'f'andejfi, where Jf is the,:l
‘ total flux of the specified activated complexes which are produced byv

ezuilibration among the reactants, J is the corresponding total fluxv-

i

‘rraduced by equilibration among products; g is the flux of the activated

cozplexes from the forward reaction that after crossing the barrier are
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.

-.réturnedlacross the - same barrier'béfore having lost their activationk

energy by equilibration with the reaction products and ngi is the flux

of reactants that héﬁing crossed the thermal free energy barrief from

reectants to products at other points are returning across the barrief‘

2% the point of interest without having lost a substantial part'of their

activatioﬁ énergy_by equilibration with products. The terms jr, j;; and

%
f

symboiize'the,concentration of activated complexes in the forward and

s ) _ : * B
: ngi have similar meaning for the products. If X, and Xr are used to

‘reverse diféctions_aﬁd £, £', ng, r, r','and'Zrz'are proportionality

éonstants between the concentrations and’the fluxes which are identified -

with the same symbols, by the principle of microscopic reversibility the

condition at equilibrium is

*

’ ' S % o % L ® 'o.'
J o =fX +r" X +IrX.=rX +f'" X +If X
: h b ciTri r .t A N §

£t 3 =0 (1M

wheré'Xfi is the concentration of the i'th kind of activated complex
I RO . = : _ o
for the forward reaction and-Xri is the concentration of the same coin~
plex in the reverse reaction. But, for-éxample,
o ¥ . : " *

- x e C '(15)-.1'

r, .
i'ri i'r
et equilibrium by the principle of microscopic reversibility, where ry
~ is the proportionality constant‘relatihgvthe flux of réactants crossing
the thermal free énergy barrier at the point of interest and sub-
_seQuently returning across the different free energy berrier at the

o - ] * '
rcint characterized by the complexes of equilibrium concentration Xri;

[
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Substltutlng equations of the form of (15) 1nto {(1L) and rearrang-
_ 1ng ylelds

g " * " "% y ' L :
(f-f* - Zfi)Xf = (p-r" - Zri)Xr | | (15)‘,

i i

AT equil_ibrium_xf = Xr. amd therefore the principle of microscopic

reversibility fequires'also at equilibrium that
) 1 . R
! - = Pup! - . '
f-£' = If, r-r Ir, - (lT)

viﬁ a fange of compositions in whicﬁ acti&ated_comblexes oteybﬁenry's'
- iaw,>the complexes_have neéligible thermodynamic iﬁflaence on each‘other.'
It is therefore to be expected that ih.the Henryys law range variations
_ in the concentrations of the complekes wili also have negligible‘in— »
fluence:pnvthe constants of Eq. (17) Vhieh reflect the probabilities

. that individual cbmplexes will'undergo various possible transitions;

. The left hand side of Eq. (17) can be identified as Eps and the rlght

hand side as &8s the constants in Eq. (13) It is proved, therefore,
subJect to the assumptlon next discussed, that Eq. (3) relates the rate
-constants for a forward and reverse reactlon by any partlcular path to vf 
.fthe_standard free energy_of-reactlon s0 1ong asuthe_actlvated complexes
.by the vainus reaction paths.are in the'Henry'sviaw eoneeﬁtratioa
range. - | | ‘

A tacit asSumption of theargUiEnts'so far presented is that the =
1“-1etlc factors 8¢ and. g, of the rate expression are the- same functlan

of the act1v1ty coeif1c1ent Yf = Y s of the actlvated complex. A
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_justification”should be presented‘for the assumption.
The proof that has been given above demonstrates that for any one_*'

of'the reactioh paths that'can bedfollowed at‘equilibrium, and under

enry S, law conditions for the actlvated complexes, gp must equal g,
;Aw +hat path 1ndependent of the concentratlon of the actlvated com- . 'hxlfl'ddi
| l ;fexes for that and other paths._ But the equallty gf = g ‘must then be
an attrlbute of any reaction path s1nce there is no reason to expect that
tran51t10n probabllltles between states 1nvolved in a reactlon path that
happens not to be acces51ble under equlllbrlum condltlons w1ll be

unequal " when the transition probabllltles are equal : for all-
_possible-paths that‘happen to belaccessible under equillbrlUm'conditions;

This concluSion is COnsiStent with expectations from the law of'dynamic

revers1b111ty, wh1ch has been proved by methods of statlstlcal
mechanlcs (8). But .as the foregoing analys1s has demonstrated the
constants gf and g‘ are composite 1n that they are net. transmlSSlon
factors whlch result . from the summed effect of many processes, each
separate one Of’Wthh must be dynamlcally rever51ble.

‘ The.cohstantrgf fillS'thevrole assignedvtoka"sf

role. a551gned totcv of Eq. (7) In the more usual formulatlon of

and gr fllls the

tran 31tlon state theory, the transm1531on coeff1c1ents Kf and K glve
<ze fraction of activated complexes that successfully-complete the

+ran51t over the full reaction path while in the analysis descr1bed - '~If':GJi? .

_-above, the net flux of complexes that successfully complete the tran31t

o

, oF the reactlon barrler is found by subtractlng from the total flux N
across the barrler the flux of particles that'are returned by»any of - _‘-,ZQW

“he oossible paths between reactants and products.
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.III. DISCUSSION
' Thé.énalysis in this paper is based on-acceptance of an underlying

_premise of transition state theory-—fhat the rate of.é forward or .
reverse réaction is determined by decomposition of an acti&aﬁed cdmplex
wzich is itself'maintained at equilibrium with a set éf reactants or
zroducts. The generality of the proof thus is dependent on the range
of conditions over which transition state thegry can be applied. |

The equilibrium,hyﬁothesis of transition state thebry is considered
suitable only when the molar activation energy is greater than RT (16).
Present (17) has shown that for bimolecular collision reactions in which
~ the activation energieé aré 5RT, the equilibrium hypbthesis for tran-
sition states leads to predicted rates of reacfion that are too fast by
the  order of 8%. Fﬁrthermore, Prigogine and co-workers (18) have
‘shown that the heat released in exqthermic reactions can alter the
activation rate from the expected equilibrium value. .

It is apparent from experimentél evidence, however, that in conden-
. sation reactions a near equilibrium distribution of trénsition staté
particles_caﬁ be maintained despite_ébmetimes low activation:eﬁergies
and'déspite-the faét.that condensation is alwaysvexbthermic. Essentiali&
all vapof moleéuleg of certainvchémical classes are c6ndensed up6§: 
collision with a éurface.of the substance forming thé Qapor (2)(19).‘
vfhis'means that thefe is a negligible thermal free energyvbérrier_to
'condensation (2). The heaﬁing produced by‘condenéation has no measur;
' asie‘effect on the'reaction kinetics in the low pressure-r;ngés usually
- siudied,'but ﬁould cause meaéuréble surféce heating'at sufficientiy high‘

- condensation fluxes., bThe reason that the equilibrium hypothesis is
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b

Qalid for condensation cver -a broader range than for most other type of

i st

reactions are that under the usual conditioﬁs of study,xa-vapor of
“ﬁéxwell—Boltzmann energy distribution is'continuoﬁsiy_provided and that
fbeicdndensed rhase provides a massive heat sihk fer the heat released . ljf
by thé reaction.'v

Thé érgﬁments of the derivatiop shéw that whenfthe.eéuilibrium

nypothesis can be_éccepted, Eq. (3) is valid'er éach sepératevpathuof :

a multiple-path reaction. The eQuafién is also valid for each step in.

a réacticn sequéncé for which two or moie_thermal fieé energy barriers

are of coﬁparable height. This conclusion is seen by considering the
firétvintermediate product séparatéd By the fifst-barrier-frdm the
fegcfants to bevreaction‘products and garryihg throuéh_for that first, 
barrier thé kind of analysis_that has been described and then by repéat;,A
ing thé.anaiysis for each sgﬁcéséive barrier.

~ Application of the proof can be.illustrated'by'its.use in"vaporizé-'

'tion»kinetics, the area which interested us in the:Quéstioﬁs discussed
' ih this paper. Aé has'been remarkéd, the rroof is iimifed to demonstra;
tion of the relation between rateAconsténts and eQﬁilibrium constantévat-
fixed_ﬁon4éQUiiibriﬁm‘conditidns. ‘Thesejcoﬁdiﬁipns of'érobf justify-

' caﬁéeilaﬂioﬁ ofvthe.ratio‘a;/av Vhigh appéérs.in thé‘expressioﬁ derived ‘

vy Faule and Margrave (5).to réiate‘apparent prESsﬁfes to equilibriﬁm
pressurés in effusicn studies and alSoijustifieé reélacement of a rémain4f 
viﬁg ferﬁ in o, b& a . JThe'fofm-of thé equation origipally derived by

Whitman (20) and Motzfeld (21) on the assumption that a, = aé

is then
" regsined. But the value of av in an effusicn cell may nct be the same. .
, : » ‘ T,

ez that measured in free surface vaporization experiments since av might




.-15-- SR - . LB1~1460 Rev’
.‘vary with’tﬁe‘pressuref 'Iﬁ.fact, one means of determiniﬁg whefher or-
net o, is a fuﬁction of pressure is‘te eompare valﬁes.of o calculated.
by means of the Whitman-Motzfeld equatioﬁ with valﬁes calculatedvffom'
free surface vaporizationvexperiments.

Presently availablebexperimental evidence suggests, however, that
fhé-essumption that_av is ihdependent of pressure'ié very:satisfactqry
for meny substances for steady state effueion.ffom ehambers maintained
with pressures of the vepor between zero and the equilibrium preseure.

The‘equality between o and a, that has been demonstfated for figed
reaction”conditions shows that a model which assigns them different
vtemperature dependences (6) is in that respect mistaken and in con-
sequence likely to yield misleading,conclusions; Transifion state
theory when appiied (2)(3) to the various possible rate limifing,steps
identified in_the terrace-ledge-kink-model (19) of vaporization.and.
eondensation appeéis at present to provide our mostepreﬁising avenue
to impreved understendiﬁg of vaporization and coﬁdensation kinetics. -
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