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We present both intuitive and formal justification for the common assumption that the forward and reverse
rate coefficients for bimolecular reactions proceeding through a collision complex are related by the equilibrium
constant for reactants and products, regardless of the effects of third-body collisional relaxation of the
intermediate.

I. Introduction reliable to within 2 kcal mol? for open shell systems. Partition

One of the most basic equations in chemical thermodynamicsfuncuonS can generally be accurately computed either from

relates the rate coefficients for the forward and reverse directionss_peCtrOSCOp'C_ or ab initio data, hovx_/ever, SO that if the equ'“.b'
of a reaction rium constant is known, a more precise estimation of the reaction

enthalpy can be made. Experimental measurement of forward

K and reverse rate coefficients is an important route to the

A+B - C+D determination of equilibrium constants, since the residence time

in flow reactors is often considerably shorter than that which

via the equilibrium constant would be required for equilibrium to be attained, so that it is
much easier to measure the forward and reverse kinetics than it

ki QcQb et is to achieve the equilibrium measurement. In this manner,
E =Keg= m (1) databases of experimentally measured rate coefficients enable

estimation and cross-validation of heats of formation of

where Qi is the partition function for species AH® is the individual chemical species, crucial data for the estimation of

enthalpy change for the reaction @ K (i.e., the difference abundances in atmosphériar interstellar environments.
between the zero-point energies of products and reactants), and This picture is not quite so straightforward in the case where
the other symbols take their usual meanings. Ab initio estimatesthe reaction proceeds via a collision complex, in which case
of reaction enthalpies, even at a high level of theory, are rarely the finite lifetime of the Complex introduces the pOSSIbIlIty of
collisions with surrounding bath gases prior to dissociation and
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  hence possible stabilization of the complex. If the well is
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shallow, then the lifetime of the complex is very short and so  The argument based on the hypothetical experiment above
there is no problem since collisions do not interfere on this time is strongly suggestive; however, the initial conditions envisaged
scale. On the other hand, if the well is deep, then stabilization are not the same as those that usually apply. Hence, we proceed
of the complex represents an additional pathway for the reaction.now to consider the master equation for a bimolecular reaction
Further complications arise when there are other possible proceeding through a collision complex where initially there
dissociation pathways for the complex, leading to different sets are only reactants present, i.e., no intermediate species or
of products. The qualitative effect of pressure on such systemsproducts. The reactants are assumed to be dilute in a bath gas,
is well understood in terms of the classic falloff behavior of as is generally the case (by design) in experimental measure-
multichannel unimolecular reactions (although quantitative ments of this sort. To allow for some more generality, we shall
modeling remains a demanding and important challenge). Thisconsider a three-channel system (i.e., reactants and two bimo-
may be summarized as follows: (1) at high pressures, anlecular product channels) We make the usual assumptions of
effective Boltzmann population distribution of the collision

complex is maintained and stabilization dominates; (2) at low A+E MBS ape M ap
pressures collisions do not interfere with the forward and reverse KaED)

reaction processes; (3) at intermediate pressures there is gy D
competition between collisional relaxation and dissociation, wEs ETF

producing a nonequilibrium population distribution of the

collision complex as a function of energy and angular momen- a statistical collision complex with a reasonably high density

tum and leading to branching ratios that are very difficult to of states, so that the standard master equation description is

model quantitatively. appropriate for the kinetics (see, e.g., ref 3). The evolution of
The question that we address in this Letter is whether the population distributiorg(E,J), of the molecular species AB

measurements of forward and reverse rate coefficients for (including the levels of the collision complex) over enerdgies

bimolecular reactions proceeding through a collision complex and angular momentais then given by

can still be used in the manner summarized above to infer )

equilibrium constants and hence enthalpies of reaction, regard-99(E,J) _ ey "y

less of the effect of collisions in modifying the population a M] ff[R(E,J,E,J)g(E J)

distribution of the collision complex in a way that depends on R(E',J;E,J) g(EJ)]dE' dJ — k(E,J) 9(E,J) +

pressure. As we shall see below, there are strong intuitive k_,(E — AHSJ) f, o (E — AHSI)AM]IBM)] (2)

grounds for suggesting that the simple relationship of eq 1 above '

should be valid independent of pressure. However, to the bestyhere [M] is the concentration of the bath gas R(E,J;E',J)

of our knowledge it has never been proven through a masteris the bimolecular rate coefficient for energy and angular

equation analysis that the nonequilibrium forward and reverse momentum transfer from initial value€'(J) to final values
rate coefficients are indeed exactly related asineq 1. As ShOWﬂ(E,\]) during collisions with the bath gask(EJ) =
below, a careful examination of Fhe formal solution of thg master Zf’:lki(E, J) is the sum of the microcanonical dissociation rate
equation shows that eq 1 does indeed hold for a very wide rangecoefficients for each of the channels (reactants and two product
of conditions. _ ) ) channels), andag(E — AH$,J) is the normalized thermal
We begin with a simplgedankerexperiment that provides  gquilibrium population of reactants. The reactant channel is
a strong intuitive argument for the validity of the eq 1, yenoted as channel 1, akdy(E — AH3,J) is the microcanoni-
independent of pressure. Considgr a reversible bimolecular g capture rate coefficient, relatedkgE,J) by detailed balance.
system proceeding through a collision complex [A(t)] and [B()] are the time-dependent concentrations of
A+B<=AB* <~ C+D reactants A and B, respectively. Note that eq 2 describes the
jrreversible kinetics that occur when the concentration of
%roducts is small and hence formation of complex by recom-
bination of “products” C+ D or E + F may be neglected, as
is the usual situation in flow reactors.

and assume that, as indicated, the system has equilibrate
initially at very low pressures, such that forward and reverse
bimolecular rate coefficients are related exactly by the equilib-
rium constant. We also know that for an equilibrated system
at high pressures the same relationship must hold, the difference; Strong Collision Approximation

being that in the latter case the stable energy levels of the

molecular species AB are fully populated, whereas in the former ~ The solution of the master equation for the (generally
case only the metastable levels of the collision complex above oversimplified) case where stabilization of the complex by
the lowest dissociation threshold of the molecule are populated.collisions with the surrounding bath gas is assumed to be
Now gradually increase the pressure so that collisions betweenilreversible and to occur at the collision rate (i.e., the strong
bath gases and the metastable collision complexes begin tocollision assumption) is well-known (e.g., ref 4). Inspection
induce the formation of stable molecular species AB. Does the reveals that the forward and reverse bimolecular rate coefficients
formation of the stable species AB with increasing pressure resulting from this simple approximation do obey the relation
disturb the equilibrium ratio of speci¢#,B} and{C,D}? One of eq 1. For this case, the steady-state solution for the collision
does not expect so, since in the long-time limit, when equilib- complex population distributiorg*(E,J), is given by

rium of the molecular species AB with respect to separated

fragments is attained, the population ratio§ AfB} and{C,D} g*(E,J) = [AMIB(] g (E-AH)/kT Wi(E.J)

are still given by the equilibrium constant. Hence, one expects QaQs hlw + k(E,J)]

on intuitive grounds that, whatever the actual values of the

forward and reverse bimolecular rate coefficients in the presence ky(E\J)

of stabilization, they should still be related by the equilibrium = [AMIB()]K{A,BIAB) f(E"])m ©)

constant. Indeed, if the equilibrium ratio pA,B} and{C,D}
were to be disturbed, this would appear to violate the second whereKe{A,B|AB) is the equilibrium constant for the molecule
law of thermodynamics. AB relative to reactants A and B,
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Qas be identified as the steady-state population distribution of the
KeABIAB) = 0.0, e et (4) collision complex, and the othegd rises slowly with time and
AXB may be associated with the build-up of population of the

f(E,J) = p(E,J) exp(—E/ksT)/Q is the equilibrium population ~ Stabilized molecule. Thus

of AB, Wi(E,J) is the sum of states evaluated at the transition _ "

state for the entrance channel (i.e., that which governs the 9=0*9g (10a)
capture flux), andv is the frequency of collisions with the bath
gas. Hence, the forward bimolecular rate coefficient for
formation of products C and D is

where

K ktlmizxil
=K AB|AB)fdede(EJ)M 5 =
e ] " Qe > ()]

x! [(dse ™9 A(B(s  (10b)

The reverse rate coefficierik, for formation of products A

and B from reactants C and D is given similarly by and

ki(EJ) ky(EJ)

[w + k(E,J)] K
* — eq —
hence the ratidg/k, follows directly as in eq 1. g = QABln

k = K. (C,DIAB) [ ['dE dJ f(E,J) G X

x'|A(t) B(t)  (10c)

ki Y [(4)7b]
lll. General Case: Time-Independent Rate Coefficients T
It remains to verify by examination of the formal solution of |, aq 10, = p(E,J) exp(—E/ksT), x! is the eigenvector of

the master equation that relationship 1 holds more generally, ;orresponding to the eigenvalue of smallest absolute magnitude,
i.e., when irreversible stabilization of the complex by a single —kuni, Which gives the total thermal unimolecular dissociation

collision with a bath gas molecule is not assumed. Itis useful (5te coefficient for fragmentation througdll channels, and
to write the discretized version of eq 2 in matrix form as k! . is the thermal unimolecular dissociation rate coefficient for

formation of A and B. Finallyy = —J7'r is the steady-state
dg _ Jg+ wr (7) population distribution corresponding to long times where there
dt Que would be no net stabilization. Analysis of the stabilized

. populationg(t) leads to the resufitthat the stabilization rate
wherer; = ki(E,J) p(E,J) exp(~E/kgT), andKeqis to be read as  coefficient is given by
KeqA,B|AB) here and below unless otherwise indicated. For
notational convenience, when referring to the elements of vectors — 1.
. i o ) g ks = KedKunifne (1))
or matrixes we use a single indexo refer to the (discretized)
energy and angular momentunk,J). In eq 7, g is the

. with The fractionf,e is found in practice to be unity for all
population vector whose elements are §{E,J) of eq 2; the ne P y

matrix J contains all of the collisional transition ratB&E, JE',J) 1,2

and the microcanonical dissociation rate coefficiek{Es,J) of (2’9)

eq 2, and the term involving describes the influx terms of eq fo= S (12)
2. Because the collisional transition probabilities contained in 1 2/b]

J must satisfy the detailed balance requirement, the matrix is QZ[(Xi) |

related to a real symmetric matri by the transformation

except very high temperatures or weakly bound species, i.e.,
the usual conditions under which the eigenvalue separation
mentioned above is valid. Examination of the steady-state
(—E/kgT)]¥2. The solution to this “chemical activation” master ;:omplex populationg* yielded the following result for the
equation has been examined in somewhat different ways by.orward bimolecular rate coefficient (from channel 1 to channel
Schranz and Nordholfhpy Troe? and by Smith et &f. The )

general solution to eq 7 has the following form

B=Ss4s (8)

where the diagonal matri® has element§; = 9; [p(E,J) exp-

kﬂlnizxil
S~ —————) S Kx
N N N R |

Keq(ABIAB)

Ke t t—g) )
g(t) = g(t=0) + A: JLasA(IIB(9E™ O (9) K

Q

whereg(t=0) will be 0 if there are no AB molecules present at
the start of the reaction (typically, calculations are carried out
with the real symmetric matriB rather than] itself). In their 1y
study, Smith et af. showed that for the case of a reasonably — Ked ABIAB) nduni Kun (13)
deep potential well and not-too-high temperatures (i.e., condi- ° Kuni

tions where a time-independent stabilization rate coefficient is _

well-defined), there exists a clear separation between the IowestwherekgJ is the steady-state bimolecular rate coefficient (i.e.,
eigenvalue of the matri¥d and its higher eigenvalues and the that which obtains when there is no longer any net stabilization).
population distribution of eq 9 splits into two terms. One of Likewise, the reverse rate coefficieinobm channej to channel
these termsg*) is directly proportional to [AQ][B(t)] and may 1 will be given as
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il Ko (A,BIAB) . g
kjrﬁl _ ':l B KeQ(C,D'Ak?)_fHEkum kunl (14) g(t) — q(QAB| )‘/(;dS[A(S)][B(S)]eSBS ( )r (18)

Clearly, the second terms in egs 13 and 14 will give the simple Expanding the exponential operator as a polynomial series, one
ratio of equilibrium constants that we are seeking to establish. notes that" = (SBS™)" = SB'S%, and hence the matrixes

It is necessary therefore to examine the expression for theandS™* can be factored out on either side of the exponential,
steady-state rate coefficients (the first terms) more closely. For yielding

this purpose, we note theltgJ can be written using the

following matrix notation Ke(ABIAB) Bl
)= ———~ ["dA(9)][B(9]S* Isk* (19
CABAD a(t) O JoasA(NIB(9)] 19)
ol = — o (K) ISk (15) . N
Qns where we have again used the fact that Sk*. Writing the

forward flux asRi(t), we have
where ki is a column vector containing the microcanonical

dissociation rate coefficient$(E,J), and we have used the fact . Ke{ABIAB) T B 1
thatr = Sk, Substituting for in terms of the real symmetric R(t) = Q quA(S)][B(S)](kJ) (S Is)k
matrix B, we then have A8 (20)
) K.(A,B|AB) . _ The reverse fliRi~1(t) follows immediately as Provided the
@:] — — %[(k])T(SBgl) 182k1] () y
AB
- K.(C,D|/AB B .
R = Ked©.DAB) [rdsICEID((KY (S I
KfABIAB) = o Qas
=-——""— ) (SB'SHSK] (16) (21)
QAB
populations of C and D in the reverse reaction are set up
_ Ke(A.BIAB) appropriately to match those of A and B in the forward reaction,

T —1 1
) [(K') (SB9)k] the integrals of eqs 20 and 21 will be identical because the
AB matrix Se-9S is real symmetric. Hence the ratio of the time-
dependent fluxes for the forward and reverse reactions still obeys

The reverse steady-state rate coefficiéfi, is likewise given et even in the case of a shallow well and/or high temperatures,

by where time-independent rate coefficients may not be well-
defined.

kj;lz _ Keoﬁc'D|AB)[(k1)T(SBﬂS)kj] 17) The above discussion provides both intuitive and formal

S Qg justification for the common practice of assuming that the

forward and reverse bimolecular rate coefficients in collision-

The terms in the square brackets of eqs 16 and 17 are identicalCOMplex-forming reactions are related by the equilibrium
however, since, B, and hence the matri$B-1S are real constant of reactants and products in order to infer thermody-

symmetric. Hence the ratio of forward and reverse steady-state"@mic data from experimental measurements. We have shown
bimolecular rate coefficients also follows the simple relationship this to be so (1) regardless of the pressure, (2) regardless of the

of eq 1, which completes the proof. presence of additional product channels, and (3) even under non-
steady-state conditions. The generalization of the proof to

V. Genera' Case: Time_Dependent Rate Coefficients multlple-Well pI’OblemS |S transparent and hence will not be dealt
with here.
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