Equal reaction rates for all recombination pathways
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Formal collision theory indicates that the absolute termolecular recombination reaction rate can be
expressed in a form associated either with direct or indirect mechanisms for the recombination.
Moreover, the same exact rate constant can be calculated using either of the four mechanisms. These
results are to be contrasted to the rate constants standardly calculated by approximate methods.
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Collision pathways for the three moleculés B and AB will likely be favored by only one of the collision
C to react to form the “dimer” AB, are standardly mechanisms and the above sum is thus dominated by one

classified as direct(type |) collisions symbolized by term.
It is the purpose of the remainder of this communication
0 to show that, according to the formal theory of microscopic
A+B+ AB+ 1 SR . .
C— c @ three-body collision dynamics, if the rate constant for each
and indirect(type Il) collisions symbolized by pathway is calculatedxactly then all rate constants are
1 v equal and each separately describesdbmpletedynamics
A+B+C—A---B+C—AB+C, ) of recombination, that is
2 o kr:kO:k1:k2:k3. (6)
A+B+C—A...C+B—AB+C, (3)  This clearly contradicts the usual chemical intuition that the

rates for these processes are very different. The resolution of
this dilemma is understood to be the recognition that the rate
constants in Eqg5) and(6) are different. A further practical
In the pure direct(type I) collision all three molecules consequence of this distinction is that, if the approximate
A, B andC enter the three-body interaction region almostrate constants are added as in Eg), there is a possibility
simultaneously, whereas in the indiréttpe 1l) collisions a that some of the transition probability may be doubly
reaction intermediate or transient colliding p&uch as an counted since the individual pathway calculations may moni-
orbiting resonance statés established before the third mol- tor some of the same dynamics, namely that the same dy-
ecule encounters the pair and the subsequent reaction leadamics is only being described in a different manner.
to the formation of the bound dimer. The indirect collisions The theoretical description of a three-body collision in-
are standardly treated as a sequence of binary collisions. Thimlves the three-body Liouvillgsuperjoperators. ¥ and
classification of triple collisions according to types | and Il %,
has been regarded as rigorbifsthe potentials involved are
short ranged.

The chemically intuitive way of deciding the dominant

mechanism of a reaction and the corresponding CalCUIationv?/here 7 is the Kinetic enerav suberoperator of molecule
that are performed, treat the intermediates as definite chemi- ] gy superopera
and 7", are rearrangement channel potential energy super-

cal entities with rovibrational, etc., states and consider théO erators assuming pairwise additivity of the potentials. The
chemical reaction to proceed loynning over a pass on the per i g pal y P :
article pairs and collision channels are labeled according to

potential energy surface along (or very close to) the IoweSE . . . .
; ‘e Ctdi gs.(2)—(4) with, for example, the paiAB being designated
energy (classical or quantum wave packet) trajectdom as 1 and the intrachannel potential designated’as 7 ag

this approximate point of view the rates for different path- ) . .
PP b P appropriate for when molecules andB are interacting to-

ways are not the same. . .
y gether and molecul€ is free. The total potential energy

In this approach the usual view is that al pathwayssu eroperato?” is assumed to be pairwise additive, so that
should contribute to the overall rate of the recombination>"P€MOP ' P ’

process, i.e., 3

7'=2 7, 8
ke=Ko+ki+k+Kj. (5) 20 : ®

3 3’
A+B+C—B---C+A—AB+C. 4

3
L= T+ V= Lo+ T La= Lo+ T, (7)
=1

The primes on these rate constants emphasize their approxiith 7,=0 included for the noninteracting channel for no-
mate nature. It is commonly believed that most three-bodyational symmetry.

reactions proceed predominantly by type Il and that the type In describing the kinetic theory of a gaseous system con-
| collision is relatively unimportant. Moreover it is usually sisting of monomers of a particular species and their corre-
assumed that the formation of the recombination producsponding dimers, including the chemical reactions of dimer
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recombination and decay, Snider and Lofweypress the rate +H(o— L, +i 6)71(%&_‘%?)
constant for the recombination of moleculesindB to form o , ,

i ; i i (0= Ltie) L, — %)
the bound dimeAB usingC as a third body in terms of the a a y
thr_ee_-b(_)dy _transition superoperat(ir‘bo_(z), (ZEw_-i‘ i€). _ X (=L +i 6)—1(%;%’8)
This is identical to the type | pathway since there is nothing 7 7
in the description that determines whether all the molecules =[1+(w—;‘£€’a+ie)_l(;%/a—:%/y)]

meet simultaneously, or not. By algebraic rearrangement,
they found that7,4(z) can be written as a sum of contribu-
tions, one from each of the three possible “two-body” inter- =0, +(2Q, o (2). (15)
mediate states, o vE

X[1+(w— %, +ie) 71(;2’,/—,,%[3)]

13 A common frequency parameter for all Mdller superop-
Fi(2)== 7 (DO (7). 9 erators is required. Equatiofll5) can be recognized as
bo(2) SaZl bal(2) ‘a'/o( ) © Kato’s chain rulé for Mdller superoperators in spectral com-
ponent form. This equation implies that, for the three-body

Here the Mdler superoperatd¥ is given by collision schemes ofL—4)

Qy o (2)=1+(w— Latie) N Lam %) (10 - /
farvo : : Too(2D)=7"Q 4 (DO, 4 (2)
and the channel transition superoperatorgy(z) and b
Tpa(2) are given in Lippmann—Schwinger form as =70y 4 (D)0, +(2)
Too(2)=7°Q 7,(2) =70, 2 (DQ o o (2), (16)
=71+ (0~ Z+ie) N L~ %), (1) or equivalently,
and To0(D) =T (2) for a=1, 2 or3. 17

Tpa(2)=7"Q (2) - :
e This is an extension of E¢14). Note that none of the Mizr
=71+ (0— ZL+ie) N 2— L], (12)  superoperators in steps 1, 2 or 3 nor if, 12" or 3’ are

. ' . . . . necessarily the same, that@s,, o # Qo o # Qo o
with the final state interaction potential superoperator given 10 20 30
and Q) v, F Q%%z * QW%, but the combined effect of

by ) -
e Mdller  superoperators  for  successive  collisions,
7P=7"=T%. (13  1+1'=2+2'=3+3" are the same, as indicated by Eq.
Obviously Eq.(9) can be rewritten as (16). _It will be shown below that this implie_s an equali_ty of
5 reaction rate constants for all the mechanisms described by
. 3 1E b Egs.(1-4.
Tbo(2)= 34 70,5 (D Qg (2). (14) As discussed by Snider and Lowiyhe energy averaged

o o . _ absolute termolecular reaction rate constantfor each of

processes of types | and Il. Equatiti¥) can be interpreted  ang Mdler superoperators. For the mechanism shown by Eq.
as stating that for given initial and final states of a termo-(1) tnjs rate constant is given by

lecular reaction, the sum of the transition superoperators as-

sociated with type Il collision processéz-4) is three times ko=(gadsdc)  "A " 3(Ma+mg+me) A3(my) A3
that of the type | collision process.
The result of Snider and Lowry can actually be general- X (mB)A3(mC)2 Wgrabsexr(_ Eo /kT), (18
rs

ized and carried one step further. By using the definition of
the Mdler superoperator given in Eq10), it can be seen
that for any general series of channels, here labelled3
and y for generality,

where theq;’s are the internal state partition functions of
each of the initial molecules and the thermal de Broglie
wavelength for a particle of mass is A(m). W9, .. is the

Qg '%B(Z):lﬂ‘”_ ,,%’a+ie)*1(k,%’a—(%’ﬁ) transition probability of going from the original three free
N ’ moleculesA, B andC, labeled as “rearrangement” channel
=l+(0— Y, tie) (L,—%,) 0 in relative motion state, to the final dimer producAB

with its (third-body) collision partnerC, labeled here as re-
arrangement channél (for “bound” state) in relative mo-
=1+ (w— ,%;k+ie)*1(f/fa—m%’y) tion states, via the direct pathway O described by Ed).

Eq is the kinetic energy of relative motion for the molecules
in stater. The transition probability has been shown to be

H( Ly L) 0= F +ie) N £,— %5  given by

o= Lotie) WL Lp)
+(w—Lotie) Y(w— L, +ie)

=1l+(w—Z,+ i€) 71(6%}:1_ %'y) Wgrﬂbs: (%) 71TrreIPbs—7bOP0r ) (19
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where for exampleP, is the projector onto state of the |

three particle rearrangement chanhelThe trace is over all k1:|2 (SR CP (26)
states of relative motion with the presumption that the center ©

of mass motion of the three molecules has been removebjote that 1 refers to asingleintermediate state.

from discussion. It should also be remarked, that in the As the authors see it, the distinction between Hg.
present work, the molecules, B andC are treated as dis- and(6) is related to how many states are included in the
tinct species, whereas the discussion in Ref. 2 is restricted um in Eq.(26). While the exact rate constant involval
identical species, with the consequence that there is, in thagtermediatd states, the usual method of estimating reaction
work, an extra factor of 3 multiplying E@18) to account for ~ rate constants, and the usual chemical rationalization of how
the possibility that any of the three pairs of molecules couldhe molecules react, is based on picking out those intermedi-

end up being bound. ate states with the largest rate constant and using only those
For each one of the other three pathways, the rate corstates. This leads to the difference betw&gmndk;. Thus
stant is in practical calculations and in experimental situations, a re-
_ action process is usually interpreted in terms of a minimum
Ka=(gadsdc) lAg(Mta)Ae'(Ma) energy(classical trajectory(or quantum wave packet motion
near the classical minimum energy trajecjoajong the po-
X % Wor . ps€XH — Eq, /KT). (200 tential energy surface of a particular pathWdyThe choice

of pathway for practical calculations is dictated by that
Here,u;1 is the reduced mass of the interacting pair in path-which provides the lowest energy barrier for the reaction and
way a of the reactior{for example,u}=mamg/(mMa+mg) for recombination reactions, to those intermedi@igbiting
for the pathway of Eq(2), a=1], andu, is the reduced mass and/or resonangetates that have the longest life. In carrying
of the lone fragment with respect to the center of mass of theut such a procedure, not all states in any particular pathway
interacting paif w1 =mec(ma+mg)/(my+mg+me) for Eq.  are included, so it is not apparent from the calculations that
(2)]. In each case the transition probability can be written asare usually done that there is an equivalence of pathways.
a o _ But this does not imply that the sum of the rates from all

Wor —.ps= (i%) " TrreiPns7nal2 Var 7P 0r s (1) intermediate states for a second pathway does not give the
wherea labels the channel associated with the relative moSame total rate constant as for the first pathway. Nor does it
tion and internal states for the transient pair and free frage*clude the possibility of some double counting of transition
ment during the intermediate step in the mechanism. Equékrobability if one adds the minimum energy rates calculated
tion (17) implies the equality of transition probabilities, for different pathways.

W3, _,c=W2 . The prefactors of Eqg18) and (20) are An illustration of the standard approach to the explicit
also equal, which follows from the identity, calculation of the rate constants of different type Il pathways
is the calculation for the hydrogen recombination reaction,

A3(ma)A3(mg) A3(me) = A3(ma+mg+me)

3/,,t 3
XA (2 A ). 22 with M = H,, He, or Ar, carried out by Pack, Snow and

In this way the equality of the exact rate constants for thesmith® They generally classify type Il recombination reac-
different pathways is established, E@). tions of A atoms as energy transféET) mechanisms,

The effect of the Mber superoperator on the state of a
pair of non-interacting molecules is to replace the “free” AtA=A---A,
state with an interacting state having the same energy. De- A...A+C—A,+C, (28)
noting the(relative motion state of the transient paiplus .
third particle by | in rearrangement channel, produced ©F Pond-complexBC) mechanisms,
from initial stater of rearrangement channel 0, the transiton A4+ Cc—=A...C,
probability associated with mechanisamcan be written as

i(O)lrabs:(iﬁ)_1Trrelpbs—u7~ba|:)al ) (23

H+H+M—H,+M 27)

A---C+A—A,+C, (29)

_ ) _ _and calculate approximate rates of recombination for each of
with Py =€+ Por being the projector onto the transient ynese separate mechanisms, based on selecting out only the
stateal. As a consequence, the mechaniamate constant |ongest lived transient states. They neither obtain the same
can be expressed & sum ovel of) a product of an equi- rate constants, nor the same temperature dependence, for the
librium constant for the transient staéé, here exemplified rate constants for the ET and BC pathways.

for Eq. (2) [a=1], Detailed information about the presence of reactive in-
Kl = “1A3( b )eEu /KT, 24 termed_|ates can be obtained by molecular beam
1= (Aa0s) (1) 24 scattering”1° While the above arguments are stated for en-
and a “bimolecular” rate constant ergy averaged absolute rate constants, the equivalence of re-
_ o P combination pathways is also valid for state-to-state absolute
Kyi—ps= e A% (120) (i7) M TrePps 7Py (25 pa hvay

rate constants since E(L.6) really is for individual quantum
namely states. But consistent with the remarks in previous para-
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graphs, what will be experimentally observed, or more corpendent of the detailed form of the potential surface as long
rectly, how the experiments are most easily interpreted, wilks it is short ranged. As mentioned above, the transition su-
be in terms of the longest-lived stategnarrowest peroperator relatiorfl6) follows immediately from Kato's
resonance$’ and so whichever pathway allows the longest-chain rule for the Mtler superoperator. Kato’s chain rule is
lived intermediates will be the one that is most useful for thea rigorous relation that has stimulated much interesting re-
description of the recombination reaction. That does not imsearch in atomic, molecular and nuclear physics by suggest-
ply that the whole collision process cannot be described via ang certain physical divisions and approximations based on
different pathway, only that this alternative is likely not as exact mathematical relation$.The arguments of this work
efficient computationally or conceptually, in that its dynami- can also be applied to three-body collisions in these other
cal motion will probably be much more elaborate. fields.

Two constraints on the above arguments are immedi-
ately obvious, each of which could significantly influence the  This work was supported in part by the Natural Sciences
applicability of the above formal results to the interpretationand Engineering Research Council of Canada. The authors
of experimentally measured rate constants. First of all, it hashank Dr. M. Thachuk for very useful comments on the pre-
been assumed that the potential is pairwise additive. Surelgentation of this work. G. W. W. and S. A. thank the Uni-
this is false for chemically reacting systems. But it is notversity of British Columbia for University Graduate Fellow-
clear that this should change the above formal arguments fahips. G. W. W. also acknowledges financial support from
any particular type Il pathway, since all that is required isthe Killam Foundation.
separating the potential into a pair potential for determining
the transient pair state, plus the remainder. If the remainder
contains nonpairwise additive terms, does it really matter?'F. T. Smith, inKinetic Processes in Gases and Plasmedited by A. R.
The second constraint is the fact that what is described is aggo‘;hsstimész?]zrginTNf(‘)"’w:“”?v é?gq Phge, 2330(1974
isolated threetb_ody coII|S|on_. The _standard_chemmal argu-s3° w1 Jauch, B. Misra, ang’A_' G. Gibson. Helv. Phys. Adta, 513
ment of a collision complex is that it has to live long enough (1963.
for energy to be transferred into a mode that allows the re-*R. F. Snider and B. C. Sanctuary, J. Chem. PBfs.1555(1971.
action to take place. If energy transfer to other molecules inST' Kato, Perturbation Theory for Linear OperatorSpringer, New York,
the system(via collisions with the transient without deacti- Gé??(%ndrick and R. T. Pack, Chem. Phys. L&85, 291 (1995,
vation to form a bound statere important for this reorga-  7w. H. Miller, J. Phys. Chem99, 12387(1995.
nization of the complex, the reactionrigt just a three-body 3R' g- PI?C_k,AR- L. Snogviv'anld V\1 DéSmitf':}lJ-hC?;jm. gfgﬁs.926(1sl972).D
colision and the present reaction scherssd are insuff  °g,24e RAeme s iote bean ety & Scote 0
cient for a true description of the kinetics of the reaction. If |
such is the case, then the results of this communication mayy. T. Lee, in Atomic and Molecular Beam Methadsdited by G. Scoles,
not be directly applicable to the interpretation of experimen- 1DésBaS\7i'|U|' Buck, and D. Lain€Oxford University Press, New York,
tal results. , . _ _ ugy. %'engie and C. Chandler, Phys. Rev. LE®.3925(1994; Phys. Rev.

Except for the constraints discussed in the preceeding c 45 532(1992; Gy. Bencze, P. Doleschall, C. Chandler, A. G. Gibson,
paragraph, the collision properties discussed here are inde-and D. Walliser,bid. 43, 992 (1991).

J. Chem. Phys., Vol. 106, No. 4, 22 January 1997

Downloaded-31-Mar-2002-t0-137.132.3.10.=Redistribution-subject-to-~AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



