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Abstract: Statistical theory is used to calculate the #

CH3Cl — FCH; + CI~ rate constant versus relative

translational energ¥,e and CHCI temperaturel. The calculations are performed on a potential energy surface
derived from MP2 and QCISD(Tb initio calculations with the 6-3H+G(2df,2pd) basis set. At best, statistical

theory only qualitatively reproduces the dependence of the experimental rate constant on translational energy and
temperature. Using the height of the central barrier with respect to the pre-reaction complex as an adjustable parameter,
the experimental rate constanti&g = 0.9 kcal/mol andl = 296 K may be fit by statistical theory with a central

barrier 3 kcal/mol higher than that determined from the QCISD(T) calculation. The calculation of2heat®

constant is insensitive to whether the unified statistical model or standard RRKM branching ratio expression is used.
Also, including anharmonicity for theF - -CH3Cl complex does not affect the calculated rate constant. A comparison

of statistical rate constants with parametrized trajectory capture rate constants suggests that, during the entrance
channel capture dynamics, the f CHzCl relative translation and GJ€I rotation motions are strongly and weakly

coupled at low and higlk, respectively.

I. Introduction

The dynamics of simple gas phasg2Seactions of the type,

X~ + CHgY — XCHy + Y~ 1)

tribution (IVR) may occur on a time scale much longer than or
comparable to that for the chemical reaction.

The S2 reactions depicted in eq 1 are thought to proceed
through the X---CHgY and XCHs- - -Y~ ion-dipole com-
plexes!® For experiments carried out at low pressures, devia-
tions from the predictions of statistical theories may be expected,

are of considerable interest due to the nonstatistical effectsif R is inefficient and microcanonical ensembles are not

observed in both experimental and theoretical stukli€s More

prepared for the two complexés. At high pressures, due to

work needs to be done to obtain an understanding of the frequent inelastic collisions of the reacting molecules, canonical
microscopic mechanisms for these reactions. The extent t0gnsembles may be prepared for the complexes and a thermally

which the kinetics of a reaction differ from the predictions of

averaged statistical theory may be appropriate for calculating

statistical theories depends on the disagreement between thene 52 rate constant. Therefore, caution is required when
actual dynamics and the basic assumptions inherent in stafisticakonsidering nonstatistical effects foxBreactions. Statistical

theories. As shown in modern nonlinear dynanitsnost

theory calculations need to be performed for the same conditions

dynamical systems can display both regular and chaotic motion, 55 ysed in the experiment.

a behavior contradictive to the ergodic hypothesis of statistical

To provide more insight into comparisons of statistical rate

mechanics. Even if the phase space region of interest is chaotictheories and experiments foxSBreactions, calculations of the
the time required for the dynamics to become statistical may inetic energy and temperature dependencies of the rate constant

be very long. Thus, intramolecular vibrational energy redis-
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are reported here. The rate constants were measured at low
pressures of 0:40.5 Torr?1=23 A trajectory calculation per-
formed for this reactiotf shows that the lifetimes of the
F~- - -CH3Cl and FCH- - -CI~ complexes are very short and,
thus, do not undergo deactivating collisions at the above
pressures, which correspond to collision frequencies of ap-
proximately 16s™1. The experimental rate constants have been
interpreted with a theoretical model that neglects any influences
of the central barrier and, instead, is based on-imolecule
capture modified by an orientation efféét. The assumption

F~ + CH,Cl— FCH, + CI-
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Table 1. Potential Energies for Stationary Points on the+ CH;Cl — CI~ Reaction Path

PES(F,Cly MP2 QCISD QCISD(TY cCsD(TY G2(+)°
F~ + CHClI 0.00 0.00 0.00 0.00 0.00 0.00
F- - -CHCl -15.83 —15.80 ~16.08 ~16.56 —15.04 —15.60
saddle point ~11.56 ~11.56 —12.48 —13.95 -12.01 ~12.62
FCHy- - -CI- —41.23 —41.20 —44.10 —43.44 —41.63 —41.06
FCHs + CI- —-31.32 —-31.32 —34.61 —33.54 -32.41 —31.42

aEnergies are in kcal/mol and do not include zero-point ener§igsalytic potential energy function developed hetéb initio calculations
presented here. The basis set is 6-8315(2df,2pd) and the geometries are optimized at the MP2 level of the@§€SD(T)/vtz+2 calculations
based on CEPA/basis-I optimized geometries; ref 28. TheéXtzasis set is based on Dunning’s valence tripleasis set. It includs two diffuse
sets of s, p, and d functions at the halogen centers and one of each at the carbon. Also, there is one set of f functions at each of these atoms. The
hydrogen is described by 3s and 2p functions. The-2thasis is slightly larger than the 6-3t+G(2df,2pd) basis used for oab initio calculations.
Basis-l is based on Huzinaga’'s exponents and contraction coefficients for the s and p functions of the heavy atoms, and the s functions for hydrogen.

It is roughtly equivalent to the 6-3#iG** basis. ¢ Reference 30.

Table 2. Ab Initio? and Potential Energy Surface Geometries and
Relative Energies for Stationary Points on the Reaction®Path

Table 3. Ab Initio MP2 and Potential Energy Surface Harmonic
Frequencies for Stationary Points on the Reaction®ath

Rc—r Rc—ci Rc-n 0OCI-C—H 0OH-C—H energy mode ab initio expf PES(F,CI

F + CHsCl Reactants Ay, C—Cl str 769 740 772

ab initio o 1.778 1.083 108.6 110.3 0.0 E, CH; rock 1042 1038 1029
PES 00 1.778 1.085 108.9 110.0 0.0 A1, CHz deform. 1397 1383 1490

I RO B
abinitio 2.511 1.837 1.077 108.1 110.8 —15.795 ELC—H str 3232 3166 3230
PES 2.521 1.831 1.078 108.1 110.8 —15.826 ’

N [F- - -CHs- - -CI]- Saddle Point E £ beng F-- 'CH3C'7g°mp'eX .
abinitio 1.997 2.106 1.069 95.9 119.0 —11.556 A’1 FCstr 174 172
PES 1.995 2.108 1.069 96.1 118.9 —11.564 A1: C—Cl str 612 588

FCHs- - -CI~ Complex E, CHs rock 966 1043
abinitio 1.413 3.178 1.082 70.9 109.9 —41.197 A1, CH;z deform. 1277 1396
PES 1.410 3.198 1.082 70.7 109.7 —41.234 E, CH; deform. 1463 1399
FCHs + CI- Products Ay, C—H str 3186 3215
abinitio 1.383 ©»  1.086 71.1 1100 -31.321 E, C-Hstr 3317 3361
PES 1.383 o 1.085 70.9 109.8 —31.322 Saddle Point
& MP2/6-311-+G(2df,2pd) calculation'_é’. Distances are in ang- Eq FF—_CC_C(I:IbSetr:d 325’57 3253
stroms, angles are in degrees, and energies are in kilocalories per mole. E, ,CHa rock 1007 1208
A1, out-of-plane bend 1151 1280
that the central barrier is unimportant arises from the large E, CH; deform. 1427 1406
exothermicity of the reaction, which indicates the potential of =~ Ai, C—Hstr 3224 3224
the barrier must lie much below that of the reactants. E,C-Hstr 3422 3421
- . . reaction coordinate 501i 498i
The statistical rate theory calculations were performed with
a general analytic potential energy function developed f@& S - FCH,- - -CI” Complex 5
reactions of the type depicted in reactiof'®. Parameters for i’ Cc_tgnsc:r 1f§ 125
this potential energy function were determined fraiminitio Ai: F—C str 989 997
calculations, which are described in the next section. E, CHs rock 1165 1176
A;, CH; deform. 1446 1627
iti i ; ; E, CH; deform. 1504 1445
II. Ab Initio Calculations and Potential Energy Function An CoH str 3138 3148
Ab initio calculations were performed to determine properties ofthe ~ E, C—H str 3255 3280
minimum energy path (MEP}® and stationary points for reaction 2. FCH; + CI- Products
The former were only determined at the MPRvel of theory, while Ay, F—-C str 1086 1077 1087
QCISD and QCISD(T calculations were also performed to study the E, CH; rock 1211 1207 1170
stationary points. The 6-3#HG(2df,2pd) basis set was used for all Aj, CHz deform. 1505 1496 1653
theab initio calculations. Energies, structures, and vibrational frequen-  E, CHs deform. 1521 1514 1441
cies calculated for the stationary points are listed in Tables 1, 2, and 3, A1, C—Hstr 3097 3046 3107
E, C—H str 3199 3165 3232

respectively. Also included in Table 1 are unpublished CCSB@n
initio calculations by Seeger and Botschwffhand G2(+)?° ab initio
results®°

The harmonic vibrational frequencies obtained at the MP2 level are
very accurate and are less than 4% in error compared with the

(25) Krishnan, R.; Frisch, M. J.; Pople, J. A.Chem Phys 198Q 72,
4244,

(26) Pople, J. A.; Head-Gordon, M.; Raghavachari JKChem Phys
1987, 87, 5968.

(27) Purvis, G. D.; Bartlett, R. J. Chem Phys 1982 76, 1910.

(28) Seeger, S.; Botschwina, P. Private communication. Seeger, S.
Dissertation, Cuvillier Verlag: Gtingen, 1995.

(29) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
Chem Phys 1991, 94, 7221.

(30) Glukhovtsev, M. N.; Pross, A.; Radom,L.Am Chem Soc 1996
118 6273.

2 Frequency units are cth P The experimental CyCl and CHF
harmonic frequencies are from refs 31 and 32, respectively.

experimental harmonic frequencies for gHf! and CHF.32 From
Table 1 it can be seen that the central barrier height with respect to the
pre-reaction well is very sensitive to the level of theory used in the
calculation. Including triples in the QCISD calculation lowers the
central barrier by approximately 1 kcal/mol with respect to the pre-
reaction complex & - -CH3Cl, a result consistent with the high-level
CCSD(T) ab initio calculations of Seeger and Botschwiia.The
QCISD(T) calculation predicts the central barrier to lie approximately

(31) Duncan, J. L.; Allan, A.; McKean, D. @®/Jol. Phys 197Q 18, 289.
(32) Giguere, J.; Overend, $pectrochimActa 1976 32A 241.
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Table 4. Non-Switching-Function Potential Energy Surface Parameters for PES(F,CI)
CHsCl, CHsF Parametefs

'vc 1.7778,1.3832 A plc 0.1610, 0.1835 mdyA/rad!
Pwc 1.8308, 2.0298 At f};C 0.7312, 0.9158 mdyA/rac?
Duc 84.38, 115.7 kcal/mol ae —0.2305,—0.2305 mdyrA/rac?
Ovc 109.8330, 110.0204 F5 1.0
dmc 108.9163, 109.1069 IHe 1.0850 A
fC 0.4865, 0.5545 mdyA/rac? Brc 1.9058 A1
a'g‘c —0.1494,—0.1703 mdyri/rac? Duc 110.00 kcal/mol
Complex F- - -CH3Cl Parameters
re 2.5107 A A 4655.416 A-kcal/mol
gc 0.6740 A B 1403.114 A-kcal/mol
Be 1.5570 A1 Cs 0.63138288 rack
Dc 15.7954 kcal/mol
Saddle Point Parameters
Omax 120.0 ay ™ —0.0813 mdyrA/rac®
f1AX 0.3935 mdyrA/rac? plAx 0.0019 mdyrA/rad?
Complex FCH- - -CI~ Parameters
rc 3.1776 A A 4655.416 R-kcal/mol
ge 1.7651 A B 1403.114 A-kcal/mol
Bc 1.3478 A1 Cp 0.63138288 rac?
Dc 9.8761 kcal/mol
Long-Range Parameters for B CH;Cl
a: 0.01707734 mdyh/rac® D 207.96835 A-kcal/mol
be 1.64786208 A2 G 71.0837
Ud 187D
Long-Range Parameters for F&i Cl-
as 0.01707734 mdyh/rac? D 207.96835 A-kcal/mol
b 1.64786208 A2 oo 70.8932
Ud 1.85D

aSee ref 15 and its Table 5 for a definition of the parametetéie parameters for G are listed second. The HC Morse parametggsSyc,
andDyc are the same for C4€1 and CHF.

14 kcal/mol below the reactants. For the CCSD(T) calculation the model extends this expression to reactants with multiple potential

central barrier is 2 kcal/mol higher with respect to the reactants. energy minima and transition states, by repladi(§) with
The analytic potential energy function used for+ CH;Cl — FCH;

+ CI~ is identified as PES(F,Cl) and has the same form as that M+l q M 1 11

developed previously for the CH- CHzBr — CICH; + Br~ reaction. No(E) = - Z (4)

Parameters for PES(F,CI) were determined by approximately 1000 MP2 3. N(E) %3N (E)

potential energy values calculated for the stationary point geometries,
geometries along the MEP, and geometries away from the MEP. MP2

frequencies for statioanry points are also used in the potential function where fork =1, 3, ..., M + 1 the{N(E)} are the tranSItlo.n
fitting. It would be impractical to calculate this number of potential Stat® Sums of states and fox 2, 4, ..., M they are the potential

energy points and perform geometry optimizations and vibrational MiNimum sums of states with the reaction coordinate removed.
frequency calculations at the QCISD(T) level of theory with the large  Each sum of statelsy(E) is calculated at a total energy equal
6-31H-+G(2df,2pd) basis set. In the statistical theory calculations, to E plus the difference between the potential energy (including
different values are considered for the central barrier height including the zero-point energy) of the"F- CHsCl reactants and that
the QCISD(T) value. The fitted parameters for PES(F,CI) are listed for the Ni(E) term.

with the MP2 stationary point properties in Tables3l for the FCH- - -CI~ complex and the FCH - -CI~ <> FCHs +

CI~ variational transition state make negligible contributions
to No(E) for reaction 2. TheNk(E) which contribute tdNg(E)
Modifications of the unified statistical modét35 were used are Ntar for the F 4+ CHsCl <= F---CHsCl variational

to calculate rate constants for reaction 2 as a functiomotF  transition stateNeom for the F- - -CHsCl complex, andN},,

CH3C| I’e|a'[ive '[I’ans|ati0na| energgrel and CI’!}CI temperature for the [F_ - _C'—b_ - _C|]— Centra' barrler Thug}lo(E) may be
T. Transition state theory expresses the thermal rate constantyyitten as

Ill. Models for Statistical Rate Theory Calculations

as
N} a(E)Nbai(E)
1 o0 kT Ny(E) = var bal )
k(T == | N(E 5 dE 3 0
(N =g Jo NBe ®) N olE) + Nl B) — Nea EINE NN (E)
where Q is the reactant partition function arld(E) is the Inserting this expression into eq 3 gives the unified statistical

transition state sum of states, and for simplicity angular Mmodel's thermal (i.e. canonical) rate constant for reaction 2.

momentum is not included in the integral. The unified statistical The F---CHsCl stretch mode is taken as the reaction
coordinate for the & - -CH3Cl complex and is not included

(33) Miller, W. H. J. Chem Phys 1976 65, 2216. -
(34) Miller, W. H. In Potential Energy Surfaces and Dynamics Calcula- when Calcmat[mg\lcom' .
tions Truhlar, D. G., Ed.: Plenum: New York, 1981; p 265. The experimental rate constants for reaction 2 are not

(35) Miller, W. H. J. Phys Chem 1983 87, 3811. measured versus temperature, but versus-FCH;Cl relative
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Table 5. Switching-Function Potential Energy Surface Parameters statistically with F + CHsCl relative translation. Instead, the

for PES(F,CI)

vibrations probably behave adiabatically during capture. Al-

switching function parameter value lowing the relative translation and vibrational degrees of freedom
Sr(g), €95 Cir 1.68763661 to couple statistically would overestimdtéa(E) for capture.
$(9), eq 16 a 0.491858155 However, once the F - -CH3Cl complex is formed relative
& 0.754712522 translation and vibration are assumed to couple statistically, and
213 (1)_;8&313:34""8271 Nfar andemfor dgcompos_itior) of the complex are determined
. 0.196999118 from mlcro_cz_monlcal distributions. _
Cs 0.750211954 The statistical theory & rate constarks,(Ee, T) for reaction
d; 3.46199346 2, as a function oE and CHCI temperaturd, is determined
d 4.05573320 by combining the F + CHs;Cl — F~- - -CH3Cl capture rate
ds 2.25929070 constant with the probability that the F- -CHsCl complex
(9. €q 17 Cra 0.0309145562 dissociates to FCtH CI~. The approach we use for determin-
n,;ab 4 . . .. . . .
Si(0r), €q 18 Csb 0.77918404% 10-3 ing ks2(Erei T) is similar to, but has more microscopic detail
Npo 10 than, those used previously by Wladkowski et®iGraul and
S(gs), €9 19 a 0.807352066 Bowers? and Wang and Hasg. It is assumed the ¥4 CHs-
& —0.170837730 Cl — F~- - -CH,Cl capture rate constaktadEre,T) is indepen-
213 1.62%16:116‘523 dent of the CHClI vibrational quanta and may, thus, be written
C 0.152728140 as
C3 0.182156205
by 1.01708472 ©
b, 2.53821373 kcap(EreI’T) = Z kca;(EreI'j)P(j) (6)
b 3.99806261 =
S(gy), eq 20 f1 1.03177369
f2 —0.519496024 wherej is the dipole’s rotational angular momentum quantum
fa 1-fi—1 number andP(j) is the probability ofj. If the probability of
k1 0.922957122 . g g .
ks 0.246526197 forming the F---CH3Cl complex is independent of orbital
ks 0.0830343589 angular momentum quantum numbeand equals unity fot
hy 1.13707530 between 0 andimax®’ ksy2(Ere, ) may be represented by
Ez g-ggg%zgg combiningkeadErer,j) in €g 6 with the probabilityPpa{E,J) that
(00, eq 24 ai 2 0258572052 g)rn%?:[.hieelf CHsCl complex is formed it dissociates to FgH
a 0.137438059 v
as l-a—a )
by 0.210452318 © J e @
by 0.185458511 kg 2(Ere ) = Z) z Kea Erend)P(1J2) z P() » P(n)
bs 0.0268961675 &5 = e
Joa —2.5989 I+
2 —0.0351 21
S(0)eq 2 S 0532228645 > POPEY (1)
C3 1—C1—C2 1=l
g; gjg%éggggg The unified statistical model's representation Ria(E,J) is
ds 0.0195052139 given by the right-hand side of eq 5 wiNiiar(E) removed from
Qob —2.2066 the numerator and the total angular momentum quantum number
$(9), eq 26 ay 2.30719733 Jincluded in the remaining sums of states; i.e.
by 2.17455459
2.29782748
o 2.34361005 Porad EJ) = )
S - I ®
$(9). eq 31 g;* (1.351084 Nvar(EvJ) + Nbar(Eﬂ]) - Nvar(E!J)Nbar(Ev‘J)/Ncom(Ev‘J)

2 The equation number identifies the equation in ref 15 which defines whereE = E + Eot + Eyip is the total energy. The normalized
the switching function® This value in the analytic function for CH- probability distributionsP(l), P(j,j), P(n), and P(J), for the
CHsBr, ref 15, was set to 3. orbital angular momentum quantum number, thesCHota-

translational energf.e and CHCI temperaturd.23 Thus, eqs tional quantum numbers, the GEl vibrational quanta, (_and the

3 and 5 must be modified to account for these experimental total angular momentum quantum numbers, respectively, have
conditions and to include orbital and rotational angular mo- Peen given previous and are not repeated here.

mentum effects. A procedure for doing this is identified by ~ Values ofkadEreij) in €q 7 may be deduced frokaadErei 1),
considering the situation with a very low central barrier so that determlr;lgg_ from_tr:ajectpry g?'ctﬂi}t'oﬂsém a(;\ C;(')n Iand linear
NE) ~ NeonB). No(E) in € 5 then becomes equald, 5, 0 o preseion faig(Er™) s Ued
(E), sinceN;,(E) > N{,(E). With No(E) = N,(E), the rate : ap el

consiant i 5 315 thafor -+ CHClcapure However, for 1918+ Our el ougit o obaniig(Ce wsto et
capture with a fixedEy, fixed CHsCl rotational angular q©. + € P
momentum quantum numbgrandj,, and specific quanta in (36) Wladkowski, B. D.; Lim, K. F.; Allen, W. D.; Brauman, J. J.
the CHCI vibrational modes, it is inappropriate to use a Am Chem Soc 1992 114 9136.

. . L . + . (37) Wang, H.; Hase, W. LJ. Am Chem Soc 1995 117, 9347.
microcanonical distribution to calculatd,,(E). This is be-

IISTrio (38) Su, T.J. Chem Phys 1994 100, 4703.
cause the CkCl vibrational degrees of freedom do not couple (39) Troe, J.J. Chem Phys 1996 105, 6249.
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inhomogeneous Fredholm equation of the first KihdThese CHsCl complex, respectively. The suhi,(E.J) was equated
equations are often extremely ill-conditioned and the solutions to the minimum in the sum of states along the reaction ffatis.
are not unique. Specialized methods have been developed foiHarmonic frequencies were calculated for the vibrational modes
inverting such equations. However, they must be augmentedorthogonal to the reaction coordindfe4®
by additional information regarding the nature of the solution,  Because of the low energies in the variational transition state,
e.g., the linear and higher-order regularization mett&dSince anharmonicity is unimportant fok;,(E,J) and theN{,(EJ)
Su’s keadErer, T) is a parametrized result, the nature of the calculated from eq 11, when Boltzmann averaged, give canoni-
resulting keafErerj) is not clear. Biased regularization might cal rate constants for the dissociation gf2Sion—molecule
face the danger of losing the correct physical picturé«gf complexes nearly equ4lto those determined for the flexible
(Ereij)- Even if an accurate numerical value kfdEreij) is transition state modéP5! the statistical adiabatic channel
found using the kernel d?(j) to reproduce eq 6, one cannot be  model5253 the trajectory capture mod&%5 and the classical
certain that thekcadEreij) is correct for the statistical theory  variational transition state mod®. On the other hand, a
expression, eq 7. calculation for the CI---CHzCl compleX’ indicates that
In this work a statistical model with empirical scaling to  anharmonicity will increase the sum of states for the +
Su's®® keafEre T) is used to obtairkeagErelj). The statistical CHsCl complex by a factor of 2, which is used here to correct
calculations are performed for an ion-linear rotor Hamiltonian the above anharmonic values fdgn(E,J). The effect of not
with an ion-dipole/ion-induced-dipole potential, and are de- including this correction is considered below, when comparing
scribed in the Appendix. It is probably a very good approxima- the calculated and experimenta 2(E;e,T) for F~ + CHsCI.
tion to model CHCI as a linear rotor, since the moment of  Since the transition state at the central barrier has less energy
inertia and, thus, density of states are significantly smaller for than the F- - -CH;Cl complex and is also tighter with higher
the symmetry axis than for the other two rotational axes. frequencies, a smaller anharmonic correction is expected for
Two approximations were made to eq 7 to determine how the central barrier transition state than for the complex. Thus,
they affect ks2(Ere, T). For the first, the following often  for the calculations reported here an anharmonic correction is
applied®*” RRKM-type expression foPya(E.J) was used in  not included forNf,(E,J). In future work it would be of
eq7: interest to calculate an accurate anharmonic correction for
+ N;,(E.J) and determine whether it has an energy dependence
Nyl E.J) ) which contributes tks2(Erer, T)-
Ntar(E"]) + NﬁaxE,J) Anharmonic corrections are not included here in calculating
zero-point energies from the harmonic frequencies. Since there

The second approximation involved neglectingjtdependence IS Very little shifting of the frequencies in going fronm F

of the capture rate constant in eq 7 and, thus, expressing theHsCl to the F'- - -CHzCl complex, anharmonic effects in the
S\2 rate constant as zero-point energy are expected to almost cancel between the

F~ + CHsCl variational transition state and the complex.

© Imax ® Anharmonicity will influence the zero-point energy difference
ksvz(EreuT) = kcap(EreI’T) Z z PG.j,) Z) P(l) P(n) between the central barrier and the complex. However, in the
= = = following the central barrier height is used as an adjustable
I+j parameter to fit the experimental rate constants and the resulting
P(J)Py,o(EJ) (10) barrier height should be viewed as the classical barrier height,
J=T=| plus the difference in anharmonic zero-point energies between

the barrier and complex.

Pbran(EvJ) =

==

where PyraE,J) is represented by eq 8. In previous wérk,
egs 9 and 10 were combined to calcul&tg(Ee,T) for the IV. Comparison of Experimental and Calculated
Cl~ 4+ CH3Br — CICH3 + Br~ reaction. Since the probability = K(Erel,T)

distributions in egs 7 and 10 are the same, both equations equate The kinetic energy and temperature dependencies of the F

Ks2(Erel, T) 10 Kea Erel, T) if PoradE.J) €quals unity. Equation9 CHzCl S\2 rate constant, determined from the unified
and an equation similar to eq 10 have been used in average '

dipole orientation/RRKM th dmi cal variational statistical model [i.e. eqs 7 and 8], are plotted in Figures 1 and
Ipole orientation eory and microcanonicaivanational 5 - tpg cajculations are based on the analytic potential energy
transition state/RRKM theory calculations k& (Ee,T) for

. 6 . surface PES(F,CI) described in Section II, with different values
reaction 2 and ClCHiCN * Clg respectively. . for the central barrier height with respect to the pre-reaction
The sums of stathl;,(E,J), N, (E,J), andNcom(E,J) in eqs 8

) ) T . . complex’s potential minimum. In Figure 1, the calculated
and 9 were f!rst calculated with a ng|d-rotor/harm(_)n|c-oscnlator results are for the MP2 classical central barrier of 4.24 kcal/
model, treating th& quantum number as an active degree of

1143 mol. Including the PES(F,CI) harmonic zero-point energy
freedom, 1.€. difference between the barrier and complex gives a total barrier

N J R (44) Truhlar, D. G.; Hase, W. L.; Hynes, J. J.Phys Chem 1983 87,
N(EJ= > N(EIK) (11) 2664,
k&3 (45) Truhlar, D. G.; Garrett, B. CAcc Chem Res 198Q 13, 440.

(46) Hase, W. LJ. Chem Phys 1976 64, 2442.

+ (47) Miller, W. H.; Handy, N. C.; Adams, J. B. Chem Phys 198Q
The sumsN,,(EJ) and Ncon(E,J) were evaluated at the 72 g99.

stationary points for the [F- - -CH- -CI]~ barrier and F- - - (48) Fukui, K.J. Phys Chem 197Q 74, 4161.
(49) Fukui, K.; Kato, S.; Fuijmoto, HJ. Am Chem Soc 1975 97, 1.

(40) Delves, L. M.Computational Methods for Integral Equatigns (50) Wardlaw, D. M.; Marcus, R. AJ. Phys Chem 1986 90, 5383.
Cambridge University Press: New York, 1985. (51) Klippenstein, S. 3. Chem Phys 1991, 94, 6469.

(41) Aubanel, E. E.; Wardlaw, D. M.; Zhu, L.; Hase, W. Int. Rev. (52) Troe, J.Chem Phys Lett 1985 122, 425.
Phys Chem 1991, 10, 249. (53) Troe, J.Chem Phys 1987, 87, 2773.

(42) Zhu, L.; Chen, W.; Hase, W. L.; Kaiser, E. \W/ Phys Chem 1993 (54) Chesnavich, W. J.; Su, T.; Bowers, M.JTChem Phys 198Q 72,
97, 311. 2641.

(43) Zhu, L.; Hase, W. LChem Phys Lett 199Q 175, 117. (55) Su, T.; Chesnavich, W. J. Chem Phys 1982 76, 5183.
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10°8 TR S S IO R . However, this is not a definitive experimental trend and at best
seems smaller than that in the statistical theory calculations.
- For the CI + CH3Br Sy2 reaction, the experimental rate
constants are also independent of temperature, while the
statistical theory rate constants are temperature depefident.

Figures 1 and 2 show there are significant differences between
the trajectory capture rate constants and those of the unified
statistical model. As the kinetic energy increases, the difference
between the two sets of rate constants becomes larger. Thus,
N the low central barrier does not necessarily mean that it cannot
......... L serve as a “bottleneck” for the reaction. Due to the tight
226 K (expt) D L structure of the central barrier, its moments of inertia are small
; jzgiggg ™ and, thus, create a high rotational barrier for large total angular
16710 — ———r : momentum. Therefore, whether the central barrier may be
neglected depends on the total energy and angular momentum
in the statistical theory calculation.

E , (kcal/mol) In previous worlké=3756a central barrier height for the CH-

Figure 1. Rate constants for+ CH,Cl S\2 reaction versus relative ~ CH3Br Sy2 reaction was estimated by fitting the experimental
translational energi.«; and CHCI internal temperature. The central 300 K rate constant with a statistical theory. The same approach

—_
<
©

T T

Rate Constant (cmss'l)

1.0 10.0

barrier height is 4.53 kcal/mol with respect to the- F-CHsCI pre- is used here for the = CH3Cl Sy2 reaction. The experimental
reaction complex. This is _the MP2/6-3:3+G(2df,2pd) zero-point data point that is fit is folEe = 0.9 kcal/mol atT = 296 K
corrected central barrier height. (see Figure 1). To fit this data point with the unified statistical

model, eqs 7 and 8, requires a zero-point corrected central barrier
height of 5.7 kcal/mol with respect to the pre-reaction complex,
which is 1.2 kcal/mol higher than the zero-point corrected MP2
classical barrier. Using this higher barrier has the effect of
L decreasing the rate constants, shown in Figure 1, calculated with
| the MP2 barrier. As discussed in Section Ill, the unified
statistical calculation performed for this fit includes a factor of

- 2 anharmonic correction for the F- -CH3Cl complex’s sums

3 of states. The rate constant does not change within the

10—8 I A L L L

Ll

numerical uncertainty, if this anharmonic correction is removed.
--------- 488K Values for the zero-point corrected central barrier height, with
o 226K (expt) respect to the pre-reaction complex, were also determined by
] o 296K (expt) T fitting the E;f = 0.9 kcal/mol andl = 296 K data point with
A 488K (expt) the two approximations to the statistical rate constant. Using
107" g T ' the modified unified statistical model, eq 10, with tle
1.0 10.0 dependence di:apneglected, has only a minor effect on the fit
E _(keal/mol) to this data point and the shape of thgy(Erei,T) curves. A
re slightly smaller zero-point corrected central barrier height of
Figure 2. Same as Figure 1, except the barrier height is 2.90 kcal/ 5.6 kcal/mol is required, instead of the above barrier height of
mol, the QCISD(T)/6-31%++G(2df,2pd) zero-point corrected barrier 5 7 kcal/mol fitted with the complete unified statistical model
height. of eqs 7 and 8. On the other hand, using the RRKM-®gpgr
(E,J) of eq 19 in eq 7, instead of the unified statistical model’s
Poran gives the same (within the numerical uncertainty) barrier
height of 5.7 kcal/mol. These fitted barrier heights are insensi-
tive to the anharmonic correction fdicon(E,J).

— - —--206K

Rate Constant (cm3s'1)
S

height of 4.53 kcal/mol (The harmonic MP2 frequencies give
0.013 for this zero-point difference). For the calculations in
Figure 2, the central barrier height is 2.90 kcal/mol, which is

the QCISD(T) classical central barrier height of 2.61 kcal/mol A giscussed above, the fitted classical central barrier is 1.2
plus the PES(F,CI) zero-point energy difference. Also plotted | 5|/mg higher than the MP2 classical barrier. Thus from the

in these figures are the experimental rate constants and Su’Sl\/IPZ energies in Table 1, the fitted classical central barrier lies
parametrizedeadEre, ). o . ~10.36 kcal/mol below the reactants’ classical potential. This
The calculations with the MP2 barrier height semiquantita- fitted classical central barrier is 3.59 and 1.65 kcal/mol higher,

tively reproduce the experimental kinetic energy dependence respectively, than the QCISD(T) and CCSD(T) classical central
of the rate constants. For the QCISD(T) barrier height, the rate parriers (i.e. see Table 1).

constants are higher than the experimental values, but the

calculated kinetic energy dependence of the rate constants isvV. Discussion

still in reasonable agreement with experiment. However, there In orevious theoretical calculations by Su and co-workers
are distinct differences between the experimental and calculated, P y ’

it was assumed that the"F CHsCl central barrier has a
rate constants. The calculated rate constants decrease morée

rapidly with increase irE, than do the experimental ones. fnuengcll?olﬁlf/vzgeccc:n?t:ntgs ;ﬁgstt;]t:ti?:.ergfr’ acr;d tirr]eor;?;ttacfl?i{]
Experiment also shows that the rate constants are not diStin'the experimental results. The Ca|Cl]J|a'[i0r)1/ re ported here does
guishable under different temperatures, while the statistical P j P

) .. not use an explicit orientation function, but it is implicit in the
theory calculations show that the rate constant decreases Wlthcombination of the CHCI angular momentum with the orbital
increasing temperature. The experimental data (see Figure 1an ular momentum to for?n the total angular momentum
or 2) are suggestive of slightly smaller rate constants for 488 K 9 9 ’

than for 226 and 296 K, the trend observed in the calculations.  (56) Hu, W.-P.; Truhlar, D. GJ. Am Chem Soc 1995 117, 10726.
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However, the orientation effect in this calculation is different
from that of Su et a#3 In their calculation, the largest reaction
probability is for collinear ior-molecule collisions, with the
probability decreasing with increase of the angle between the
dipole vector and the vector connecting Wwith the center-of-
mass of CHCI. In the statistical calculation, the orientation
effect is determined by two competing processes. At large
impact parameters (which implies large orientation angles are
more probable) the probability distributidi{l) in eq 7 is large,

but the rotational barrier is high at the central barrier, which
reduces the probabilit,an  The situation is reversed for small
impact parameters. Therefore, the net reaction probability

reaches a maximum at non-zero impact parameter collisions.

To analyze the effects of energy and angular momenta on
the F~ + CH3CI Sy2 rate constants, it is helpful to consider the
unified statistical model's microcanonical expression

K(E,J) =
Nyal EJ) NialE.J)
o EJ) NI, (E,J) + Ni(EJ) — N (EINE(EJ)/N,(E.J)

(12)

where predE,J) is the density of states for the reactants+
CHsCl. Even if the central barrier approaches zero anel 0,
Neom(E,J) will exceede,ar(E,J) because of the tighter structure
and higher vibrational frequencies at the central barrier. In the
following, three limiting cases are considered k¢E,J), with a
very low central barrier:

(i) At large E and smallJ, the variational transition state for
captureNtar(E,J) approache®con(E,J), N\far(E,J) ~ Neor(E,J).
Therefore, eq 12 reduces to

N; . (E.J)
hoed E.J)

The expression is essentially the simple microcanonical transi-
tion state expression for the “direct” process, i.e., without

trapping in the pre-reaction complex and with the central barrier
the “bottleneck” for the reactive flux.

(ii) At small E and large], there is a high rotational energy
at the central barrier transition state, and the variational transition
state for capture is far from the complex. In this case, both
Nza,(E,J) and NjaH(E,J) are much smaller thamNgon(E,J).
Hence, eq 12 reduces to

k(EJ) = (13)

NE (E,J) N;.(E,J)
hped E.J) N (E,J) + N (E,J)

K(EJ) = 14)

which is essentially the expression for a bimolecular reaction
with a long-lived intermediate complex. In this case, the overall

substitution rate constant is determined by the capture rate

constant times the branching ratio which is not unity. Therefore,
the central barrier also plays an important role.

(iii) At sma}II E and very smallJ (J =~ 0), Nfag(E,J) < Nf,ar
(E,J). Equation 12 then reduces to

Nia(E)
hp rea( EJ)

which is the microcanonical capture rate constant.

As the central barrier height becomes larger, (i) and (ii) above
still hold but (iii) does not. This is because, for a large barrier
height,NiaH(E,J) becomes much smaller thd,(E,J) and eq
15 is no longer valid.

k(EJ) = (15)

J. Am. Chem. Soc., Vol. 119, No. 13, 19099

The above analysis shows the assumption, that the central
barrier has little effect on the rate constant for reaction 2, is
probably not correct for most circumstances. In fact, even if
the central barrier height is very small, the only case that it is
unimportant is for small total energy and very small total angular
momentum. As can be seen from the different probability
distribution functions in eq 7 and also from classical trajectory
calculations for §2 reactions, largécollisions, leading to large
J, make significant contributions to thg&reactions. Accord-
ing to statistical theory, the low central barrier for @Seaction
affects the rate constant differently than the prediction of the
proposed orientation functici.

The statistical theory calculations reported here are based on
the PES(F,CI) analytic potential energy function fit to MP2/6-
311++G(2df,2pd)ab initio calculations. Though they repro-
duce the overall features of the experimer@,,T) curves
for the F + CHsCl S\2 reaction, quantitative agreement
between statistical theory and experiment cannot be attained
when using the central barrier height as an adjustable parameter.
The statistical theory calculations predi€E,T) to decrease
with increase inT, while the experiments show no definitive
temperature dependence. The calculations only qualitatively
reproduce the experimentdEe, T) curves versug. The best
fit to the experimental rates is obtained with a central barrier
height larger than that determined from the highest lakel
initio calculations. Fittingk(Ere, T) for Eqe = 0.9 kcal/mol and
T = 296 K requires a zero-point corrected central barrier 5.7
kcal/mol higher than the F - -CHsCl pre-reaction complex.
Using the harmonic frequencies of PES(F,CI), to remove the
barrier/pre-reaction complex zero-point energy difference, low-
ers this barrier to 5.4 kcal/mol and makes it 10.36 kcal/mol
below the reactants’ classical potential. In contrast, the MP2,
QCISD(T), and CCSD(T) classical barriers are 11.56, 13.95,
and 12.01 kcal/mol lower than the reactants’ classical potential
(see Table 1). The fitted classical barrier of 5.4 kcal/mol, with
respect to the pre-reaction complex, is substantially larger than
the QCISD(T) and CCSD(T) values of 2.6 and 3.0 kcal/mol,
respectively, for this barrier height.

Because of the low central barrier and resulting very short
RRKM lifetime of approximately 10'3—1012 second for
F~- - -CHsCI complexes formed by F+ CHsCl association, it
is very likely that IVROis incomplete for these complex¥&s>”

As a result, a statistical model would be insufficient for
describing the kinetics for reaction 2 as found here. The
inability of statistical theory to give a complete fit to the F
CHsCI kinetics does not necessarily implicate a possible
microscopic reaction mechanism. As discussed previddsly,
both a direct substitution mechanism and one in which the
F~- - -CHsCl complex is formed are possible. A trajectory study
for reaction 2 should identify the relative importance of these
two mechanisms. The orientation factor proposed by Su4t al.
may be importan for the direct substitution mechanism. For
the complex formation mechanism the high-frequeneyHC
stretching, bending, and rocking modes may be adiabatic, so
that energy redistribution only occurs between the low-frequency
C—F and C-CI stretching and bending degrees of freedom.
Trajectories would be helpful for testing this model. It would
also be interesting to use this model in future statistical theory
calculations for reaction 2.
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Appendix: Statistical Calculation of the Capture Rate respectively.h andd are the Heaviside step-function and Dirac
delta-function, respectively.S = 0 is the dividing surface

S8 used a model atomrigid rotor Hamiltonian, with the
naturally chosen as

ion-dipole/ion-induced-dipole potential, to determine param-
etrized trajectory capture rate constants. The Hamiltonian is S=r—r=0 (A6)

2 2 2 . :
H= P n I +B2— % _ %ZD cosy (Al andqj, ¢, q;, andg;, are the conjugate coordinates to the above

2u Zurz or4 angular momenta.H is the Hamiltonian for the relative
motion, which is eq Al withBj? removed.
with Below, the above classical expressions keffEj) and
N(Erelj,r) are transformed to quantum mechanical expressions
with the following semiclassical substitutions for the angular
momentas3 i.e.

|2+j2—J2

cosy = —Cosg, cosq + %

sing sing,  (A2)

whereq andg; are the conjugate angular coordinateslfand i—G+"%hR  I—=(1+"h,  I— @+ YA (A7)
j.- In the initial presentation in this Appendixj, andJ are

used to represent the orbital, rotor rotational, and total angularwherel j, andJ now represent the angular momentum quantum
momenta, respectively. Semiclassical expressions are then used, mbers. The density-of-states expression, eq A4, is rewritten
to transform these angular momenta to their associated quantumy, g

numbers. This is a standard approdemd avoids the confusion

of using unconventional symbols for either the angular momenta ) . af 8u \32_ 1

or their quantum numbers. P(Erep) = (2 + 1)2(@) Eel (A8)
For ion—rigid rotor collisions with fixed initial relative A

translational energy and rotor angular momentum the

> ) . Using eqg A6 and the Hamiltonian for relative translation, six
statistical theory constant for ietrotor capture may be written geq

$4,58-63 variables of eq A5 may be integrated out. The resulting
a expression for the sum of states is
N(Erellj) o I+
Eo) =05 (A3) ) 1 2 2; !
kca;( e 2‘77:":“0(Erellj) N(Erelijir) = _f -Edql quj (2‘] + 1)
20" R R S
whereN(El,j) is the sum of states for the capture variational I+ 1)h2 > qu
transition state. The classical density of states (per unit volume) + o9 + P cosy| (A9)
of the separated atonrigid rotor, p(Eel), is rel 2ur? ot 2
P(E) = Zj%( 8@‘ 2)3/2 Erelllz (A4) Gauss-Legendre quadratures may be applied to the 4-dimen-
Arh sional integral of eq A9, so that the variational method may be

. . . ) used to determine the minimum of the sum-of-states, i.e.
As described below, the explicit expression I{E,j) depends

on the coupling assumed betweEg andj.39 _ N(E....}) = MIN[N(E,o,,1)] (A10)
1. Ere andj Uncoupled. One model is to treat the relative r

translational and rigid-rotor motions uncoupled. This may

follow, if the capture transition state is very loose and the rigid- ~ The evaluation ofN(Ee,j,r) may be simplified by using

rotor motion is essentially a free rotation. Therefore, from the spherical polar coordinaté$with the relationships

reactants’ asymptote to the transition state, there is no energy

transfer between the rigid rotor and orbital motions. Similar I(1 + D)h® = p;, + pj, [sir’ 6, (Alla)

to phase space theory for the microcanonical €48&he sum ' !

of statesN(Ee,j,r) at fixed Eqe; andj and a fixed value for is

a 10-dimensional phase integral for the five degrees of freedom;

ie.

Sy 1 0 oo L el J o
N(E, o F) = @y Jdi f“_”dJ [",d3, )" dp,
2 2 2 27 o ., ds, (d
j(; dq, /, do; j;) dq, fo dQJZ,/(; dr ah(d_a
0(S) 0(Ere — Hie) (" — ) (A5)
o1 L
wherel, j, J, and J, are the orbital angular momentum, the He)O( _J)_(Znh)JdTldeZh(Erel_Hl)é[l ~1(Po,1Py,,)]

rotational angular momentum for rigid rotor, the total angular IND,
momentum, and the projection of total angular momentum, ( )

i( + 1h® = pj, + pj Jsir’ 0, (A11b)
cosy = cog¢, — ¢,) sinf, sinh, + cosh, cosh, (Allc)

Equation A5 may then be rewritten as

N(Erel,j,r)=@f e o, ()0

(58) Chesnavich, W. J.; Bowers, M. J.Chem Phys 1976 66, 2306. where

(59) Chesnavich, W. J.; Bowers, M. J. Phys Chem 1979 83, 900.

(60) Klippenstein, S. JJ. Chem Phys 1996 104, 5437. |(| + l)h2

(61) Smith, S. C.; McEwan, M. J.; Gilbert, R. G.. Phys Chem 1989 =————+ V(r,cosy) (Al13a)
93, 8143. 2ur? LOSY

(62) Smith, S. C.; Troe, . Chem Phys 1992 97, 5451.

(63) Chen, Y.; Rauk, A.; Tschulkow-Roux, E.Phys Chem 1991, 95, dr, =dp, dp, do, do (A13b)
9900. 1 0, “Fp, V1 HP1

1
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dr, = dp92 dp¢2 de, do, (Al13c)

Inserting another delta-function in eq A12, one has

N(Ee 1) = ﬁylfdf1fdfzfldz 0[z = 2(01,0,.91.9,)]

N(Ee — Hy) L] — i(Py, P, ] (AL4)

rel
where

20,,0,,¢,,¢,) = cos@p, — ¢,) sinb, sin b, + cosH, cosb,

(A15)

Thus, the integration of (A14) may be reduced to

PW@O—%Wqﬁ%.WMM%|WMI

(A16)
with
2
__agq  #“od
Vrg)=——"———z Al7
(r2 ot 2 (A17)
The final result is
202+ 1) aq’
N(Erelvjvr) - T/’th Erel + ? ’
for B + (;q (A18a)
_ (2 + r? o | Hpd\?
K2 Sra 2t i r?
for Ere,+°2Lq s” o9 (A18b)

The variational transition state and its sum of stéN@Se,j)
are obtained by taking the derivative M{Ee,j,r) with respect
to r and setting it to zero. FoN(Ej,r) in eq Al8b, the
variational value for is similar to the definition of the capture
radius®

r* = (aq¥2E, )" (A19)
However, if eq Al8a is applicable instead of eq A18b, the

variational transition state is at infinite separation.
2. Er andj Strongly Coupled. The second model assumes

there is strong coupling between relative translation and rotation
so that a microcanonical ensemble is formed for these motions
at the transition state. This may follow if the capture transition

state is very tight, at which there is extensive energy transfer

between the orbital motion and the rigid rotor’s rotation. The
microcanonical sum of states is

f d j; dl [ da S da, [ dp,

j;hdqjﬁ qu g, [ ,ﬁ)d'—h( 5)5(3)5(5 H)
(A20)

N(E,r) =

with total energy

E=E, + Bj (A21)
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Figure 3. Capture rate constants versus relative translational energy
EatT =300 K. The uncoupled, coupled, and empirical fitted models
are described in the Appendix.

Table 6. Fitting Parameters for Capture Rate Constant

Erel (kcal/mol) A(Erel) B(Ere)

0.25 2.85189557 0.0356277041
0.50 2.98278785 0.0324389338
0.75 3.01673961 0.0306278300
1.00 3.01158333 0.0291165095
1.25 3.00127196 0.0280265529
1.50 2.98277831 0.0270502400
1.75 2.95650768 0.0261207949
2.00 2.92512298 0.0252334438
2.50 2.85501146 0.0236322712
3.00 2.77168322 0.0221119318
5.00 2.36031246 0.0162640009

10.00 1.60009110 0.00652402779

15.00 1.39846778 0.00459949812

20.00 1.29862380 0.00349968974

aThe parameters are defined in the Appendix and are unitless.

Again, spherical polar coordinates may be #éead the final
simplified result is

N(Er)J‘r il U [T dz[E - V(rP E - V(2] (A22)

wherel is the moment of inertia for the diatomic rigid rotor.
Analytic solutions to eq A22 are found for the two different
conditions similar to those in eqs A18a and A18b [i.e., replace
Erel with E in those conditions]. The variational transition state
and its sum of state¥(E) are found from the minimum iN(E,r)
Versusr.

This N(E) is the total sum of states for ener§y However,
what is needed in eq A3 iN(Ee,j), which is the part oN(E)
which arises from the reactants with relative translational energy
Erel and rotational angular momentum numbperThis is equal
to

N(Eeid) = (A23)

N(E)P(Erey)
whereP(E;.j) is the flux of reactants withi,s andj divided
by the total reactant flux at energy. Since the flux is
proportional to the number of stat&this flux ratio is simply
eq Al6 divided by eq A22, evaluated at the limit> . The
potential V/(r,2) in eqs A16 and A22 is zero far— « and

rel

E2/R?

(2 + 1E

P( EreI!j ) = (A24)
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Values ofkcagErelj) for the above two models; i.& and consistent with Su’&.adErel, T), the uncoupledcayErelj) were
j uncouple_d or strongly coupled, were then inserteq into eq 6 scaled byA(E.e)e BEel so that when inserted into eq 6 they
to determinekeafEre,T). The nature of the resulting rate  gave Su'skcafEre,T). The resulting fit is shown in Figure 3

constants and their comparison with Su's parametrized trajectoryfor T = 300 K. The fitting parameters are listed in Table 6.
rate constants are shown in Figure 3 fbr= 300 K. The

uncoupledE.e andj model underestimates Su’s rate constants. jagg26223
While Su’s rate constants are overestimated by the strongly
coupled modef? this model gives rate constants in agreement
with those of Su’s at lovEe.. At high Ee;, the uncoupled model (64) At low Ere and T, the strongly coupledE andj statistical rate

is in better agreement with Su’s parametrized capture rates constants are smaller than Su’s parametrized trajectory capture rate constants.
h istical | h o ', This is because there is still an appreciable interaction between the ion and
For the statistical analyses reported here, it is assumed Su'sgipole at the initial separation of 50 A used in the trajectory calculations,

keadErel, T) are correct. Thus, to obtain the.,Erj) for eq 7, which affects the capture dynamics at snial andT; e.g., see ref 13.




