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A new potential energy surface is reported for the gas-phase reactio@H}l=HCI+CHs. It is

based on the analytical function of Jordan and Gilbert for the analog reacti@@Hzg—H,+CHs,

and it is calibrated by using the experimental thermal rate coefficients and kinetic isotope effects.
The forward and reverse thermal rate coefficients were calculated using variational transition state
theory with semiclassical transmission coefficients over a wide temperature range, 200—2500 K.
This surface is also used to analyze dynamical features, such as reaction-path curvature, the
coupling between the reaction coordinate and vibrational modes, and the effect of vibrational
excitation on the rate coefficients. We find that excitation of C—H stretching modes and Cl-H
stretching modes enhances the rate of both the forward and the reverse reactions, and excitation of
the lowest frequency bending mode in the QOidactant also enhances the rate coefficient for the
forward reaction. However, the vibrational excitation of thesGhhbrella modelowest frequency

mode in productsslows the reaction at temperatures below 1000 K, while above 1000 K it also
accelerates the reaction. @000 American Institute of Physid$§0021-9606)0)00321-4

I. INTRODUCTION ratio between two rate coefficients, with the one correspond-

_ ) ) ) ing to the reaction involving the lighter isotopolog in the
Chlorine atom chemistry is of great importance over a, merator.

wide temperature range. At low temperatu(260-300 K, Ab initio calculation®~?® have predicted potential en-
Cl plays an active role as ozone destroygr in the atmosphergrgy barrier heightsy”, ranging from 8.0 to 9.9 kcal/mol,
and at h!gh temperaturg2000-2500 K it IS |mp9rtant for and vibrationally adiabatic ground-state barrier heights,
combustion. In recent years the reaction with methaneAVaG (ie., zero-point-inclusive barrier heightsranging

Cl+CH,—HCI+CHs, has been widely studied as a mecha-¢ 1 4 5"t 5 5 kcalimol. For a more complete study one

nism to eliminate chlorine atoms from the atmosphere by . .
. C . : S needs to know more than just the properties of the saddle
converting them into inactive HCI. This reaction is also pro-

totypical for halogen—hydrocarbon combustion. Experimenpomt‘ One example of a more complete study is the mapping

tally, this reaction has been the subject of a number of stanf the reaction valley near all state-selected dynamical bottle-
ies l’Jsing various experimental techniques over a range J}ecks. Furthermore, the title reaction is an interesting system
temperature&: 22 The rate coefficients determined by various PeCause it represents a heavy-light-heavy mass combination

experimental groups agree well with each other at room tem(H~L~H), which, a priori, is a good candidate for large
perature, with a recommended value of X210 “3cr “corner cutting” tunneling effects in which reaction-path
molecule *s ! (Refs. 12, 14 In addition to rate constants, curvature leads to internal centrifugal forces that tend to
some experimental studie§+16172provide kinetic isotope Make the system leave the minimum energy HAMEP),*°
effects(KIEs), which are ratios of rate coefficients for isoto- @nd tunneling paths on the concave side of the MEP are
pologs or isotopomers and which are a sensitive test of thEavored. It is possible that tunneling is enhanced when the
shape of the potential energy surfagtES, especially the system leaves the valley described by a quadratic expansion
barrier width and vibrational force constants near the dy-around the MEP to “cut the corner” of the potential energy
namic bottleneck. Thé?C/*3C KIE is 1.066-0.002[Refs.  surface to a large extent. To study these effects or to rule
16(a) and 18b)] at 298 K, the CH/CD, KIE has been de- them out requires a description of the PES over a wider
termined to be 154 at 295-304 K(Refs. 1, 13, 20, 22  region than is required to only describe the zero-point vibra-
decreasing to 5 at 400 KRef. 1), and the CH/CH;D KIE is  tional valley around the MEP Rate coefficients for the title
1.6 at 250 K[Ref. 16¢c)], decreasing to 1.4—1.5 at 295—298 reaction have been calculated by several grélip<:303

K [Refs. 13, 16c), 22]. Note that the KIE is defined as the Chenet al?* calculated rate coefficients for the reverse reac-

0021-9606/2000/112(21)/9375/15/$17.00 9375 © 2000 American Institute of Physics
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tion based on RRKM theor§ with a tunneling correction For this reason and because of the difficulty of converging
evaluated using the simple Wigner factdrand they ob- higher-order correlation effects, we believe that none of the
tained excellent agreement with experimental values. Howunextrapolated theoretical calculatiéfig® is entirely reli-
ever, since the Wigner factor ignores variational effects orable. The first attempt to extrapolate the barrier height was
the location of the effective barrier for tunneling and since itcarried out by Truonget al?® who used the scaling all
includes only the lowest-order nonzero term in a power seeorrelation-energySAC) (Ref. 40 method to extrapolate
ries in#, this agreement may be fortuitous. Gonzalez-Lafontsecond-order Miter—Plesset perturbation theofIP2) to

et al?® usedab initio information along the reaction path to the complete basis set and full configuration interaction
calculate rate coefficients using canonical variational transilevel. Their calculation is, by construction, in good agree-
tion state theory(CVT) (Refs. 34,3% with small-curvature ment with the experimental heat of reaction, and it yields a
semiclassical adiabatic ground-st&®CSAG (Ref. 35 tun-  barrier height of 7.9 kcal/mol. Recently, one oftikas pro-
neling contributions; their calculations agree with the experiposed a new method, the “infinite-basigiB) method, for
mental values within a factor of 5.5 at 300 K. Dobbs andextrapolation to a complete one-electron basis set for corre-
Dixon?® used conventional transition state theory to calculatdated electronic structure calculations. This method is based
the rate coefficients; they obtained values lower than experien the extrapolation of energies obtained by using
ment at low temperature but in good agreement with experieorrelation-consistent polarized double- and triple-zeta basis
ment for T>300 K. Duncan and Truori§ calculated rate sets?? cc-pVDZ and cc-pVTZ(henceforth abbreviated pDZ
coefficients using CVT and centrifugal-dominant SCSAGand pT4. The extrapolated energies are more accurate than
tunneling(SCT),%® based orab initio information on the re- even larger basis set§*

action path. Their rate coefficients are significantly lower  The total energy for the basis set limit is writterf’a®
than the experimental values by factors increasing from 2.2

to 11.2 as the temperature decreases from 500 to 200 K. In Ex=EL+EX", ()
1996, two of the present authors reported an analytical PES N N

for this reactior® based on the CHPES of Joseplet al.*’ ptotal_ 3 EHF_ EHF 3 Ecorr

and they carried out rate coefficient calculations using CVT ®o3%-2¢3 3e-2v72 3PP

with large-curvature tunnelif§ (LCT) transmission coeffi- of

cients including information about the corner cutting region — WE;OW, 2)

of the potential energy surface. Although the rate coefficients

were in good agreement with the experimental data, th%\/here “
CH,/CD, KIEs were too high compared to the experimental
ones. More recently, one of the authors and co-workers
reported dual-level direct dynamics calculations of rate coef
ficients and deuterium and carbon-13 KIEs by CVT with

corr” is correlation energy, “HF” is Hartree—Fock
energy,a and B are parameters, and the subscripts 2 and 3
denote use of the pDZ and pTZ basis sets. The values of
and g that are employed in this paper where taken from Ref.
43, where they were fitted in order to reproduce the experi-

mlg'?/l(_:rantl)?m?aé opctjlmlljzte_ci dmutltldlmefps_lonfll t(;'?(?él'r!g mental atomization energies of a series of test molecules. We
(w ) (Ref. 38 and obtained rate coefficients an SN will apply the IB method at two levels of electron correla-

good agreement W'tr expgrlmen_tal data, although the IOWerﬂon, namely, MP2(Mdller—Plesset second-order perturba-
level surface has a “deep” well in reactant valley.

tion theory with correlation of only the valence electrpns

In the present paper, to correct the deficiency of the eary CCSIT) (singles and doubles coupled-cluster approach

Ller I:]Es,lwe repprt tge C%nStruﬁt'ogEO;? ne\t/]v a}anglytlcal I3E§ncluding a quasiperturbative estimate of connected triple ex-
or the fitle reaction based on the or the €, reac- citations, again correlating only valence electiyons

tion by Jprdap and Gilberf, which has thg advantage that is In the present work we have optimized all the stationary
symmetric with respept to any permutation of the four,CH point geometries at the MP2/pTZ level and we carry out
gydrogetr;s_. Thebprewoudslyé_frfeport?d iurﬁ?c:eats th_e_hy-h single-point calculations with the IB method. The geometric
drogen €ing i stracte q ' eLenSy ;[j an t g g[gg;'a?'ﬁg yI:)arameters of all the stationary points are listed in Table I,
rogen atoms(As pointed out by Jordan and Gi the together with otherb initio calculations and experimental

asymmetric hydrogen treatment is an inconvenient featuraata, when available, for comparison. The optimum geom-

vyhen the analytical §urface Is used for trajectory Cal(.:gla'etry predicted by all the calculation levels listed in Table |
tions) We then use this PES to perform variational transition

have a linear C—H-Cl angle and a saddle point witBg,

state theory calculations of thermal and vibrational-state- t
lected rate coefficients and KIEs. For the thermal rate Cos_ymme Y -
S€ . The MP2/pTZ reactant and product geometries agree

efficients and KIEs we include multidimensional tunnelingwith the experimental data, and the MP2/pTZ transition
effects, by both the SCTRef. 3§ and LCT (Ref. 39 meth- structure(TS) agrees with otheab initio calculationgwithin
ods. a 0.01 A range Among the four high-leveab initio calcu-
lations compared in Table I, we note that the DFT calcula-
II. METHODS AND CALCULATION DETAILS tions of Ref. 27 stand out for having a longer C—bbnd
than the other three calculations. The situation is more com-
plicated with respect to the barrier height because there is a
Dobbs and Dixoff noted that the classical barrier height significant basis set effect on the classical barrier height. This
is very sensitive to extension of the one-electron basis sebehavior agrees with the more general experience of many

A. Estimation of the barrier height
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TABLE I. Ab initio and SAC properties for reactant, product, and saddle point.

MP2/pTZ*P TS

Parameter CkH’ CH, H'Cl CI TTBGS DD DT® MP2/pTZ CCSOT)/IBf Besf

Geometry)
R(CH  1.085 1.074 1.086 1.078 1.077  1.080
R(CH)  1.085 1.388 1.375 1.443  1.359
R(CIH') 1.273 1431 1452 1431 1451

Energy
AE 6.7 6.8 89 6.2 6.0 6.8
AH, 1.4 19 36 0.9 1.4 2.2
\Vas 7.9 89 9.9 9.0 7.6 8.4
AVE* 3.7 49 55 4.8 3.7 4.5
Spin
(% 0.762 0.759 0.784

aThis work: optimized at the MP2/pTZ level.

PReactants and products.

°From Ref. 23. MP2-SAC/MC-311@d,d,p energies and geometries with MP2/MC-312&d,p frequencies.
9From Ref. 26. MP2/TZ 2P level.

®From Ref. 27. DFT/6-311(8l,p) level.

This work: CCSIT)/IB//MP2/pTZ with parameters from Ref. 43. See Table II.

9Same ag and including+0.8 kcal/mol from the spin—orbit interaction.

"H’ is the hydrogen abstracted. Experimental val(Rsf. 44: CH, (T,): 1.091 A, CH(Ds): 1.079 A, CIH
(C..,): 1.275A.

'AE: zero-point-exclusive energy of reaction, also called classical energy of reactldp; zero-point-
inclusive energy of reaction, equal to enthalpy of reaction at ¥ K; zero-point-exclusive barrier height, also
called classical barrier heighﬁvae*: vibrationally adiabatic ground-state barrier height evaluated at the
saddle point, equal to the conventional transition state theory approximation to the enthalpy of activation at
0 K.

ISingle-point CCSIN)/cc-pVQZ energy calculations from Ref. 26.

KZero-point energy at the MP2/MC-6311%8,d,p) level from Ref. 23.

'Calculated at the MP2/pTZ level.

workerd® that the truncation of the one-electron basis set is d1ave the same energy. Including the spin—orbit effect would
major source of error in mostb initio calculations of mo- lower the energy of the lower state of the Cl atom to one-
lecular energies. Therefore, we have calculated the energhird of AE below its nonrelativistic energg0.8 kcal/mo}.
changegreaction and activatignbased on the IB basis-set As usual, we assume that at the saddle point the spin—orbit
extrapolation methdd*3to obtain the basis-set limit for the coupling is essentially fully quenched and the nonrelativistic
energy at this level. Tables | and Il give the IB values for thetreatment will give a good approximation to the correct en-
energy of the product and the transition structure relative te@rgy. As discussed previousiythe effect of the lowering in
reactants, together other theoretical and experimental valuglse reactants energy due to the spin—orbit coupling can be
for comparison. Note that this is the first time that the IBsimulated in our nonrelativistic calculations by adding 0.8
method has been used to calculate barrier heights. The IBcal/mol to the barrier height and reaction enthalpy. Note
barrier height is in excellent agreement with the previdus that the quenching of the spin—orbit interaction energy of Cl
SAC calculation, being only 0.3 kcal/mol lower. has been usually ignored by other workers, and indeed the
The chlorine atom has two low-lying electronic statesuncertainty in the usualb initio calculations does not allow
with a separation oAE=882 cm ! (2.5 kcal/mo) (Ref. 44 one to eliminate other sources of error of this magnitude.
due to spin—orbit coupling. In nonrelativistic calculations, Nevertheless, the spin—orbit effect is systematic, and it
such as the preseab initio calculations, both states would should be included. With this contribution added, the MP2/
pTZ enthalpy of reactiontad K is 2.2 kcal/mol, only 1.2
kcal/mol higher than the experimental valti®f 1.0 kcal/

TABLE Il. Single-point energy calculationdcal/mol). mol.
AE V7

MP2/pTZ 6.2 9.0 B. Calibration of the analytical PES
MP2/1B(orig.)” 4.6 7.0 The potential energy surface for the 4GTH,
'(\:/IgéllllBT)/pTZ ‘;g g'g —HCI+CH; reaction is similar to that for the well-studied
CCSDT)/IB(orig)? 6.2 8.1 H+CH,—H,+CHs reaction. Both are hydrogen abstraction
ccsoT)/IBP 6.0 7.6 reactions from methane to yield the gkhdical, and there is
ccso)/iBPe 6.8 8.4 a slow change in geometry of the ggroup from pyramidal

8Extrapolated to infinite basis with original parameters of Ref. 41. tO' planar along the reggtlon path. With this S|m|Iar|ty n
PExtrapolated to infinite basis with improved parameters of Ref. 43. mind, we have modified several para_meters of the
“Includes spin—orbit contributions of0.8 kcal/mol. H-CH,—H,+CH, surface of Jordan and Gilbé&ttin order
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to get an analytical PES for the title reaction. The new sur-TABLE lll. Fitted parameters for the analytical PES.
face consists of four London—Eyring—PolatfyiLEP) func-

tions augmented by bending terms as in the earliegy CH
surfacé’ on which it is based. This potential is written in ReH 1.0939 A

Parametér Value

terms of stretchindstr), out-of-plane(op) bending, and va- ;BCH %g'ggg Ecal';mol'
lence(val) bending terms and has the form ac:H 1.7030 (;1"]0
V=Vg+ Vop+ Vvals (€©)) SCH géiig 2,1
N .
whereVy, is the stretching term given by chc, 1.7811 A
4 Dea 87.149 kcal/mol
3Dcg 23.583 kcal/mol
Vstr=2 V3(Reh s Reer Rem), 4 ace 0.8650 Al
=1 RO 1.2745 A
and whereV; represents the LEP functional form used by "Dew 106.266 kcal/mol
Josephet al.*” V,, is the out-of-plane bending term, corre- *Dew 36.664 keal/mol
; : op . . @ 1.8700 At
lating with the out-of-plane motion of the methyl radical, and ac'” 0413950 A2
V,a IS @ harmonic term for valence bends. The latter terms a; 209996 A?2
are designed to be reasonable both for the methane molecule as 2.86595 A2

and the methyl radical. The mathematical expressions of the — _
bending terms are given by Jordan and Gilﬁ%mmd they af;%rsa ;:génglgfte;;eﬂmuon of the parameters and the analytical form of the
are not repeated here. It is however critical to note that ' o
involves three singlet parametersD(_ v, ax_y, and
RY_v) and five triplet parameters’Dy vy, Bx_v, Cx_y,  saddle point the length of the bond that is brok@H')
ax_y, andR}_y) for each bond X—Y!/ increases by 27%, and the length of the bond that is formed
The calibration process used in this work has severalCl-H') is only 6% larger than at products. This indicates
steps. In the first step, we changed the parametﬁgg (  that the reaction of the Cl atom with methane proceeds via a
R2c, R4, Deny Deery Dams achs acyy) of the PES  “late” transition state, i.e., it is a productlike transition state.
related to the geometric, energetic, and vibrational propertie$he saddle point has one imaginary frequency. The absolute
of the reactants and products, so that the geometries, endatalue of the imaginary part of this frequency is lower in our
hermicity, and vibrational frequencies agreed reasonablgalculations than theb initio values, although it is well
with the available experimental values. In the second stefknown that sometimesb initio calculations overestimate
we refit some parameterSicy, *Dee, *Dem, @cc) iIn this value®® Moreover, as noted above, our objective was to
order to reproduce the characteristics of #ieinitio calcu-  reproduce experimental KIEs, and the value of this imagi-
lated saddle point, in particular, the geometry, barrier heighthary frequency actually rose during this adjustment. The
and the vibrational frequencies. During this fitting, we exer-combined effect of potential energy and zero-point energy at
cised special care to insure that no artificially deep wellshe saddle point is embodied imHgf, the conventional
were introduced in the reactant or product valley. Finally,transition-state enthalpy of activation at 0 K, and this agrees
since a main objective in this work is to analyze the dynamiwithin 1.5 kcal/mol with theab initio calculations and with
cal details of the rate proceéisnportance of tunneling, tem- the IB calculations performed in this work.
perature dependence, excited-state reactivity) aid to cal-
culate possible sources of the KIEs, as the third step of oug pynamical calculations

recalibration, we refit some of the parameters of the analyti- i ) ) .
cal PES, in order to reproduce more accurately the experi- With the new surface calibrated as described in the pre-

mental rate coefficients at 300 K and improve the agreemeﬁ{ious section,_the reaction path was calculatfad starting from

with experimental3C and deuteriuniCD, vs CH,) KIEs at the saddle point geometry and going downhill to both reac-

300 K. The final parameters that are different from the

or|g|nal39 H+CH, paramgters .are g'V?n in Table 1. TABLE IV. Reactant and product propertiesalculated using the analytical
The results of the final fit are listed in Table IV for gyrface.

reactants and products and in Table V for the saddle point. In

general, the experimenfaf*’ reactant and product properties ~ System RC-H  RCI-H) Frequencies

are well reproduced, with the most significant difference be- cH,® 1.094 3037(t), 2871,

ing 0.02 A for the C—H bond length in GH With respect to 1501(e), 1339(t)

the vibrational frequencies, small differences were obtained, CHs* 1.004 13214?528} 2284’
o),

although these small errors partially cancel between reactants
and products, yielding an enthalpy of reaction at 0 K of 0.9
kcal/mol, in very good agreement with the experimental®istances in A, frequencies in ¢, energies in kcal/mol.

value of 1.0 kcal/mof* Comparison of the properties of the "Experimental valuesRef. 44: CHy(T¢): 1.091 A, 301%), 2917, 1534),
saddle_ point of this surface vvjﬂib initio calculations shows Céigg:i)ﬁqemal values(Ref. 44: CHy(Dy): 1.079 A, 3184), 3002,
that this surface reproduces, in general, the trends and valueggse), 580.

although the new surface has a shorter Cl-bdnd. At the  “Experimental values: CIfT..,): 1.275 A (Ref. 44, 2991 cni* (Ref. 47.

CIHd 1.274 2993
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TABLE V. Saddle point properti@salculated using the analytical surface.

Electronic structure calculations

Parametem SPES APES TTBGS DD® DT Bes?
R”(CH) 1.098 1.096 1.086 1.078 1.077 1.080
R*(CH") 1.389 1.377 1.388 1.375 1.443 1.359
R*(CIH") 1.356 1.386 1.431 1.452 1.431 1.451
AE 6.1 6.1 7.8 7.64 9.7 6.8
AH, 0.9 0.9 2.5 2.7 4.4 2.2
AE” 7.7 8.1 8.8 9.7 10.7 8.4
AH7(0 K) 3.1 4.4 4.4 5.7 6.3 4.8

Frequencies

1.2 3039(e) 3022(e) 3295(e) 3305(e) 3328(e) 3303(e)

3 2910 2960 3118 3132 3162 3131

45 1372(e) 1419(e) 1449 (e) 1448 (e) 1468 (e) 1457 ()

6 1126 1190 1227 1213 1211 1223

7,8 782(e) 1102 (e) 874 (e) 958 (e) 920 (e) 923 (e)

9 732 543 572 511 541 519
10,11 312(e) 344 (e) 324 (e) 378(e) 385(e) 337(e)
F 760 1196 9449 1264 996 1136

4Distances in A, frequencies in crh, energies in kcal/mol. His the hydrogen abstracted. Symmetry, C
bSymmetric PES. This work.

‘Asymmetric PES, from Ref. 30.

YFrom Ref. 23. MP2-SAC/MC-311@d,d,p) energies and geometries with MP2/MC-3126d,p) frequencies.
°From Ref. 26. MP2/TZ 2P level.

'From Ref. 27. DFT/6-311@.,p) level.

9CCSOT)/IB/IMP2/pTZ from present work with scaled MP2/MC-31@d,d,p) frequencies for the saddle
point (scale factor 0.96and experimental frequencies for the reactants and products.

"We added thet-0.8 kcal/mol contribution from the spin—orbit interaction to all energies in this table to provide
a consistent comparison.

iSingle-point CCSIOT)/cc-pVQZ energy calculations from Ref. 26.

tants and products in mass-weighted Cartesian coordinateB,,,,v(S), measuring the coupling between generalized nor-

using Euler’s single-step methtfdwith step-size of 0.0005 mal modesn andm’ induced by motion of the system along

amu’?a,, where 1la,=1bohe=0.529 A. The Hessian ma- the reaction path. ThB,,(s) coupling terms are the com-

trix was evaluated every 30 points along this reaction-pathponents of the reaction path curvatuk€s), defined as

Along this minimum energy pattMEP), the reaction coor-

dinate,s, is defined as the signed distance from the saddle F-1 1/2

point, with s>0 referring to the product side. In the rest of K(S):( 2 [BmF(S)]Z) (6)

paper, the units o$ area,, and all calculations are carried k=1

out in mass-scaled coordinates with a reduced rpasgual

to 1 amu. Thus, distances through the mass-scaled coordind they control the nonadiabatic flow of energy between

nates ina, are equivalent to distances through massthese modes and the reaction coordifat€hese coupling

weighted coordinates in arféia,. We calculate the terms are used in the calculation of transmission coefficients

reaction-path betwees= —3.0a, ands=+3.0ay; all the that include the effects of the reaction path curvature. They

rate coefficients are well converged with respect to the graalso allow us to give a qualitative explanation of the effects

dient step-size, distance between Hessian matri@e®l5  of vibrational excitation of reactants and/or products.

ap), and extent of reaction-path calculated. Along the MEP a  Finally, the energies, vibrational frequencies, geom-

generalized normal-mode analysis was performed using a retries, and gradients along the MEP were used to estimate

dundant curvilinear projection operatdrformalism. With  rate coefficients and kinetic isotope effe€dEs) by using

this information, we calculated the ground-state vibrationallyvariational transition state theofy TST) with semiclassical

adiabatic potential curve multidimensional tunneling. We calculated thermal rates us-
VE(8)=Viyen(S) + £8(S). 5 ing canonical variational theo#y>° (CVT), which locates

the dividing surface between reactants and products at a
whereV\yep(8) is the classical energy along the MEP with its point SSVT(T) along the reaction path that minimizes the
zero of energy at the reactants=—«), and eﬁt(s) is the  generalized TST rate coefficient€'(T,s), for a given tem-
zero-point energy a from the generalized normal-mode vi- peraturel. Thermodynamically, this is equivalent to locating
brations orthogonal to the reaction coordinate. We also calthe transition state at the maximutG™q T,s¢V™(T)], of
culated the coupling ternf§, B,,(s), measuring the cou- the standard-state free energy of activation profile
pling between normal moden and the motion along the AGC®TYT,s).3*3® Thus, the thermal rate coefficient will be
reaction coordinate, mode, and the Coriolis-type term®,  given by
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hong

keT
wheren is the vibrational state of mod®a. Substituting Eq.
with kg being Boltzmann’s constant, being Planck’s con- (8) for the usual canonical partition function of mode
stant,o being the symmetry factdthe number of equivalent yields a state-selected free energy of activation profile called
reaction paths, which were assumed to be 4 and 2 for thAG®™9n,T,s). This adiabatic model assumes that vibra-
forward and reverse nonsubstituted reactions, respectjvelytional modes preserve their character along the reaction path.
and K being the reciprocal of the standard-state concentraThis approximation is most likely to be fulfilled for excited-
tion, taken as 1 molecule cm. state reactions involving excitation of high-frequency modes
In the present work, we used the general polyatomic ratén reactants and in thermoneutral or exothermic reactions
coefficient code POLYRATE? We correctly® included the ~ where the dynamical bottleneck is located early along the
2p,, excited state of Clwith excitation energl 882 cm 1) reaction path. The adiabatic approximation may be poor for
in the reactant electronic partition function. The rotationalexcited-state reactions with vibrational excitation of the low-
partition functions were calculated classically, and vibrationsrequency mode?
are treated as quantum mechanical separable harmonic oscil- Since the assumption of vibrational adiabaticity all along
lators, with the generalized normal-modes defined in curvithe reaction path may not hold for this reaction, we also used
linear coordinate$”>* The chosen curvilinear coordinates the partial-reaction-path adiabaticity approximati®Rp.%°
were all the possible bond lengths and bond angles. Thi this method, we assume that the adiabaticity of the state-
advantage of curvilinear coordinatés* (nonlinear functions  selected high-frequency mode transverse to the reaction path
of Cartesian coordinatgss that all the vibrational frequen- is conserved until a point where the generalized normal
cies were real over the whole of the reaction path, while withmodes become strongly coupled. We identify this point with
rectilinear coordinaté$®® (linear functions of Cartesian co- the first point on the way from reactants to products where
ordinate$, we found that the lowest bending frequencies hadhe reaction-path curvature peaks. Beyond that point, the en-
unphysical imaginary values over a wide range of the reacergy in the state-selected high-frequency mode is transferred
tion coordinate. The appearance of imaginary frequencieBeely to all the other motions, and, as a result, that particular
along the reaction path is a consequence of the inadequacy ofode can find itself in its ground state. The operational way
the Cartesian coordinates for describing vibrational motionspf implementing this method is the following: We start by
and this behavior has also been found in other hydrogetocating the first points, , where the reaction-path curva-
abstraction reactiorf§:>4°¢:5 ture shows a peak. The region before that point will be taken
The vibrational-state-selected rate coefficients were calas adiabatic, and the free energy of activation along that
culated using a vibrationally adiabatic version of generalizegortion of the reaction path will be taken as the state-selected
transition state theor?® The adiabatic expression differs free energy of activationAGC®™%(n,T,s). After that point,
from the form of the thermal rate only in the vibrational the free energy of activation will be taken as the one for the
partition function for the state-selected mode, which is reground stateAG®™9(n=0,T,s). Thus, the rate coefficient
placed by can be written &9

kgT

h

1
E‘l'n

KVT(T)=0——K%exg —AG®TAT,sSVN/ksT],  (7) Qun(n,T)= exp[ - , (8)

max AGC®T9n,T,s)/kgT
kBT —®w<S<S,
PRP-CVT, =g——KO —
k (n.T)=0—~K'exp —max max AG®TAn=0]T,s)/kgT

s <s<+x

9

Note that, as discussed in previous wBtkhe rates calcu- mode that receives the transferred afdmll transmission

lated using this method will probably underestimate the ratesoefficients also include the classical adiabatic ground-state

of the vibrationally excited reactions and the true value will (CAG) transmission coefficiefftthat adjusts the quantal cor-

lie between the fully adiabatic and PRP rate coefficients. ection for the difference betwearf at its maximum and at
Finally, we added the tunneling contributions. The the CVT transition state.

Cl+CH, reaction has a heavy-light—heavy mass combina-

tion, and, therefore, a large curvature tunnelib@T) calcu- lll. RESULTS AND DISCUSSION

lation should be performed:®* We used the microcanonical A. Reaction path and curvature terms

optimized multidimensional tunnelinguOMT) approach® Figure 1 shows the classical potential eneidyep, the

in which, at each total energy, the larger of the SCT and LCTground state vibrationally adiabatic potential energy relative
tunneling probabilities is accepted as the best estimate. In thg reactantsAVf, and the change of the local zero-point
LCT calculations we allowed the system to reach all theenergy AZPE), as functions ofs over the range from

energetically accessible vibrational excited states of the=-2.0 tos=+2.0 gy, i.e., from a geometry with a C—H



J. Chem. Phys., Vol. 112, No. 21, 1 June 2000 Cl+CH, reaction 9381

87 3500 —
. V mep
4__
= i AV, © -
E 5
g o &
> ()
= =
e 8
(] [T
o — AZPE
8 I R R
-2 -1 1 2

0
s (bohr)

. . . FIG. 2. Generalized normal-mode vibrational frequencies as a function of
FIG. 1 C!assmal pc.)tentl.al energy curvéyee, zero-é)omt energy.AZPE, reaction coordinates. Doubly degenerate modes are dashed curves, and
and vibrationally adiabatic potential energy cund/y, as a function o 5ndegenerate modes are solid curves. These vibrational frequencies were
for the unsubstituted reaction. All quantities are with respect to the reactantg.;culated by a curvilinear vibrational analysis and were used to generate the
AZPE curve of Fig. 1.

distance of 1.090 A and a Cl-H distance of 1.871 A to a

geometry with a C—H distance of 1.805 A and a Cl-H dis-2 minimum neais=0 with a reasonable steep rise immedi-
tance of 1.274 A. Note thakV® and AZPE are defined as ately thereafter(Fig. 1), and, therefore, variational effects
the difference betweew® ats or ZPE ats and their values May be expected for this reaction. Large variational effects
for reactants. are the expected behavior for a nearly thermoneutral reaction

Figure 1 shows that the maximum a¥/S is shifted with ~ With a heavy—light-heavy mass combinatfdii:*® The rea-
respect to the saddle poifé=0); in particular it occurs at SON for this is that the dip in the reactive mode frequency is
s=+0.29 bohr. Therefore, large variational effects may beMOst pronounced in such casés.
expected for this reactiota “variational effect” is a differ- Along the MEP, the coupling term&,(s), between
ence between a prediction of variational transition statdh€ reaction coordinate and the orthogonal bound modes con-
theory and a prediction of conventional transition statelol the nonadiabatic flow of energy between these modes
theory). and the reaction coordinat&>%3-"%Figure 3 shows the cur-

To analyze the origin of the variational shift in the maxi- Vature () of the reaction path as a function sfThere are
mum of AVS | in Fig. 2 we show the variation of the gener- WO sharp peaks, one on the_ reactant side and one on the
alized normal mode frequencies along the reaction path. Theroduct side of the saddle point, as usual for most thermo-
lowest curve in Fig. 2 tends to zero in the reactant lifsit neutr_al reactions. The first is due to strong coupling of the
—x), i.e., itis a transitional mode, and in that limit there areeaction path to the CHreactive stretcwhich is m=6 at
nine frequencies corresponding to ©H The lowest- this pealwhich has B,e=15.6a, ' at the maximum ofc at
frequency C—H stretching mode numberee-4 transforms = —0.53ap and to the umbrella bend modehich is m=7
adiabatically into the stretching frequency of the bond tha@t this location which contributes to a lesser exterf (-
breaks during the reaction; thus it is called the reactive mode=5-68 - at s=—0.48a,). Therefore,a priori, excitation
and it correlates adiabatically with the mode numbereed ~ Of these modes might be expected to enhance the rate. The
at the saddle point, where the modes are numbered in ord§econd peak is in the exit channei<(+0.02a,), and it is
of decreasing frequency and degenerate modes are countyver than the first. It is due to the coupling of the reaction
twice. However, in the rest of this paper we will label the Path to the Cl-H stretclfwhich is m=6 at s= +0.05ay),
modes by the way that they correlate adiabatically. Thus thé/hich hasBre=3.3, " and to the CH bend (which is m=9
mode that we call the reactive mode at the saddle point it this location, which hasB,,.=4.2 agl. This might be an
m=6. At abouts=—0.5a, and again ats=+0.2a,, the indication that these product modes could appear vibra-
reactive mode exhibits an avoided crossing with a methytionally excited. However, if we examingVS curve(Fig. 1)
umbrella modém=7, which correlates adiabatically to=9  we note that the energy difference between the maximum of
at the saddle poiltThe transitional modes have a maximum the AVS at s=0.29 and the products is only 2.89 kcal/mol
close to the minimum of the reactive and umbrella modes irand therefore, there is not enough available energy to excite
the saddle point region, although their frequencies increasene quanta the Cl-H stretch mode (2993¢m
less than the other ones decrease. As a result, the ZPE shows.5 kcal/mol) if the system passes through the transition
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FIG. 4. Coriolis coupling termB,,,v, between the reactive mode and the
FIG. 3. Reaction path curvature, as a function of reaction coordinate ~ Umbrella mode of Chias a function of reaction coordinase

IV. RATE COEFFICIENTS FOR THE ISOTOPICALLY
UNSUBSTITUTED REACTION

state region in the ground vibrational state, although there is  |n canonical variational transition state theory the loca-
enough energy to excite one quanta the;Qirhbrella mode tion of the generalized transition state dividing surface is
(550 cm '~ 1.6 kcal/mo). Therefore, for thermal reactions optimized along the reaction path for each temperature in
the Cl-H stretch mode will appear vibrationally unexcited, order to minimize the rate coefficiert8® The value of the
while the CH; umbrella mode can appear vibrationally ex- reaction coordinates, where the canonical variational tran-
cited. This situation would be typical of a reaction with a sition state occurs is denoteds{é’T(T). In the present case,
“late” transition state where the reagent vibrational energybottleneck properties of the thermally averaged reaction,
is more effective than the translational energy for enhancingpased on this CVT approach, show significant dependence
the reaction rate, while the products are formed with smalPn such optimization, and the value sff'"(T) ranges from
vibrational excitatiorf*®-7° The present analytical PES 10.29a¢ at 0 K to —0.57a, at 2500 K. Comparison of
does have a “late” transition state. These qualitative conclu£0lumns 2 and 3 of Table VI shows the variational effect on
sions on the population of the vibrational states agree witfih€ thermal rate coefficients, decreasing from a factor of 5.2
the experimentally observed populations of Zateal 151721 at 200 K to a factor of 1.4 at 1000 K, then increasing again to
and with the results of the theoretical study of Duncan and factor of 31 at 2500 K. . )
Truong?’ The shifting of the transition state as we increase the
ftemperature occurs suddenly. For temperatures below 967 K

In order to shed more light on the dynamical features o - - . .
. . . the variational transition state is located in the product chan-
this reaction, we also calculated the coupling between the

vibrational modesB,, (Fig. 4). Although several modes
seem to be coupled, one particuBy,,, term is especially TABLE V. Rate coefficients without tunnelingk) and transmission coef-
large; the one that measures the coupling between the regi&ents () for the CH+Cl reaction.

tive mode and the CiHumbrella mode. These are the two t(x) KkTST) KCVT) kCUS «(ZCT) «(SCT) w(uOMT)?
modes that are responsible for the peak(s) in the two

: ) S . 200
avoided crossing zones as seen in Fig. 2 and as d|scussefgo

6.2-15° 1.2-15 1.1(-15 1.80 2.30 12.8

31-14) 86-15 7.9-15 145  1.69 5.48

above. 300 9.5-14) 3.4-14 3.0-14 129 143 3.33
The coupling of the vibrational modes and the reaction 400 4.4-13) 21(-13 1.7-13 115 1.22 1.98
coordinate has an important effect on tunnefidg>’*our ~ 600 28-12 18-12 12-12) 106  1.09 135
lysis of this coupling shows that the reaction-path curva 84712 62-17 3912 104 105 118
analy ipling e pa 1000 2.0-11) 1.4-11) 83-12 102  1.03 111
ture peaks at a point close to the variational transition stateyspo 7.7-11) 3.7-11) 2.7-11) 1.01 1.01 1.05
which is the region where tunneling is most likely to take 2000 1.8-10) 6.-11) 5.6-11) 1.00 1.00 1.03
place. This makes it necessary to take into account the rea@®00 33-10 11(-10 9.2-11) 1.00  1.00 1.02

_tion path curvature in order to correctly describe the tunnels, 5 casesc(LCT)=«(xOMT) to at least three significant figures.
ing effect. b6.2(—15) stands for 6. 1075 in cn® molecule * s,
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TABLE VII. Forward rate coefficients for the €ICH,—HCI+CHjs reaction.

Theory Experiment

T(K) CVT/wOMT CUS[uOMT RCT® APEQ Ref. 4 Ref. 11 Ref. 12 Ref. 21

200 1.5-14)° 1.4-14)  56-15 1.5-14) 1.1(-14 1.1(—14)

250  4.7-14) 43-14 2.4-14 42A-14 4.1(—14) 4.3—14)

300 1.1-14 9.9-14 6.9-14 88-14 1.0-13 9.4-14 1.0-13 9.3-14
400  4.1-13 3.4-13 3.1-13 2.7-13 35-13 3.4-13 3.1-13 3.0-13
500 1.1-12 8.1—-13 8.6—13 6.4-13 8.8-13 7.5-13 8.2-13 6.5-13
600  2.3-12) 1.6-12 19-12 1.3-12 1.3-12)
800 7.0-12 43-12 6.2-12 3.7-12 3.0-12
1000  8.5-12) 49-12) 1.4-11) 8.2A-12)

1500  2.6-11) 1.9-11) 5.6-11) 3.1—11)

2000 5.2-11) 42A-11) 1.3-10 7.2A-11)

2500 8.6—11) 7.3—11) 24-10 1.3-10

®Roberto-Neto, Coitia, and TruhlarRef. 3). CVT/uOMT calculations based on a dual-level direct dynamic
calculation.

POur earlier asymmetric PE@Ref. 30. CVT/LCT calculations.

©1.5(—14) stands for 1.% 10 ** in cn® molecule *s™*.

nel, while for temperatures over 967 K it is located on theexpression used to describe the surfeagymmetric vs sym-
reactant side of the reaction path. The reason is thamnetric but rather to the different criteria used to calibrate it.
AG®TY(T,s) presents a double-peaked shape, as does tha our first paper, the calibration was based on the stationary
AVS curve plotted in Fig. 1. For temperatures below 967 K,point properties(geometries, frequencies, and energies
the higherAG®™9(T,s) peak is found on the product side while in the present paper, the calibration is designed to re-
[s5V7(966 K)=0.14], while at temperatures higher than 967 produce the rate coefficients and the KIEs. With these new
K, AG®TYT,s) has its higher peak on the reactant sidecriteria, the tunneling effect is considered in the calibration.
[s5V7(968 K)=—0.57a,]. At 967 K both peaks are equally Table IX lists phenomenological activation energies
high. This sudden change in the location of the transitiorbomputed as local two-point slopes of Arrhenius plots for the
state leads to a discontinuity in the activation enel@yd in  forward and reverse reactions, in order to provide the most
an Arrhenius plgtaround 967 K. We will avoid this problem  5,5r6priate comparison to experiment. Our theoretical re-

- - o ot 35,72
by using the canonical unified statistical thedGuS). sults show excellent agreement with experimental values in

This approach takes account of both maxifgiobal and | ,.iqus temperature ranges up to 500 K.
local maxima in AGSTY(T,s) by using a canonical version Our activation energies at 298 (rom slopes of Arrhen-

of the branching analyses of Hirschfelder and Wigner anquS plots from 293 K to 303 Kare 2.63 and 1.07 kcal/mol

Miller.” Thus the CUS rate coefficient has a continuous tem; : . )
for the forward and reverse reactions, respectively. Using

perature derivatives even where the variational transition . L .
. these theoretical activation energies a value of 1.56 kcal/mol
state undergoes a sudden switch. . : . .
Tables VIl and VIII list the CUSLOMT rate coeffi- is obtained for the enthalpy of reaction at 298 K, in agree-
cients, along with experimenfdit22174 and other ment with the experimental value from enthalpies of forma-
’ tion, AH?8 K=1.65 kcal/mol(Ref. 44. This result is encour-

theoretical®®! rate coefficients for the temperature range"°. ~ :
200-2500 K for both the forward and reverse reactions, re29ing; although of course all transition state properties cancel
as does the barrier shape. This comparison confirms that

spectively. In both cases, with the new parametrization of th@Ub 0
surface, the calculated rates agree better than the previousi§f have a reasonableHeg by means of the well known
reported surfac@ with the experimental data in the tempera- relation between the overall enthalpy of reaction and the
ture range that has been studied experimentally. Since tHdifference of the forward and reverse enthalpy of activation.
experimental data were used in the parametrization, this regs. inetic isotope effects

resents simply a check on the consistency of the parametri- 1o 13 _ _ _

zation. It is encouraging though that the new results are more  1h€ ?C/°C KIEs are listed in Table X in the tempera-
consistent with direct dynamics calculatidhthan were the ture range 200-2500 K. Our results slightly overestimate
earlier results based on the previous analytic surface. For tH8€se KIEs, especially at low temperatures, as compared to
forward reaction, with our earlier asymmetric PER&ef. 30  Previous experimentdi and theoreticdt values. To analyze

we obtained a transmission coefficient of 106 and a CVT ratéhis behavior in more detail, in the same Table X we also
coefficient of 1.5¢10 ¥cm®molecule s ! at 200 K, give afactor analysis. This factorization of the KIEs involves

while in this work we obtain values of 12.8 and 1.2 writing them as a product, where each factor in the product
X 10 ®cm® molecule s 1, respectively; the latter value is arises from the ratio, for the two isotopologs or isotopomers,
in better agreement with previous direct dynamjig®MT  of a particular subset of partition coefficients or of some
transmission coefficient calculatioswhich range from 4.3  other factor in the overall rate expression. For the sake of
to 7.4 at 200 K. This discrepancy between the present resutfiarity, the factorization of partition functions is based on
and the earlier one is not due to the form of the analyticaconventional transition state theory, and the variational and
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TABLE VIII. Reverse rate coefficients for the €CH,—HCI+CH, reaction.

Theory Experiment
T(K) CVT/uOMT CUS/uOMT RCT? APES Ref. 11 Ref. 74
200 3.8—-14)° 3.6(—14) 3.3—14) 2.3(—14)
250 5.8-14) 5.4(—14) 5.1(—14) 3.0(—14)
300 8.4—14) 7.5(—14) 7.0(—14) 3.8—14) 4.8—14) 6.6(—14)
400 1.5-13) 1.3(—13) 1.1(-13) 5.6(—14) 8.6(—14) 1.6(—13
500 2.5-13) 1.9-13) 1.7(-13) 8.1(—14) 1.2(—13) 2.8-13
600 3.1-12 2.6(—12 2.3—13 1.1-13
800 7.1-13) 4.4—13) 4.5—13) 2.1(—13
1000 6.6—13) 3.8-13 6.5(—13 3.6(—13)
1500 1.4-12) 1.1(-12) 1.8-12) 9.9—13)
2000 2.6-12) 2.1(—12) 3.6(—12) 2.1(—12)
2500 4.2-12) 3.6(—12) 6.2(—12) 3.8-12)

®Roberto-Neto, Coitia, and TruhlarRef. 3). CVT/uOMT calculations based on a dual-level direct dynamic
calculation.

BCVT/LCT results obtained using the earlier asymmetric PES from Ref. 30.

€3.8(—14) stands for 3.8 10 in cn® molecule *s™*.

tunneling effects are introduced in additional factors. This  The CH,/CD, KIEs are listed in Table Xl in the same
factorization can be useful for understanding the chemicalemperature range. The theoretical KIEs are in good agree-

nature of the KIEs. Thus, we write’® ment with the available experimental data. Note that the new
K(*2CH,) surface corrects a major deficiency of our previous surface,
KIE = k(TCHj): Nirans oM TunTvarTCUS: (100  Wwhich was the poor description of the deuterium KIEs. For

example, at 300 K, the KIE was 41.8 with our previous sur-
where 7,406 1S the ratio of the relative translational partition face, but now is 14.0, i.e., a factor of 3 lower, in closer
functions, 7, is from rotational partition functions as evalu- agreement with the experimental values11-18. To ex-
ated at the saddle poimﬁib is from vibration (including ~ plain this reduction, we performed another factor analysis.
zero-point energy at the saddle pointyy, is the ratio  This is also given in Table XI. We find that the reduction is
of tunneling factors] k* OMT(12CH,)/ k“OMT(13CH,)], 7,  due, mainly, to variational effectsy,q=KIE“VT/KIETST,
=KIESVT/KIE™ST, i.e., the ratio of KIEs calculated using i-€., the ratio of KIEs calculated using variational and con-
variational and conventional transition state theories, and€ntional transition state theory, which at 300 K decreases
ncus=KIECYSIKIECVT, i.e., the ratio of KIEs calculated us- from 0.91(Ref. 30 to 0.52 for the new surface. Table XI
ing the CVT and CUS methods. Table X indicates that foralso allows us to explain the origin of the experimentally
temperatures where experimental values are available, the

single most important factor in the KIEs is the tunneling
factor. TABLE X. 2C/*3C kinetic isotope effects for the forward reaction and
factor analysis.

KIE SPES factors
TABLE IX. Activation energiegkcal/mol).

TK) SPES RCT  Expt. 7% 7’  7cus e

Experiment
e 200 1.216 1.094 1.02 1.03 1.00 1.13
T(K) CVT/uOMT CUS/uOMT Ref. 4 Ref. 11 250 1.173 1.070 1.069 1.01 1.03 1.00 1.10
- 300 1.141 1.057 1.066 1.01 1.02 0.99 1.08
Forward reaction 400  1.099  1.042 1.00 1.02 099 1.06
ggg:ggg g-gg g-ii gﬁg S 10 500 1.074  1.034 1.00 1.02 099 1.04
: ) ) ' ' 600 1.060 1.030 1.00 1.01 0.99 1.03
500-600 4.46 4.04 800 1.043  1.025 1.00 101 099 1.02
600-967 5.67 .01 1000 1.051  1.022 100 101 1.01 101
968-1000 5.74 7.19 1500  1.038  1.020 100 101 1.0l 1.00
1000-1500 6.59 .97 2000 1.034  1.019 100 1.00 1.0l  1.00
1500-2000 8.36 9.55 2500 1.031  1.019 1.00 100 1.01 1.00
Reverse reaction anuans@nd 777, are independent of temperature, and their values are 1.06 and
200-300 0.96 0.87 0.96, respectively.
300-500 1.61 1.37 1%4 bThis work, CUSLOMT results for SPES analytic surface.
500-600 2.38 1.96 “This work: CVT/juOMT using the AM1-SRPMMP2J-IC direct dynamics
600-967 3.47 2.80 level of Roberto-Neto, Coitim, and TruhlarRef. 31).
968-1000 3.58 5.02 9This factor includes the CAG transmission coefficiésee Ref. 6Ras well
1000-1500 4.65 6.03 as the Boltzmann factor of the potential energy difference at the two iso-
1500—2000 7.12 8.32 topic variational transition states.

fSaueressi@t al. [Ref. 16a)].
8296-495 K. fCrowley et al.[Ref. 16b)].
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TABLE XI. CH,/CD, kinetic isotope effects for the forward reaction and TABLE XIII. CH ,/CH,D, kinetic isotope effects for the forward reaction.
factor analysis.

SPES
KIE SPES factord
T(K) CVT/uOMT CUS/uOMT Expt?

T(K) SPES RCT® APEY Expt. o TaS Mous  Tun 200 wol o
200 87.7 189 267.8 224 037 096 5.20 250 3.63 3.56
250 29.3 11.4 92.0 10.3 045 0.94 3.15 298 3.01 2.93 1.43
295 14.9 8.0 442 164 6.4 051 092 235 300 2.98 291
298 143 7.9 423 18%12.2 62 052 092 230 400 2.24 2.16
300 14.0 7.8 41.8 6.1 052 092 228 500 1.85 1.76
304 133 7.6 389 109 59 053 092 223 600 1.63 1.53
400 5.6 4.6 134 52 31 063 089 1.60 800 1.38 1.29
500 3.3 3.3 7.2 195 0.69 0.86 1.35 1000 0.95 0.87
600 2.4 2.6 4.7 148 0.74 0.85 1.23 1500 1.23 1.19
800 1.6 1.9 29 1.05 0.78 0.85 1.12 2000 1.17 1.12
1000 0.8 1.6 2.3 0.87 0.44 0.89 1.08 2500 1.14 1.10
1500 1.4 1.3 1.8 0.67 1.00 0.92 1.03

2000 1.3 12 1.6 0.64 099 092 1.02 °Thiswork.

2500 12 12 15 0.60 098 092 101 °Matsumietal (Ref. 19.

3 nvans@nd 7775, are independent of temperature, and their values are 1.25 and

1.69, respectively. Cl + CH3D—>DC| + CHg,

bThis work, CUS[OMT results for the SPES analytic surface.

“This work, CVT/uOMT using the AM1-SRP#MP2]-IC direct dynamics Cl + CH3D—HCI + CH,D,

method of Roberto-Neto, Caitip and TruhlarRef 31).
dCVT/LCT results obtained using the earlier asymmetric PES from Ref. 30the first with symmetry factors 1 and 2, for the forward and
€This factor includes the CAG transmission coefficiésge Ref. 6Ras well reverse reactions, respectively, and the second with symme-
as the Boltzmann factor of the potential energy difference at the two iso- " f3 ,d 2 - V. Th | ffici
topic variational transition states. try factors of 3 and 2, respectively. The to_ta rate coe icient
'Wallington and Hurley(Ref. 13. corresponds to the sum of these two partial reactions. Table
gBoorlti3 et al. (Fief-ilZZ}1 This value is based onk(CH,)=1.0  XIll shows that our results agree better with the results ob-
X107 e molecule 5", tained by Roberto-Netet al3! for their direct dynamics im-
"Matsumiet al. (Ref. 19, at “room temperature.” licit i t hiah t t th t t t
iChiltz et al. (Ref. 1. plicit surface at high temperature than at low temperature.
Our values are larger than the experimental measurements.
Finally, we calculated the CHCH,D, KIEs (Table
measured KIEs; in particular we find that the differences inXlll'), which consists of two reactions,
:Bteio\gbratmnal frequencies introduced by the isotopic substi- Cl + CH,D,—DCl + CH,D,
We also have calculated the GHCH;D KIEs (Table Cl + CH,D,—HCI + CHD,,

XlI). For the CirCHsD, two reactions must be considered, both with symmetry factors of 2 for the forward and reverse

reactions. The agreement with the only experimental
TABLE XII. CH,/CH,D kinetic isotope effects for the forward reaction. measurement is poor, with our CUSLOMT value being
almost twice the experimental value.

SPES The nonsmooth behavior of the KIEs near 1000 K is due

T(K) CVT/uOMT CUS/[uOMT RCT® Expt. to the transition state switch discussed in Sec. I(Mich

200 263 261 1.49 occurs at 967 K for the perprotiq cas_cEven without con-

250 222 220 1.41 1.58 sidering temperatures close to this switch, the KIEs from the

295 1.97 1.94 1.36 1.36 various theoretical treatments differ by disturbingly large

296 1.96 1.94 1.36 151 amounts. Clearly the KIEs are very sensitive to the potential

ggg i-gi i-gg 1;2 154 energy surface and the assumptions of the dynamical treat-

400 1.61 1.58 1.27 ment.

500 1.43 1.40 1.22

600 1.32 1.29 1.18 B. Vibrational-state selected rate coefficients

800 1.20 1.16 1.12 . .

1000 0.99 0.95 1.10 The effect of umbrella motions on reactions of the form

1500 1.12 1.09 1.05 X+CH,—XH+CH; [where X=0(°P) or CI| has recently

2000 1.09 1.06 1.03 been studied by approximate quantum mechanical scattering

2500 1.07 1.05 1.02 calculations.”"® For example, it was found that the reverse
This work. reaction, CH+HCI—CH,+Cl, is impeded by excitation of
PThis work, CVT/uOMT using the AM1-SRP#MP2]-IC direct dynamics  the CH; umbrella mode, in agreement with the state-selected
method of Roberto-Neto, Caitin and Truhlar(Ref. 31. variational transition state theory results by Duncan and

‘Saueressi@t al. [Ref. 16c)]. 27 .
dWallington and Hurley(Ref. 13. Truong:’ However, Duncan and Truong also predicted that

®Boone et al. (Ref. 22. This KIE is based ork(CH,)=1.0x10 2cn?  the umbrella mode enhances the forward reaction, and
molecule*s ™. stretch excitation enhances the reaction in both directions.
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Nymanet al.”® predicted considerably larger rate coefficients 4 — G
for stretch-excited Clithan for ground-state CH oo

The above analysis of thB,,z coupling terms showed
that excitation of the reactant€—H symmetric stretching
and the lowest frequency mode in QHmay enhance the
forward reaction rates. In a similar fashion, it is possible that
the excitation of some vibrational modes of the prodfzis
example, the Cl-H stretching and gdmbrella modesen-
hances the reverse reaction. In the present section we wil
present VTST calculation§ncluding multidimensional tun-
neling contributions on vibrational state-selected rate coef- j
ficients in order to shed more light on this subject.

We will start analyzing the vibrationally adiabatic poten-
tial energy curves of the ground state and two excited states
[Figs. 5a) and 8b)]. In particular we consider the reactive
mode and the CkHumbrella mode. We use the convention of 7
numbering the modes in order of decreasing frequency, anc
we correlate the modes adiabatically. Thus, in this section,
the reactive mode is the one that startsn&s4, becomes
m=6 near the saddle point, and endsnas4 (see Fig. 2
Thus it transforms from a CHsymmetric stretch to an HCI
stretch. The CH umbrella mode starts a®=7, becomes
m=9 near the saddle point, and then becomes7 again.

To be sure that there is no misunderstanding, we note explic-
itly that in spectroscopic notatiofwhere one gives the low-
est numbers to totally symmetric modeghe ‘“reactive
mode” transforms fromv, of CH, to v of HCI, and the
“umbrella mode” transforms fromv; of CH, to v5 of CHs.

The excitation of the reactive mode by one quantum lowers §
the vibrationally adiabatic barrier to 2.17 kcal/mol and the 7
reverse one to 0.94 kcal/mol as compared to 3.78 kcal/fnol  ~°
and 2.89 kcal/mol for the forward and reverse ground-state™
barriers. Thus, vibrational excitation of this mode is expected
to enhance both the forward and reverse reactions. This ex
citation shifts the maximum of the vibrationally adiabatic
barrier from s=+0.29a, for the ground state tos
=+0.964a, for the excited-state. Thus the variational transi-

2 G (Kcal/mol)

® L

Kcalimol)

tion state is in the exit channel. The local maximum of the -6 I ' I y \
vibrationally adiabatic potential curve in the entrance chan- -2 -1 0 1 2
nel is called a supernumerary transition sfitend its analog s (bohr)

for the CH-H, reaction has recently been discussed in

detail.81 FIG. 5. Vibrationally adiabatic ground-state potential energy cudegted

o line), vibrationally adiabatic curve for exciting by one quantum the mode
Excitation of the CH umbrella mode by one quantum that transforms into the CIH stretch mo@leodem=6 ats=0 a,; solid line),
lowers the vibrationally adiabatic barrier height with respectand vibrationally adiabatic curve for exciting by one quantum the mode that

to reactants from 3.78 kcal/m@ht s=0.25a,) to 2.52 kcal/ transforms adiabatically into the GHumbrella mode(mode m=9 at
mol (at s=0.29a), but it raises the vibrationally adiabatic S=° 2 dashed ling each as a function of reaction coordinatefach
. . . curve in(a) is relative to the valudor that stateat reactants, while irtb)
barrier height with respect to products to 3.80 kcal/mol froMey are relative to the valdfer that stateat products.
2.89 kcal/mol. These results agree well with the theoretical
estimation of Duncan and Truoffgfor the reverse reaction.
If this mode were to remain adiabatic from each asymptote
to the respective dynamical bottleneck, we would expect thastate. This situation does not allow a more quantitative
the excitation of this mode in methyl accelerates the forwardanalysis for the forward reaction with a fully adiabatic ap-
reaction but retards the reverse reaction. proximation; instead, we will use the PRRef. 60 adiabatic
However, comparison of th®,,,, Coriolis coupling approximation.
terms to the state-selected vibrationally adiabatic potential The value ofs, for the forward reaction is taken a&s
curves indicates that the energy can flow between modes is —0.53a,,while for the reverse reaction it is taken sis
the entrance valley and, therefore, the symmetric stretch ang 0.02 a,; these are the values where the curvature of the
the umbrella modes do not preserve their character along threaction path shows its first peak in each directieee
reaction path all the way from reactants to the transitiorSec. Il A).
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TABLE XIV. Ratio between excited-state and thermal rate coefficients forTABLE XV. Ratio between excited-state and thermal rate coefficients for

the reactive mode excitation in the forward and reverse reactions. the excitation of then=9 mode for the forward and reverse reactions.

CH,+Cl—CHz+HCI CHz+HCI—CH,+ClI CH,+Cl—CHz+HCI CHz+HCI—CH,+ClI

T(K) CVT CVT/SCT Ref. 79 CVT CVT/SCT T(K) CVT CVT/SCT CVT CVT/SCT
200 406.0 489.0 43.0 180.0 97.0 200 56.8 235.0 0.10 0.16
250 119.0 138.0 20.0 73.0 48.0 250 24.6 68.5 0.16 0.21
300 52.0 58.0 12.0 40.0 30.0 300 13.8 29.9 0.22 0.27
400 17.2 18.9 6.0 194 15.6 400 6.37 104 0.34 0.38
600 5.2 5.6 2.8 9.3 7.6 600 2.65 3.46 0.54 0.57
800 2.7 2.8 1.7 6.2 5.0 800 1.58 1.89 0.69 0.72
1000 1.79 3.4 4.8 6.6 1000 1.17 2.36 0.84 1.52
1500 1.44 2.2 4.6 4.8 1500 1.08 1.69 1.61 2.36
2000 1.28 1.75 4.3 4.0 2000 1.03 1.44 2.31 3.06
2500 1.19 1.52 4.0 3.5 2500 1.01 1.31 2.90 3.63

We calculated the PRP rate coefficients for the reaction ) ) )
with the reactive mode excited for both the forward and re-ences are due to the differences in the dynamical methods,
verse reaction. The ratios of these results to the ground-sta@d!d not to the reduced dimensionality.
rate coefficients are given in Table XIV. Each ratio is ob- A Similar set of ratios was calculated for the case of
tained from rate coefficients calculated at the same level ofxcitation of the umbrella mode, and they are listed in Table
theory, i.e., CVT or CVT/SCT. These ratios measure theXV. In this case, the vibrational excitation of the umbrella
enhancement of the reaction rate when the reactive C—jnode in CH causes an acceleration of the forward reaction
stretching mode is excited for the forward reaction and théat€ that ranges between 235 and 1.3 at 200 K and 2500 K,
enhancement when the Cl—H stretching mode is excited iﬁespec;tlvely. The reverse reaction, however, has a different
the reverse reaction. Unfortunately, a theory for performingP€havior. Thus, for temperatures below 800 K, the thermal
this kind of calculation with the LCT tunneling approxima- reverse rate coefficient is larger when either the umbrella
tion has not been developed yet, and therefore we will carrynotion of CH; or the stretch of HCl is excited. Excitation of
out our analysis based on CVT and CVT/SCT rate coeffithe CH; umbrella mode reduces the reverse rate coefficient
cients. Although LCT tunneling dominates in the ground-PY @ much as a factor of 6.2 at 200 K. However, for tem-
state calculations, the analysis of the CVT and CVT/SCTPeratures above 800 K, excitation of.the umbrella V|brat|o_nal
results will be valuable for carrying out at least a qualitativeM0de speeds up the reverse reaction, and the factor is as
analysis. large as 3.@at 2500 K).

The first conclusion we can draw from these results is It is also interesti.n.g to no.te that tunneling has more ef-
that excitation of the reactive mode increases the rate coeféCt on the rate coefficient ratios for the umbrella-mode case
ficient significantly for both the forward and reverse reac-than for the stretch-mode case. _
tions. It is encouraging that the CVT and CVT/SCT ratios ~ ©Once again, the PRP bottlenecks were found to be in the
are reasonably clogevithin a factor of 2 for the entire tem- reac_:non-path regions where the vibrational mode is in its
perature range. excited state.

According to the CVT/SCT values, the forward rates are
enhanced by a factor ranging from 489 at 200 K to 58 at 300
K and to 1.52 at 2500 K. The reverse rates show a IoweE: c . ith th i tric PES
enhancement at temperatures below 60®K at 200 K and - ~omparison wi € earlier asymmetric
30 at 300 K, but the ratio between excited-state and thermal The largest differences between the earlier PES
rates is larger than for the forward reaction for temperaturesasymmetri¢*° and this new PE$symmetrig are due to the
above 600 K(3.5 at 2500 K. different calibration criteria used in the two cases. While in

It is interesting to point out that the dynamical bottle- the earlier PES the criterion was to reproduce the properties
neck was always located before the value for the forward of experimental measurements and electronic structure cal-
reaction, and after it for the reverse reactiom., the dy- culations of the stationary poinfgeometry, frequency and
namical bottleneck occurs in the region wherel). changes of energy, reaction and activatjon this new PES

The enhancements we calculated for the forward reacthe criterion is to reproduce the experimental rate coefficients
tion are compared to those of Nymanal.”® in Table XIV.  and kinetic isotope effects. The most important effect of the
Nyman et al. employed reduced-dimensionality scatteringcalibration is that the shape of the adiabatic curve is greatly
calculations, treating CHHas a pseudo-atom. We might ex- modified. We note especially that it has a wider barrier,
pect that this reduced-dimensionality method is less accuratghich is correlated with the lowering of the absolute value of
than our calculations because they do not take account of alhe imaginary frequency, from 11060 760 cm™?, at the
the degrees of freedom. Duncan and Truong also obtaineshddle point. This behavior leads a reduction of the
larger enhancements than the reduced-dimensionalit¢H,/CD, KIEs from 41.8 to 14.0 at 300 K, and the latter
calculations’” However, one cannot rule out that the differ- value is in good agreement with the experimental values.
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