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Transition state structure, barrier height, and vibrational frequencies for the
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We have carried out ab initio calculations using second- and fourth-order Méller-Plesset
perturbation theory, scaled electron correlation, and several basis sets for the reaction

Cl 4+ CH, - CH, + HCI. We found that including electron correlation is essential for obtaining
accurate barrier heights and vibrational frequencies. Furthermore, scaling the correlation
energy further improves the barrier height predictions provided that the basis set being used is
correlation balanced for both bonds involved in the reaction. Geometries and transition state
frequencies calculated at the MP2 and MP-SAC2 levels with the most extensive and best
balanced basis set are in good agreement with one another for all bound modes, but the

unbound-mode frequency changes by 214; cm™'.

I. INTRODUCTION
The reaction of Cl1(2P) with methane,
Cl(*P) + CH,-~HC1-CH,, (R1)

removes Cl atoms from the Cl1/ClO chain which catalytical-
ly destroys ozone in the earth’s stratosphere.' By forming the
relatively stable HCI molecule, reaction (R1) serves as a
major sink for Cl atoms in the stratosphere. For this reason,
many experimental investigations of this reaction have been
carried out in recent years>® (references given here are only
representative, not exhaustive), and the rate constant has
been measured over a broad range of temperature. However,
theoretical dynamical studies of this reaction are very limit-
ed and highly approximate,>’ due to the lack of an accurate
potential-energy surface (PES) for this sytem. Construction
of the PES requires information about the saddle-point ge-
ometry and vibrational frequencies, for a start, and about the
whole reaction swath,? for further progress. Such informa-
tion is in principle available from ab initio calculations, but,
to the best of our knowledge, there are no published ab initio
studies of the reaction Cl + CH,. Thus, because of the in-
trinsic interest in this reaction for atmospheric studies and
also because it can serve as a prototype for other atmospheric
and combustion reactions, we have undertaken such a study.
In addition to the intrinsic interest in these reactions, the
calculations may be of general interest because they shed
new light on the basis set sizes required to calculate accurate
barrier heights for chemical reactions.

In the present study, we have calculated the structures
and energetics of the reactants, products, and saddle point
for reaction (R1). The barrier heights for both the forward
and backward directions of reaction, and the vibrational
analysis at the stationary structures are discussed. We em-
ploy second- and fourth-order Méller—Plesset [MP2 (Ref.
9) and MP4 (Ref. 10)] perturbation theory, based on re-
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stricted and unrestricted Hartree-Fock (HF) reference
states. In addition we extrapolate to complete basis sets and
full inclusion of correlation energy by ‘“‘scaling all correla-
tion” [SAC (Ref. 11)] energy in the MP2 and MP4 calcula-
tions, yielding semitheoretical estimates of the true barrier
heights labeled MP-SAC2 and MP-SAC4, respectively.

Il. COMPUTATIONAL METHODOLOGY

All HF calculations for systems with an even number of
electrons are restricted to doubly occupied orbitals and those
for odd numbers of electrons are unrestricted, i.e., they in-
volve different orbitals for different spins. The geometries of
all minimum energy structures and transition states were
fully optimized using analytical gradients, using different
point group symmetries for different species, i.e., C_, for
HC], D,, for CH,;, T, for CH,, and C,, for the CI-H-CH,
saddle point.

We used several basis sets in the present study, in partic-
ular, the 3-21G** basis,'? in which d functions are added to
Cl but not C, and a set of p functions are added to H; the 6-
31G** basis,'> where d functions are included on both Cand
Cl and p functions are included on H; the 6-31 + G** ba-
sis,'* where, in addition, a set of diffuse s and p functions is
added to each heavy atom, C and Cl; and two more extended
basis sets, denoted MC-311G(dd,p) and MC-
311G (2d.d,p). In the latter basis sets, we have combined the
6-311G** basis'* for carbon, the 311G** basis'* for hydro-
gen, and McLean—Chandler basis'® for chlorine. These ex-
tended basis sets for the valence symmetries were augmented
with one set of polarizations functions on each atom for
MC-311G(d,d,p), and also with a second set of d functions
on Cl for MC-311G(2d,d,p). The d function exponential
parameter used in the MC-311G(d,d,p) basis is 0.75.'* For
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7138 Truong et al.: Reaction of Cl+CH,

the MC-311G(2d,d,p) basis, we have optimized the two Cl
d-function exponential parameters with respect to the HCI
total energy at the correlated MP2 level, and we have values
of 1.04 and 0.34, respectively. (The reason for optimizing
these exponents at MP2 instead of the HF level will be dis-
cussed in a later section.) Six Cartesian d functions were
used in all d sets.

We have performed both HF and MP2 calculations in
predicting the structures and transition state vibrational fre-
quencies. Single-point energy calculations were also carried
out using full fourth-order Méller—Plesset perturbation the-
ory, MP4 (SDTQ),'® at the MP2 structures using the 6—
31G** and MC-311G(d,d,p) basis sets. The inner-shell as
well as the valence-shell electrons are correlated in all MP2
and MP4 calculations.

Finally, to improve the energy predictions for the saddle
points, we have scaled all the correlation (SAC) energy of
the Méller—Plesset perturbation theory results. Scaling the
MP2 and MP4 results yields extrapolated energies called!!
MP-SAC2 and MP-SACH4, respectively.

The HF and MP calculations and the MP-SAC single-
point calculations were carried out using the GAUSSIANS2
(Ref. 16) program on a Cray-2 computer at the Minnesota
Supercomputer Institute, the Cray X-MP/48 computer at
the Pittsburgh Supercomputing Center, and a VAX 8530
computer at North Dakota State University. The MP-SAC
geometry optimizations were calculated using a locally
modified version of GAUSSIANS2 on the VAX 8530, and the
MP-SAC frequencies were calculated using a locally modi-
fied GAUSSIANS6 (Ref. 17) on the Cray X-MP/48 computer
at the San Diego Supercomputer Center.

I1l. RESULTS AND DISCUSSION
A. Structures and vibrational frequencies

The calculated equilibrium and transition state geome-
tries are given in Tables I and II. First we note that the HF
bond lengths of the equilibrium structures are generally
shorter than their experimental values; however, the bond
lengths of HCl and CH, predicted at the MP2/MC-

TABLE I. Optimized minimum energy structures (bond length in A).

Species HCI(C,,) CH;(D,,) CH,(T,)
Bond H-Cl C-H C-H
HF/3-21G** 12672 1.0710 1.0816
HF/6-31G** 12654  1.0728 1.083 5
HF/6-31 + G** 12662 10729 1.088 39
HF/MC-311(d,d,p) 12680  1.0735 1.084 2
HF/MC-311(2d,d,p) 12681  1.0842 1.084 2
MP2/6-31G** 1.2684  1.0735 1.084 3
MP2/6-31 + G** 1.2687  1.0744 1.085 1
MP2/MC-311G(d,d,p) 12740 10786 1.089 4
MP2/MC-311G(2d,d,p) 12747 1078  1.0894
MP-SAC2/MC-311G(2d,d,p) 12761  1.0797 1.090 5
Experiment 1.2746°  1.079" 1.091 4 0.002°

2Reference 18.
® Reference 19.

TABLE II. Optimized transition state structures (C 5, ) (bond lengths in A
and bond angles in degrees):

cl H \_/c --------- H
o \
»H
R, R, R, a
HF/3-21G** 1.4896 1.3505 1.0757 102.37
HF/6-31G** 1.4903 1.3617 1.0774 102.49
HF/6-31 4 G** 1.4944 1.3578 1.0775 102.46
HF/MC-311G(d,d,p) 1.5001 1.3537 1.0776 102.59
HF/MC-311G(2d,d,p) 1.5018 1.3501 1.0779 102.60
MP2/6-31G** 14265 1.3981 1.0796 101.66
MP2/6-31 + G** 1.4326 1.3915 1.0802 101.64
MP2/MC-311G(d,d,p) 1.4342 1.3870 1.0846 101.62
MP2/MC-311G(2d,d,p) 1.4473 1.3704 1.0847 101.57
MP-SAC2/MC-311G(2d,d,p) 1.4314 1.3881 1.0858 101.18

311G (2d.d,p) and MP-SAC2/MC-311G(2d.,d,p) level are
in excellent agreement with the available experimental'®'’
values.

A well-known deficiency of unrestricted HF wave func-
tions for doublets like CH; and the Cl-H-CH, transition
state is that they are spin contaminated by higher multiplet
states. However, in the present calculations the expectation
value of $? in all UHF and MP2 wave functions for CH, and
the transition state deviate from the correct value of 0.75 by
at most 0.03. Since the spin contamination is found to be
small, the UHF method is considered adequate to serve as a
reference for perturbation theory and SAC calculations.

The optimized transition state structures for the
Cl + CH, reaction predicted at the HF, MP2, and MP-
SAC2 levels of calculation are shown in Table II. In the
present study, we have assumed that the three atoms in-
volved in bond breaking and bond making are colinear, i.e.,
the transition state has C,, symmetry. As will be shown be-
low, this is confirmed since the Hessian matrix of the C;,
transition state contains only one imaginary eigenvalue
whose mode corresponds to the reaction coordinate of the
Cl + CH, - CH,; + HCI reaction; thus it is in fact a true
saddle point for the abstraction reaction. Notice that both
the CI-H (R,) and H-C (R, ) bond lengths are increased in
the HF/6-31G** structure as compared to the HF/3-
21G** one. An additional set of sp diffuse functions on each
heavy atom further increases the Cl-H and H-C (R, and
R,) bond distances in the HF/6-31 + G** structure. We
also found that adding one more set of d polarization orbitals
to the Cl atom in the MC-311G(2d,d,p) basis set does not
change significantly the geometry of the HF transition state.
However, the electron correlation included in the MP2 cal-
culations generally decreases the CI-H (R,) and increases
the H-C (R, ) bond distances, and this shifts the transition
state closer to the product side (and concomitantly, as
shown below, it lowers the barrier to activation). As expect-
ed, this trend is continued by the extrapolation procedure.
The orientations of the three spectator hydrogen atoms is
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nearly the same in all HF and MP2 optimized structures.

Since the reaction is electronically about 7 kcal/mol en-
dothermic, we would expect by Hammond’s postulate® that
the transition state would be somewhat product-like. Com-
parison of the bottom theoretical lines of Tables I and II
shows that at the transition state the reactive C~H bond is
elongated by 0.29 A whereas the product H-Cl bond is elon-
gated by only 0.16 A, confirming this postulate as far as bond
lengths are concerned. For bond angles, the transition state
value of « is, however, only 41% of the way from the reac-
tant value of 109.47° to the product value of 90°, and the
spectator C-H bonds are only 449% of the way from reac-
tants to products. Table III gives the vibrational frequencies
and harmonic zero-point energies (ZPE) of the equilibrium
structures of reactants and products at the highest level,
MP2, at which we optimized structures, and for the largest,
MC-311G(2d.d,p), basis set, and it compares these results
to experiment.'® The stretching frequency of HCI is 3048
cm ™~ ! which is only 2% larger than the experimental value. '
The frequencies of the CH, molecule are also overestimated,
with the largest discrepancy being 199 cm ™' for the C-H
symmetric stretch. These overestimates result in the har-
monic zero point energy of the CH, molecule being 1.5 kcal/
mol too large. The stretching, and doubly degenerate e’
bending mode frequencies of CH; are also larger than exper-
iment, by at most 187 cm™', but the low-frequency bending
mode, which has no analog in CH,, is 154 cm ™' below its
correct value. Hence, the calculation overestimates the har-
monic zero-point energy of CH, by less than 4%. In all
cases, the Hessian matrix at the transition state has only one
imaginary frequency mode which corresponds mainly (over
96% ) to the motion of the hydrogen atom moving between
two heavy nuclei Cl and C. The nature of the reaction coor-
dinate plus the height of the barrier (see below) indicate that
tunneling effects are probably important in the dynamics of
this sytem at least under room-temperature thermal or other
low-energy conditions.

We see that the HF vibrational frequencies all decrease
by less than 100 cm ™! as the basis is improved from the 3-
21G** to MC-311G(2d,d,p), and the imaginary frequency

TABLE III. Vibrational frequencies (¢cm™') and zero-point energy (kcal/
mol) at the MP2/MC-311G(2d,d,p) level.

CH, CH, HCl
Calculated
fiw 3176(a;) 3080(a,) 3048(0)
426(a}) 1582(e)
3369(¢) 3218(¢))
1452(¢") 1364(t,)
ZPE 18.9 28.6 4.4
Experimental®
fiw 3002(a}) 2917(a,) 2991(0)
580(ay) 1534(e)
3184(¢") 3019(¢,)
1383(¢") 1306(z,)
ZPE 18.2 27.1 4.3

*Reference 19.

decreases from 1942/ to 1846/ cm~'. However, including
electron correlation in MP2 calculations very significantly
changes the magnitude of these vibrational frequencies.
There is reasonable agreement of the various MP2 and MP-
SAC2 frequencies among themselves, i.e., comparing differ-
ent bases, but, except for the v, bend and the imaginary fre-
quency mode, which is denoted v_, , the MP2 values are sys-
tematically lower than the HF ones. The largest difference in
any of the values occurs for the imaginary—frequency mode
which decreases from 1846/ cm™! (HF) to 949i cm ' for
the MC-311G(2d,d,p) basis set. The MP-SAC2/MC-
311G (2d,d,p) imaginary frequency of 949 cm™' can be
compared with the value of 972/ cm ™' which has been esti-
mated from experiments with the bond-energy-bond-order
(BEBO) model.’ The two values are much closer than we
have any right to expect. The imaginary frequency is of
course very important in modeling the global potential sur-
face for dynamical calculations. We conclude from Table IV
that electron correlation is far more important than saturat-
ing the basis set in computing the vibrational frequencies of
the transition state.

It is tempting to make a new postulate, extending Ham-
mond’s to frequencies, i.e., for an endothermic reaction, the
frequencies should be more product-like than reactant-like.
Comparison of the final results (last column) of Table IV to
the reactant and product frequencies of Table III shows
some interesting features and provides a test of this postu-
late. First, both the symmetric and asymmetric C-H stretch
frequencies of the saddle point are intermediate between the
values for CH, and CH, and are 53-56% of the way
between reactants and products, just barely in agreement
with the new postulate. The next highest frequency is 96% of
the way toward products. This makes the Fermi resonance
much less resonant at the saddle point than for reactants.
The umbrella mode of the transition state is only 93 cm ™'
higher than the out—of-plane bend in CH,.

B. Energetics

In the present study, we have employed the SAC meth-
od'! in which an extrapolated result of order # is calculated
by
Ewwen — Bur

‘c/—"
where & ,, is the scaling factor which is assumed constant,
i.e., independent of geometry and/or bond rearrangement
for a given system. To save space, we refer the reader to Ref.
11 for the motivation and physical basis of Eq. (1). Follow-
ing the approach taken in previous work,'' we have used
accurate bond dissociation energies to estimate scaling fac-
tors, % ,,, by the following relation for each bond type:

& _ D.(MPn) — D, (SCF)
" D, (expt) — D,(SCF) ’

where the bond energy D, refers to the energy difference for
the reaction

AH,-AH,_, +H, 3
(A =Cl, C in this study). The energy for step (3) is ob-

, (D

EMP—SACn = EHF

(2)
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TABLE IV. Transition state vibrational frequencies (cm~') and zero-point energies (kcal/mol).

6-31G** 6-31 + G** MC-311G(d,d,p) MC-311G(2d.d,p)
3-21G**
Mode HF HF MP2 HF MP2 HF MP2 HF MP2 MP-SAC2
v (a') 3283 3237 3194 3234 3184 3211 3132 3209 3131 3118
v,(a’) 1317 1292 1244 1293 1244 1287 1223 1288 1223 1227
vi(a’) 450 452 550 451 537 448 534 444 519 572
v,(e) 3439 3391 3371 3388 3362 3361 3304 3359 3303 3295
vs(e) 1552 1550 1491 1545 1478 1538 1456 1539 1457 1441
ve(e) 1169 1120 973 1122 958 1086 920 1084 923 874
v;(e) 428 421 389 425 388 383 328 381 337 324
v, (a') 1942 1870i 1270i 1868i 1298 1845i 1242 1846/ 1163 949
ZPE* 26.1 25.7 24.9 25.6 24.8 25.3 24.2 25.3 24.2 240
# Harmonic.

tained from experiment (expt), SCF results, or the appro-
priate level of perturbation theory (MPn) for substitution
into formula (2). The bond dissociation energies for H-CIl
and H-C bonds for reaction (3) are given in Table V along
with the resulting scaling factors ., which are obtained by
Eq. (2). The SCF bond dissociation energies are all much
too low compared to experimental values, as expected. The
scaling factors .% ,, and in two cases % ,, are calculated at
the MP2 optimized goemetries for various basis sets, and
they indicate the fraction of the error recovered by including
electron correlation. The .% ,, values for the C-H bond are
generally larger than those for H-Cl bond. For some basis
sets, the difference is rather significant, which means that
this basis set is representing the electron correlation for C~-H
bond making better than that for H-C] bond making. Strik-
ing examples of this lack of balance are provided by the 6—
31G** basis set, for which .#, is 0.73 for H-Cl and 0.86 for
C-H, and for which %, is 0.74 and 0.91 for H-Cl and C-H
bonds, respectively. Notice that the MC-311G (2d,d,p) ba-
sis set has the best “correlation balance” with .% , values of
0.83 and 0.84 for H-Cl and C-H bonds, respectively. The
concept of correlation balance in basis sets has been intro-
duced and discussed in a previous study by two of the au-

TABLE V. Theoretical bond dissociation energies (kcal/mol) and .5 , pa-
rameter for MP-SAC calculations.

H-Cl ¥, H,C-H.Z,
HF/3-21G** 76.9 88.3
HF/6-31G** 75.3 84.6
HF/6-31 4+ G** 75.4 86.1
HF/MC-311G(d,d,p) 75.6 85.5
MP2/6-31G** 974 073 1092 086
MP2/6-31 + G** 977 073 107.8 0.8l
MP2/MC-311G(d,d,p) 99.1 077 1083 084
MP2/MC-311G(2d,d,p) 1013 083 1083 0.84
MP4/6-31G**//MP2* 98.1 074 1105 091
MP4/MC-311G(d,d,p)//MP2* 99.9 080  109.7 0.89
Expt. 106.3° 112.7¢

*Single point MP4(SDTQ) calculations at MP2 optimized structures.
®Result is taken from Herzberg and Huber (Ref. 18).
¢ Results are taken from Gordon and Truhlar (Ref. 11).

thors.?® Recall that the two exponential parameters for the d
functions of the Cl atom in the MC-311G(2d,d,p) basis set
are optimized with respect to the MP2 energy of the HCI
molecule, hence increasing the % , value for HCl bond. The
good correlation balance of the basis set is a consequence of
this optimization. For example, if we obtain the exponential
parameters for these d functions by scaling the parameter of
the MC-311G(d,d,p) basis set by factors of 1/2 and 2,
which yields 0.375 and 1.5, the resulting .% , for the H-Cl
bond is 0.80 as compared to 0.84 for C-H bond.

The average values of the H-Cl and C-H scaling factors
F , are used in calculating the MP-SA Cn barrier heights for
the abstraction reaction Cl + CH, - CH; + HCl and in the
MP-SAC2/MC-311G(2d,d,p) optimizations. The total en-
ergies of the equilibrium and transition state structures are
given in a table which is submitted as supplementary materi-
al, and the calculated classical barrier heights for both for-
ward and reverse directions of the abstraction reaction are
given in Table V1. The best available experimental estimated
classical forward barrier height is probably that based on the
BEBO model, which is about 8 kcal/mol. (One of the goals
of the present work is to characterize the saddle point well
enough that an accurate semiglobal surface can be obtained
and used to further refine this value.) The HF wave func-
tions significantly overestimate the barrier heights in both
the forward and reverse directions, as expected, even for
large basis sets. Including electron correlation at the MP2
level decreases the forward barrier for all basis sets, by 42—
69%, and the backward barrier by about 65-74%. This
brings the predicted barriers into the correct ball park. No-
tice that the MP2 reverse barriers are less sensitive to the size
of the basis set or the number of polarization functions in-
cluded than are the forward barriers.

For the basis set with the best correlation balance, MC—-
311G(2d,d,p), which is also the largest basis set among
those being considered, the MP2 forward and reverse bar-
riers are 10.2 and 3.2 kcal/mol, respectively. Including har-
monic zero-point energy corrections reduces the forward
barrier to 5.8 kcal/mol, while it raises the reverse barrier to
4.1 kcal/mol. Thus the heat of reaction at 0 K predicted at
the MP2 level using MC-311G(2d,d,p) basis setis 1.7 kcal/
mol. This is, in fact, in excellent agreement with the experi-
mental heat of reaction AH ° = 1.89 + 0.10 kcal/mol.® Since

J. Chem. Phys., Vol. 90, No. 12, 15 June 1989
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TABLE V1. Calculated barrier heights (kcal/mol) for the Cl + CH,—HCI + CH, reaction.

Basis HF MP2 MP4//MP2? MP-SAC2//MP2* MP-SAC2 MP-SAC4//MP2*
Forward barrier

3-21G** 222

6-31G** 22.6 8.8 154 4.8 13.9
6-31 + G** 224 7.8 34

MC-311G(d.d,p) 219 12.8 13.2 10.6 11.6
MC-311G(2d,d,p) 21.7 10.2 79 7.9°

Reverse barrier

3-21G** 10.9

6-31G** 10.7 31 3.1 1.1 1.5
6-31 + G** 11.9 4.2 1.9

MC-311G(d,d,p) 11.9 3.6 34 2.0 1.8
MC-311G(2d,d,p) 12.2 3.2 1.4 1.2°

2Single point MP4 and MP-SACn calculations at MP2 optimized structures.

®Best value.

this basis is well correlation balanced the SAC2 extrapola-
tion changes the heat of reaction very little, in particular by
less than 1 kcal/mol.

The MP4 single point energies appear less accurate than
the MP2 optimized ones. They overestimate the forward
barrier by 5-8 kcal/mol relative to the estimated experimen-
tal values of 8 kcal/mol, although they make similar predic-
tions to MP2 for the reverse barrier.

Finally, the MP-SACr barrier heights are also listed in
Table VI. The most reliable estimates would be expected to
be those calculated from the most correlation balanced basis
set at the highest level of perturbation theory available for
that basis set, that is, in the present study, the MP-
SAC2/MC-311G(2d,d,p) level. At this level, the MP-
SAC2 forward and reverse barriers are 7.9 and 1.2 kcal/mol,
respectively. Adding the MP2 harmonic zero-point energy
corrections to the forward barrier yields the vibrationally
adiabatic ground-state barrier height, which has a value of
3.5 kcal/mol; and the zero-point-corrected reverse barrier
height is 2.3 kcal/mol. The forward barrier is in excellent
agreement with the experimental activation energy of 3.5
kcal/mol in the range of 360-500 K.* Actually, because of
tunneling, the experimental activation energy might be less
than the true zero-point-corrected barrier, so our calculated
barrier might be slightly too low. In addition, at 0 K, the

MP-SAC2 heat of reaction, 1.2 kcal/mol, is within 0.7 kcal/
mol of the experimental value mentioned above.

It is very interesting to notice from Table V that the 6
31G** and MC-311G(d,d,p) basis sets are better correla-
tion balanced (% , values for C-H and H-Cl are closer to-
gether) at the MP2 than at the MP4 level. As aresult, as seen
in Table VI, the barrier heights calculated at the MP2 level
using these basis sets are closer to the best values than those
calculated at the MP4 level. This is also true for the MP-
SAC2 results as compared to the MP-SAC4 results. Thus,
the degree of basis set correlation balance, or lack thereof,
for all active bonds in the system provides another explana-
tion for why higher-order perturbation theory sometimes
predicts less accurate barrier heights than lower-order calcu-
lations. This has a significant implication for the optimum
strategy for selecting a combination of basis set and correla-
tion level for an ab initio calculation; that is, when including
correlation energy in calculating the barrier height for a re-
action, one should use the best possible correlation balanced
basis set for each level of theory.

IV. SUMMARY AND CONCLUSIONS

We have calculated forward and reverse barrier heights
of 7.9 and 1.2 kcal/mol, respectively, for the title reaction,

TABLE VII. Supplementary material for “Transition state structure, barrier height, and vibration frequencies for the reaction Cl + CH,— CH, + HCI” by
T. N. Truong, D. G. Truhlar, K. K. Baldridge, and M. S. Gordon, and R. Steckler.

Cl HCl CH, CH, Cl---H---CH,(TS)

HF/3-21G** —457.371 093 —457.989 877 — 39.360 708 — 39.997 564 —497.332 16

HF/6-31G** —459.447 964 — 460.066 214 — 39.564 457 — 40.201 705 —499.613 530
HF/6-31 + G** —459.455 871 — 460.067 364 — 39.566 699 —40.202 131 —499.615 160
HF/MC-311G(d,d,p) —459.477 155 — 460.097 386 —39.572 928 —40.209 024 — 499.651 294
HF/MC-311G(24,d,p) — 459.478 582 — 460.099 652 — 39.572 928 — 40.209 024 — 499.653 054
MP2/6-31G** — 459.562 057 — 460.215 621 — 39.697 533 — 40.369 856 —499.908 218
MP2/6-31 4+ G* —459.564 333 —460.218 261 —39.701 211 —40.371 223 —499.912 909
MP2/MC-311G(d,d,p) — 459.638 402 —460.296 155 — 39.727 600 — 40.399 967 — 500.018 003
MP2/MC-311G(2d,d,p) — 459.665 294 —460.326 120 — 39.727 600 — 40.399 967 — 500.048 957
MP4/6-31G**//MP2* —459.578 818 —460.233 376 — 39.719 561 — 40.393 850 —499.948 061
MP4/MC-311G(d,d,p)//MP2* — 459.656 299 —460.312 90 — 39.752 037 —40.426 682 — 500.061 892
MP-SAC2/MC-311G(2d,d,p) —459.702 144 — 460.370 857 —39.758 177 —40.437 716 — 500.127 161

*MP4(SDTQ) single-point calculations at the optimized MP structures with the same basis set.

J. Chem. Phys., Vol. 90, No. 12, 15 June 1989



7142 Truong et al.: Reaction of Cl14-CH,

using the MP-SAC?2 level of theory. The forward barrier
height appears to be in excellent agreement with experiment.
In arriving at the final value, we compared several calcula-
tions with various levels of electron correlation and basis set
size, and we made some observations that may have general
implications for theoretical studies of reaction dyamics.
First, we found that the electron correlation is very impor-
tant not only for predicting the classical barrier heights but
also in calculating the vibrational frequencies, especially the
imaginary frequency of the transition state. Second, we
found that if the basis set being used is correlation balanced
for both bonds involved in the reaction, scaling the correla-
tion energy greatly improves the barrier predictions, and in
particular scaling the correlation energy in a well-balanced
MP2 calculation yields better results than a (much more
expensive) MP4 single-point calculation. Third, we showed
that several of the widely used basis sets are not correlation
balanced; we found it necessary to use two d sets on Cl to
achieve a fully polarized, correlation—balanced basis set for
the title reaction.

Finally, we found that Hammond’s postulate holds for
bond lengths of bond breaking and bond making coordinates
but not for bond angles and spectator C-H bond lengths.
Since different coordinates proceed from reactants to prod-
ucts at different rates, even for this simple concerted reac-
tion, one must always be careful about using interpolated
structure parameters at transition states.

Table VII gives absolute energies in hartrees.
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