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Abstract

Ab initio calculations at the HF, MP2, and CCSD(T) levels of theory, utilizing a range of basis sets including the large
bases 6-31++G(2df,2pd) and aug-cc-pVTZ, are used to study the GHCH3F — CH3OH + F~ potential energy surface
(PES). Structures, vibrational frequencies, and energies are determined for the reactant and product asymptotic limits,
OH . . . CHsF ion—dipole potential minimum, the [OH- CHs - - - F]~ central barrier, and the GJ®H - - - F~ hydrogen-bonded
minimum. This PES does not have a post-reaction-F CH3OH minimum complementary to the pre-reaction OH - CHsF
minimum. Except for the CEDH - - - F~ minimum, the large basis sets and MP2 theory give a consistent set of structures and
frequencies for the stationary points. Neither the structure nor the vibrational frequencies okthel CHF~ minimum are
converged by the MP2 and large basis set calculations. RHF theory does not describe the energy of th€HoH - F]~
central barrier nor the reaction exothermicity, however, it does give @HCH3F — OH™ ... CH3F and F 4+ CH3OH —
CH3OH- .- F~ well depths in good agreement with the CCSD(T) values. Overall good agreement is found between th
MP2/6-3H-G* and much higher level CCSD(T) energies for the stationary points. The MP2 and CCSD(T) calculations give
a reaction exothermicity and =+ CH3OH — CH3OH - - - F~ well depth in good agreement with the experimental values.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction [5-17] and experimentall8-27]} have been carried
out to understand the energies and dynamics of re-
Bimolecular nucleophilic substitution (2) reac-  action (1). The study of these simple bimolecular
tions of the type. reactions has provided fundamental information con-
X~ + CHsY — XCHs + Y~ Q) cerning the intrinsic mechanisms fog 3 reactions.

Also, the theoretical predictions, when compared
have been studied as prototype reactions in gas-phaseyith experimental results, serve as tests of statistical
ion—-molecule chemistry for the past two decades models for chemical reaction ratfi2,24,28,29]

[1-4]. Extensive investigations, both theoretical The most commonly studied systems in reaction
_ (1) are reactions of halide ions with methyl halides;
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a double-well mode]30,31], in which the wells cor-
responding to X ---CHzY and XCHs---Y~ are
separated by the [X -CHsz---Y]~ central barrier.
From experiment§32] and classical trajectorj?,33]
and quantum dynamical simulatiofi34,35], exten-
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tential minimum in the exit-channel, a minimum was
found in which Cf" is bound to CHOH via a hydrogen
bond, i.e., CHOH- .. CI~. With electron correlation
included in the calculations, a value of 54 kcal/mol was
determined for the OH+ CH3Cl — CH3OH + CI~

sive non-statistical dynamics has been observed for heat of reaction, which is in very good agreement with
these reactions. Included amongst the non-statisticalthe value of—50 + 5 kcal/mol determined from the

dynamics is a direct reaction pathway without trap-
ping in either the X - .- CH3Y or XCHs--- Y™ po-
tential energy wel[36], mode specific decomposition
of the X~...CHzY and XCH;---Y~ complexes
with inefficient intramolecular vibrational energy dis-
tribution [2,34,36,37] extensive recrossings of the
[X---CHsz---Y]™ central barrier region of the PES
[38], non-statistical energy distributions of the reaction
products[23], and a dependence of the reaction rate
on translational, rotational and vibrational energies
inconsistent with the statistical modg,24,28,29]

In contrast to the richness of these non-statistical

Lias et al.[42] compilation of heats of formation. The
hydrogen bond of CEOH - - - CI™ gives a well depth
of 15.5 kcal/mol with respect to the products.
Stationary points for reaction (2) have also been
studied by ab initio methodpt3—-46] Early ab ini-
tio calculations of stationary points of the PES by
Cernudak and co-worker@3] gave a reaction en-
thalpy in qualitative agreement with experiment. The
uncertainty of the experimental reaction exothermicity
comes in part from the uncertainty of the gfHstan-
dard enthalpy of formation which is known to only
+2kcal/mol[47]. These early studies illustrated the

dynamics, the statistical model gives a rate constant importance of including electron correlation in deter-

for CI~ + CH,CN — CICH,CN + CI~ in excellent
agreement with the experimental vali39].
As discussed above, for most of the studigglS

mining accurate properties of the PES for reaction
(2). Recently, stationary points for reaction (2) have
been studied at the MP2/6-31%G(3dp,3df) level of

reactions, the nucelophiles are halide ions, which are theory [45] and the accuracy of DFT for describing

weak bases. An immediate question is whether the re-

the energies of the stationary points has been investi-

action mechanism is altered if one uses a stronger basegated[46]. These calculations show there is a tradi-

such as OH for the nucleophile. Early experimental
studies of the §2 kinetics of OH", utilizing the flow-
ing afterflow technique, were carried out by Bohme
and co-workerg40] and Bierbaum and co-workers

[20]. They systematically measured the rates of a se-

ries of reactions including

OH™ + CH3F — CH3OH + F~ )

which proceeds with a much slower rate than the sim-
ilar reaction with other methyl halides. Though these
studies provide valuable information about the2i-
netics of the OH nucleophile, they do not identify the

Sn2 reaction mechanisms or details of the PESs. Pre-

liminary information about the latter has been deter-
mined from ab initio calculations. Ab initio molecular
orbital calculations for OH reacting with CHCI [41]
show a double-well PES. However, instead of forming
a traditional back-side HOCH - - CI~ ion—dipole po-

tional pre-reaction backsidey8 ion—dipole potential
energy well,i.e., OH - . - CHzF, and that the energy of
the [OH---CHs - - - F]~ central barrier is only slightly
lower than that of the reactants. The exit-channel does
not have a traditional backsidey3 potential energy
well (i.e., F~ - - - CH30OH) and only a minimum for the
CH3OH- - - F~ hydrogen-bonded structure is found. A
particularly interesting attribute of reaction (2) is its
slow rate, even though it is highly exothernjts].

In the work presented here, these previous ab ini-
tio studies are extended to determine structures, vibra-
tional frequencies and energies for reaction (2). These
calculations provide insight into the level of electronic
structure theory required to obtain a quantitative PES
for reaction (2). Of particular interest is the identifi-
cation of the level of theory which will give a reliable
potential energy surface which may be used in direct
dynamics simulation§48].
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2. Electronic structure methods

The ab initio electronic structure calculations re-
ported here were performed with the Gaussian 98
computer program[49]. The self-consistent field
(SCF), second-order Mgller—Plesset perturbation
(MP2), coupled-cluster singles-and-doubles (CCSD)
[50], and CCSD with perturbative triples correction
[CCSD(T)] [51,52] theoretical methods were used.
The basis sets used in the calculations range from
the 6-31G split valence basis set to the much larger
6-3114++G(2df,2pd) and aug-cc-pVTZ bases. The sta-
tionary points were determined for the OH- CHsF
reactants, HO - - - CHzF potential energy minimum,
[HO...-CHs---F]~ central barrier, CHOH---F~
potential energy minimum and GO®H + F~ prod-
ucts. These are the only stationary points on the PES,
and geometries, harmonic vibrational frequencies and
energies were calculated for them. The effect of basis
set superposition error (BSSE) on the OHt CH3F
and F~ + CH3OH complexation energies was not in-
cluded. Previous worfd6] has shown that the BSSE,
obtained by the counterpoise proced(s3,54] is
generally less than 0.5kcal/mol fory3 reactions
similar to the one studied here and calculations with
the aug-cc-pVTZ basis set.

3. Results
3.1. Geometries

The geometries of the stationary points, optimized
at the RHF and MP2 levels of theory, with different
basis sets, are listed ifable 1. The MP2/6-3%G*
and MP2/6-31%+G(2df,2pd) geometries for the
OH™ ...CH3F and CHOH-...F~ potential energy
minima and [HO - - CH3-- - F]~ barrier are depicted
in Fig. L Overall, the MP2 geometries calculated
with the 6-314-G* and larger basis sets are in very
good agreement. The exception to this finding is the
CH3OH - - - F~ minimum, where using the 6-31G*
basis instead of the largest basis, results in a H-F
bond that is 0.14A longer and a O-H bond that
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Fig. 1. MP2/6-3%G* and 6-31%+G(2df,2pd) geometries
for the HO .-.CHzF well, [HO-.-CHsz---F]~ barrier, and
CH3OH---F~ well. The lower set of bond distances, in A, are
for the 6-314-G* basis set.

is 0.03A shorter. Also given ifTable 1 are the
CCSD(T)/TZ2P#-dif geometries determined by Gon-
zales et al[46]. Overall, the MP2 geometries with
the large basis sets are in good agreement with these
CCSD(T) geometries.

As found for other §2 ion—dipole minima, there
is little change in the structure of the molecule as
the anion binds. For the HO - - CH3zF minimum the
C-F bond length increases by 0.04-0.05 A, while the
C-O bond length decreases by 0.03 A upon forming
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Table 1
Geometries of the OH+ CHzF — F~ + CH3OH stationary poinfs
Theory Geometry

OH™ + CHsF

R(C-F) R(C-H) R(O-H) F—-C-H H-C-H
RHF/6-31G 1.365 1.082 0.962 109.1 109.9
RHF/6-34-G* 1.372 1.081 0.953 108.5 110.4
RHF/6-3H-+G** 1.372 1.082 0.948 108.5 110.4
RHF/6-311-+G** 1.366 1.082 0.945 108.8 110.2
MP2/6-31G 1.392 1.092 0.981 109.1 109.8
MP2/6-34-G* 1.407 1.091 0.977 108.0 110.9
MP2/6-34-+G* 1.405 1.087 0.971 108.2 110.7
MP2/6-31H+G** 1.389 1.091 0.971 108.7 110.2
MP2 1.383 1.086 0.963 108.9 110.0
CCSD(TP 1.388 1.086 0.965 108.8 110.1
Expt® 1.382 1.090 108.4 110.5

HO™ ... CHsF

R(C-F) R(C-0) F-C-O H-O-C F—C-H
RHF/6-31G 1.407 2.698 174.6 102.3 108.7(108.6)
RHF/6-3H-G* 1.415 2.727 178.4 176.6 108.4(108.2)
RHF/6-3H-+G** 1.415 2.726 175.6 170.5 108.8(108.4)
RHF/6-31H1+G** 1.408 2.739 175.6 167.0 108.3(108.9)
MP2/6-31G 1.427 2.861 1245 95.0 113.9(106.9)
MP2/6-3H-G* 1.455 2.663 169.0 153.3 107.0(108.3)
MP2/6-3H-+G** 1.451 2.657 168.6 152.0 107.1(108.5)
MP2/6-31H1+G** 1.432 2.680 168.1 149.5 108.2(109.3)
MPZ 1.424 2.647 168.6 155.8 108.2(109.6)
ccsp(ty 1.429 2.656 168.8 157.5 108.1(109.4)

[HO---CHs---F]~

R(C-F) R(C-0) F-C-O H-O-C F—C-H
RHF/6-31G 1.768 1.930 178.8 105.7 92.2(91.1)
RHF/6-34-G* 1.791 1.992 177.6 112.3 92.8(91.6)
RHF/6-3H-+G** 1.790 1.990 177.3 114.9 92.9(91.7)
RHF/6-31H1-+G** 1.798 1.995 177.5 1131 92.7(91.6)
MP2/6-31G 1.732 1.944 179.0 100.4 93.9(92.5)
MP2/6-3H-G* 1.755 2.017 177.1 108.8 94.4(93.0)
MP2/6-3H-+G** 1.758 2.004 177.3 108.2 94.1(92.7)
MP2/6-31H1+G** 1.755 1.987 177.4 106.3 93.8(92.6)
MPZ 1.741 1.976 177.9 104.0 93.8(92.8)
ccsp(ty 1.753 2.000 177.9 104.2 94.0(93.0)

CH3OH- - - F~

R(H-F) R(O-H) R(C-0) F—H-O H-O-C
RHF/6-31G 1.252 1.090 1.364 172.9 105.4
RHF/6-34-G* 1.492 1.003 1.378 173.2 108.1
RHF/6-3H-+G** 1.461 1.004 1.376 173.8 108.4
RHF/6-31H1-+G** 1.472 0.999 1.375 173.3 107.9
MP2/6-31G 1.139 1.227 1.377 173.2 103.3
MP2/6-34G* 1.438 1.052 1.405 174.0 106.3
MP2/6-3H-+G** 1.373 1.061 1.400 175.3 106.4
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Table 1 Continued)
Theory Geometry
MP2/6-311+G** 1.340 1.063 1.391 176.6 105.4
MPZ 1.303 1.081 1.386 176.6 106.2
ccsp(Ty 1.336 1.064 1.392 176.1 105.9

CH3OH + F~

R(C-0) R(C-H) R(O-H) H-O-C H-C-O
RHF/6-31G 1.399 1.081(1.087) 0.946 109.5 107.2(112.0)
RHF/6-31-G* 1.402 1.080(1.087) 0.946 1104 107.0(111.7)
RHF/6-3H-+G** 1.401 1.081(1.087) 0.942 110.5 107.1(111.8)
RHF/6-31H+G** 1.400 1.082(1.087) 0.940 110.0 107.3(111.8)
MP2/6-31G 1.425 1.090(1.097) 0.970 107.3 106.3(112.3)
MP2/6-34-G* 1.431 1.089(1.096) 0.972 108.7 105.9(111.7)
MP2/6-3H-+G** 1.429 1.086(1.092) 0.964 108.5 106.2(111.8)
MP2/6-31H+G** 1.422 1.090(1.096) 0.959 107.3 106.7(112.0)
MP2 1.420 1.085(1.090) 0.958 108.1 106.7(112.1)
CCSD(T)j 1.424 1.085(1.090) 0.959 107.9 106.8(111.9)
Expte 1.421 1.094 0.963 108.0 107.2(112.0)

aBond lengths are in angstroms (A) and angles are in degfées (

b Data in parentheses are for the degenerate internal coordinat

es.

CBasis set used in the geometry optimization is 6-835(2df,2pd).

dThe basis set is TZ2Rfdif and the calculations are from rg#6].
€ Refs.[58,63], respectively.
f Methyl group is assumed to be symmetric.

the CHOH- - - F~ minimum. These different effects
on the molecular bond length, i.e., increasing and de-
creasing, results from a standard back-sige Struc-
ture for HO™ - - - CH3F and a hydrogen bond structure
for CH3OH- - - F~. The geometry of the F- - - CH3F
minimum has been studied previous[$5], and
the geometric change of GH in HO™ - .- CHsF is
larger than that in F-..CHsF because OH is a
stronger base than™F The loss of G, symmetry
for HO™ ... CH3F arises from the anisotropic field
OH™ introduces on CkF. Though the C-F and C-O
bonds of the reactant and product moleculessEH
and CHOH are similar in length (i.e., they differ by
only 0.02-0.04A at the MP2 level) the C-O bond
at the central barrier is 0.22-0.26 A larger than the
C-F bond. This result is consistent with an early tran-
sition state, i.e., central barrier, for the exothermic
OH™ + CH3F — CH3OH + F~ reaction.

The O-H bond length has small changes dur-
ing the course of the reaction. Starting from the
OH™ + CHsF stationary point, the O—H bond length

for the five stationary points are 0.977, 0.976, 0.977,
1.052, and 0.972A at the MP2/6-3G* level and
0.963, 0.962, 0.962, 1.081, and 0.958A at the
MP2/6-311+G(2df,2pd) level. There are similar
small changes in the C—H bond length. For these re-
spective five stationary points, the C—H bond length
is 1.091, 1.088(1.084), 1.075, 1.099(1.103), and
1.089(1.096) A at the MP2/6-31G* level and 1.086,
1.082(1.080), 1.070, 1.097(1.101), and 1.085(1.090) A
at the MP2/6-31%+G(2df,2pd) level (the numbers in
parentheses are for the two C—H bonds with identical
lengths). As found for other & reactions, the C—-H
bond shortens as the reactive system approaches the
central barrier from either the reactants or products
[6,13,14,56]

3.2. Vibrational frequencies
In previous work, ab initio calculations have

been used to determine vibrational frequencies
for OH™, CHsF, CHsOH, the HO -..CHsF
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and CHOH---F~ minima [13,43,57] and the
[HO---CHs---F]~ central barrief43]. A larger ba-

L. Sun et al./International Journal of Mass Spectrometry 227 (2003) 315-325

methanol and in the C§OH---F~ complex. Their
intensities are 34.76 and 2389, respectively, at the

sis set is used for the frequency calculations reported MP2/6-34-G* level of theory. The complex resembles

here. Harmonic vibrational frequencies for the station-
ary points, calculated at the MP2 level of theory with
the 6-3K1-G* and 6-31%+G(2df,2pd) basis sets, are
summarized inTable 2 The agreement between the

a proton-bound dimer of methoxide and fluoride and
its increased charge separation dramatically increases

the intensity of the OH strectch.

calculated and experimental harmonic frequencies for 3.3. Energies

CHsF is quite good, particularly for the larger basis

set calculation. As expected, the experimental anhar-

monic OH and CH stretching frequencies for £€BH
are considerably lower than the ab initio values.

Energies for the stationary points on the PES, calcu-
lated at the different levels of electronic structure the-
ory and with different basis sets, are listedlable 3

The change in vibrational frequencies, as the reac- Also given in Table 3are the CCSD(T)/TZ2Rdif
tive system moves from the reactant to product sta- energies presented previously by Gonzales et al.

tionary points, is similar to what has been found for
other §2 reactions[6,13,56] There are only rela-
tively small changes in the frequencies for the {LH
rock, CHz deformation, and CKlstretch modes. The
slight increase in the Cistretch frequencies, in mov-

ing from either the reactants or products to the cen-

tral barrier, is consistent with the shortening of the
C-H bonds. Both this increase in the C—H stretch fre-

[46]. Overall, these CCSD(T) energies and the
CCSD(T)/aug-cc-pVTZ values reported here are in
very good agreement. The energies calculated with
the MP2/6-3%G* and CCSD(T)/aug-cc-pVTZ meth-
ods are depicted ifrig. 2 The results inTable 3
show that the inclusion of diffuse functions in the
basis is necessary to obtain accurate energies and
Hartree—Fock (HF) theory gives an inaccurate energy

guencies and shortening of the C—H bonds is a normal for the [HO- - - CH3- - - F]~ central barrier and an in-

property of &2 reactions defined by reaction (1).
The vibrational frequencies for the OH- - CHzF
back-side potential energy minimum and [HOCHj3
--F]~ central barrier are consistent with frequen-
cies of these stationary points for the"G} CH3Cl,
CI~ 4+ CH3Br, and F~ + CH3CI potential energy sur-
faces[7,13,56] As noted previously by Brauman and
co-workers[57] there are several interesting proper-
ties amongst the frequencies of the 40H-- - F~
hydrogen-bonded potential energy minimum. There
is a substantial lowering of the OH stretch frequency
when F forms the strong hydrogen bond with
CH3OH. In addition, the two frequencies associated
with O-H-.-F~ bend are strikingly different. This
difference is a result of both mass and force con-
stant effects. For the mode with lower frequency,

accurate heat of reaction. The latter is consistent with
previous calculations for OH+ CHzY (Y = F, ClI)
[41,43-46] which show that treating electron corre-
lation is needed to have an accurate potential energy
profile. However, the HF calculations do give accu-
rate well depths. For the 6-34G* and larger basis
sets, the HF well depth for OH. - - CH3zF complex

is 13—14 kcal/mol while the MP2 and CCSD(T) val-
ues range from 14 to 15kcal/mol. Using the same
basis, the HF well depth for the GBH---F~ com-
plex, with respect to the C4OH + F~ products is

26 kcal/mol while the MP2 and CCSD(T) well depths
are 29-33kcal/mol. These well depths are in good
agreement with the experimental result ®H 545 =
29.6 kcal/mol [61,62] The calculated values for the
OH™ + CHsF — CH3OH + F~ reaction exothermic-

the reduced mass is 3.47 amu and the force constantity are in good agreement with the experimental value
is 0.0534mdyn/A. These values are 1.04amu and of 18+ 9 kcal/mol[40].

0.8280 mdyn/A for the higher frequency mode.
There is nearly a two-orders-of-magnitude differ-
ence in the intensities for the OH stretch mode in

Fig. 2 shows that MP2 theory with the 6-3G*
basis gives energies for the stationary points in
overall good agreement with those for the much
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Lzelioiic frequencies for OH+ CHzF — F~ + CH3OH stationary poinfs
Mode MP2/6-3%G* MP2/6-311+G(2df,2pd) Expf
OH~ + CHsF
CF stretch 1052 1086 1078
CHs rock 1212(29 1211(2) 1204(2), 1496, 1515(2)

CHgz deformation
CHs stretch
OH stretch

OH torsion
CHsF rock

OC stretch

OH~ bend

CF stretch

CHzs rock

CHs deformation
CHgs stretch

OH stretch

OCF asymmetric stretch
OH torsion

OCF bend

OCF symmetric stretch
OH~ bend

CHgz rock

CHs deformation

CHgs stretch

OH stretch

CHjs torsion

F~ bend

OHF~ bend

F~ stretch

CO stretch

CHs rock

CHs deformation
COH bend

OH stretch

CHg stretch

CHjs torsion

CO stretch

CHs rock

COH bend

CHs deformation
CHgs stretch

OH stretch

1525, 1551(2)
3125, 3236(2)

1505, 1521(2)
3097, 3199(2)

3075, 3147(2)

3702 3844
OH~--.CHgsF

58 72

116, 177 107, 188
188 193

227 212

902 954

1125, 1153 1127, 1157

1429, 1521, 1527
3186, 3310, 3327
3725

[HO-.-CHsz---F]

1416, 1497, 1501
3150, 3263, 3278
3857

582i
149

304, 327

366

674
1125, 1142

1260, 1443(2)
3222, 3422, 3426
3716

606i
145

314, 336

375
699

1100, 1128

1228, 1414(2)
3189, 3389, 3390
3861

CHgOH---F~

87 65

162 170

1163 1162

361 447

1123 1141

1176, 1199 1181, 1287

1502, 1536, 1561 1451, 1493, 1519

1625 1655

2392 1875

3009, 3029, 3093 2960, 2988, 3031

CH3OH

332 293 295
1065 1063 1033
1090, 1197 1097, 1186, 1060, 1165
1385 1377 1345

1524, 1552, 1562
3083, 3155, 3227
3776

1493, 1520, 1532
3064, 3136, 3196
3908

1455, 1477, 1477
2844, 2960, 3000
3681

aFrequencies are in units of cth

b The experimental frequencies of GHand CHOH are from refs[59,60], respectively. Those for G4 are harmonic frequencies
and those for CBOH are anharmonic ¥ 0 fundamental frequencies.
¢The data in parentheses indicate a two-fold degeneracy of normal mode frequencies.



322 L. Sun et al./International Journal of Mass Spectrometry 227 (2003) 315-325

Table 3
Energies of the OH + CH3F — F~CH3OH stationary poinfs
Theory Stationary points

HO™ -.-CHsF [HO---CHz---F]~ CH3OH---F~ F~ + CHzOH
RHF/6-31G —18.07 -1.79 —58.48 —15.49
RHF/6-34-G* —13.37 3.36 —50.31 —24.41
RHF/6-3H-+G** —13.56 3.72 —49.54 —23.68
RHF/6-31H1-+G** —13.22 5.09 —48.94 —23.35
MP2/6-31G —23.55 -12.30 —68.19 —14.90
MP2/6-34-G* —14.89 —5.05 —53.55 —24.99
MP2/6-3H-+G** —15.10 —4.62 —52.80 —23.67
MP2/6-31H+G** —-14.21 -1.32 —52.50 —22.78
MP2P —14.10 —2.99 —-52.21 —19.94
CCSD(TY —14.36 -3.91 —52.43 —19.84
CCSD(TY -13.91 -3.02 —49.95 —19.59
CCSD(Tf —13.78 —3.05 —50.88 —20.80
Expt. - - £ —184+ 99

aEnergies, with respect to the reactants, are in kcal/mol. Zero-point energies are not included.

bBasis set used is 6-3%4G(2df,2pd).

¢ CCSD(T)/6-31%+G(2df,2pd)//IMP2/6-31%++G(2df,2pd) calculation.

d CCSD(T)/aug-cc-pVTZ/IMP2/6-314+G(2df,2pd) calculation.

€Basis set is TZ2Rfdif and the calculations are from re#6].

fThe MP2 and CCSD(T) values for the'R- CHz3OH — CH3OH.--- F~ well depth are in excellent agreement with the experimental
value of AH5q = 29.6 kcal/mol [61,62]

9The experimental result is from reff40].
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Fig. 2. MP2/6-3%G* and CCSD(T)/aug-cc-pVTZ//IMP2/6-33HG(2df,2pd) energies for the stationary points along the intrinsic reaction
coordinate. The lower set of energies, in kcal/mol, are for the 6&1basis set.
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higher level CCSD(T)/aug-cc-pVTZ calculation based 3.

on the MP2/6-314++G(2df,2pd) geometries. The
CH3OH- - - F~ well depth is 29 and 30 kcal/mol for
the MP2/6-3%G* and higher level CCSD(T) calcula-
tion, respectively. Though the agreement in the energy
difference between the [HQ-CHgs---F]~ central
barrier and F 4+ CH3OH products is not as good, it

MP2/6-31G* and MP2/6-31%4+G(2df,2pd) fre-
guencies are in good agreement for each stationary
point on the PES except for GAH---F~. The
overall lack of agreement in the GBH - - - F~ fre-
guencies, for these two calculations, is consistent
with the two calculations’ significantly different
H...F~, C-0, and O-H bond lengths.

is still quite satisfactory. The MP2/6-31G* value is 4. RHF theory, with the 6-3&G* and larger ba-
20 kcal/mol while CCSD(T) gives 17 kcal/mol. The sis, gives OH + CH3F — OH™...CHsF and
overall good agreement, between the MP2/6-Gt F~ 4+ CH3OH — CH3zOH-..-F~ well depths
energies and those of the much higher level of which are in good agreement with the CCSD(T)
CCSD(T) calculations, demonstrates that this MP2  values. However, RHF theory gives an inaccurate
model gives an accurate PES. This is a very impor- [OH...CHsz---F]~ central barrier energy and

tant finding, since MP2/6-3fG* is a tractable and reaction exothermicity, and electron correlation
practical model for direct dynamics simulations of is required in the calculations to determine the
the OH™ 4+ CH3F reaction dynamic§8]. accurate values for these energies.

5. Overall good agreement is found between
the MP2/6-3%G* and much higher level of
CCSD(T) energies for the stationary points. The
OH™ 4 CH3F — F~ 4+ CH3OH reaction exother-
micity calculated at the MP2 and CCSD(T) levels
and the F + CH3OH — CH3OH-..-F~ well
depth calculated at the RHF, MP2 and CCSD(T)
levels, with the 6-33G* and larger basis sets, are
in good agreement with the experimental values
[40,61,62]

4. Summary

In the work presented here ab initio calculations
at the RHF, MP2, and CCSD(T) levels of theory,
with a range of basis sets, are used to explore the
OH™ 4+ CH3F — CHs3OH + F~ potential energy
surface. Structures, vibrational frequencies, and en-
ergies are calculated for the five stationary points on
the PES; i.e., the reactant and product asymptotic
limits, the OH™ ... CHsF ion—dipole potential mini-
mum, the [OH - - CHgs - - - F]~ central barrier, and the
CH3OH - - - F~ hydrogen-bonded potential minimum.
The following summarizes the results presented here.
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