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ABSTRACT: We have investigated the interaction of the methylidene, CH(XI, a*=")
and methylene, CH,(X°B,, 4'A,) with H,O, employing the (P)MP# (1 = 2, 4) techniques in
conjunction with the sequence of correlation consistent basis sets aug-cc-pVxZ, x = 2, 3, and
4. For the CH.. .. OH, system, we have located four minima (m) and three transition states
(ts) and for the CH, ... OH,, five minima and four transition states. All our results have
been corrected for zero-point energy (ZPE) and basis set superposition errors (BSSE), while
for the most important m_ structures, we report complete basis set (CBS) interaction limits.
We also report fully optimized geometries, harmonic frequencies, dipole moments,
Mulliken charges, and potential energy curves. The highest CH(X?II) ... OH, (m1_?II) and
CH,(&'A,) ... OH, (m1_'A,) interactions are the result of electron transfer from the oxygen
atom to the empty p., orbitals of CH(X?II) and CH,(&'A,), respectively (ylide-like
structures). At the (P)MP4/AQZ//MP2/ATZ level, including ZPE, BSSE, and CBS
extrapolation, we obtain AE,(BSSE)+CBS = —9.36 kcal/mol at r o = 1.752 A, and —9.73

kcal/mol at 7o o = 1.741 A for the m1_2TT and m1_'A,, respectively.
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Introduction

Y lides are reactive intermediates that undergo
synthetically useful transformations, defined
as compounds in which a positively charged atom
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from group 15 (VA) or 16 (VIA) of the periodic table
is connected to a carbon atom carrying an unshared
pair of electrons [1]. One method of synthesizing
this class of compounds is by the interaction of
carbenes with a nucleophile related to elements of
group 15 or 16. For instance, in a well-known text-
book of organic chemistry [2], the structure of pro-
totypical nitrogen ylide is written as R;N*-CH, .
During the past two decades, there has been a
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growing interest in the use of carbonyl ylides for
the synthesis of oxygenated heterocycles (see Ref.
[1] and references therein).

Now, methylidene, CH (XZH) is one of the sim-
plest and most reactive radicals, and it is believed to
play an important role in atmospheric chemistry.
Experimental work on the reaction of CH with
small molecules such as N,, NO, N,O, CO, CO,,
and H,O [3-5] and computational work on the re-
action CH (X?II or a*3") + H,O [6—8] have been
reported in the literature.

The parental carbene CH, (X°B,), perhaps the
most famous molecule in the evolution of compu-
tational quantum chemistry [9], is an important
intermediate, also playing a significant role in plan-
etary atmosphere. The reaction of CH, (@'A,) with
H,O producing CH;0OH through an ylide-like in-
termediate, has been experimentally studied by
mass spectrometric techniques [10]. Furthermore,
the reactions CH, (d'A,) + H,0O — CH, (X°B,) +
H,O and CH, (d'A,) + H,0 — CH; + OH, the
formation of methanol and of formaldehyde, have
been investigated with laser-induced fluorescence
detection under quasi-stationary and first order
conditions [11, 12], while the first of the reactions
above was also studied by laser flash photolysis/
laser absorption methods [13].

The first computational work on the system
CH,(ad'A,) ... OH, was done in 1980 by Harding et
al. [14], where they calculated two minima, and in
1981 by Eades et al. [15], who calculated the three
lowest configurations corresponding to two min-
ima and one transition state. In the following years,
the global minimum [16-20], the second minimum
[21], the third minimum [19], and a transition struc-
ture [19] were studied. Previous theoretical work
on the CH...OH,, CH,...OH, systems is sum-
marized in Table L.

In the present report, we undertake a systematic
study of the interaction of CH (X, a*=7), CH,
(X°B,, a'A,) with H,O, using Moller-Plesset (MP)
perturbation theory and relatively large basis sets.
We report fully optimized geometries, interaction
energies, harmonic frequencies, dipole moments
and Mulliken charges, trying at the same time to
understand the CH ... OH,, and CH,...OH, in-
teraction mechanisms.

Methodological Details

The CH...OH,, CH, ... OH, calculations were
performed using, for all atoms, the augmented cor-

relation consistent series of basis sets, aug-cc-pVxZ
(AxZ), x = 2(D), 3(T), 4(Q) of Dunning and cowork-
ers [22]. The interaction between (CH, CH,) + H,O
is such (vide infra) that there is no need for a
multireference approach. Therefore, we have used
the single reference MP perturbation theory, MP2
and MP4, for the singlets, and UMP2, UMP4, PMP2,
and PMP4 for the doublets, triplets, and quartets, as
implemented in the Gaussian 94 [23a] and Gaussian
98 [23b] suite of codes. All structures were fully
optimized at the above correlated levels, with the
exception of UMP4/ATZ and UMP2, UMP4/
AVQZ, where single point calculations were per-
formed at the (UYMP2/ATZ geometry. The “very
tight” option of the program was used, while the
energies were converged to ~0.01 wE, with corre-
sponding root mean square (rms) deviation of the
energy gradient with respect to nuclear coordinates
of 11 nE,/bohr. Harmonic frequencies were calcu-
lated for all structures at the (UYMP2/(ADZ, ATZ)
level of theory. Spin contamination of the UMP
calculations is not alarming: the (S?) values range
from 0.7596 to 0.7711 (instead of 0.75) for the dou-
blets, 2.0156 to 2.0161 (instead of 2.0) for the triplets,
and 3.7540 to 3.7544 (instead of 3.75) for the quar-
tets.

Because of the importance of basis set superpo-
sition error (BSSE) [24] in weakly or van der Waals
interacting systems [25], the interaction energies
were BSSE corrected [26]. The interaction energy AE
of a XY van der Waals molecule and the corre-
sponding BSSE corrected value A(BSSE) are defined
as follows [27]:

AE = ERV(XY) — EX(X) — EX(Y) )

AE(BSSE) = ER(XY) — EX(X) — EX(Y) + Exy(X)
— Ex(X) + B (Y) — E¥(Y),  (2)

where E°(M) refers to the total energy of molecule
M at the geometry G computed with basis set s.
Within the method employed, relation (1) needs no
correction with respect to basis set size for “infi-
nitely” large, i.e., complete basis sets (CBS). We also
recall that the MP approach is size-extensive, a
particularly useful property in the present study.
CBS limits were obtained by applying the simple
exponential formula P(x) = P(«) + Ae ®*, where P
is a generic property; n reflects the quality of the
basis set; x = 2, 3, and 4; and A, B are freely
adjustable parameters [28]. Finally, all our calcula-
tions are valence-correlated, i.e., the ~1s carbon
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TABLE |

Previous theoretical work on CH . .. OH, and CH,, . . . OH, systems.*

Method E (hartree) P AE(AEy)
211 CH...OH,

UMP2/6-31G**© —~114.59632 1.868 -14.3 (-12.0)
MP2/6-31G(d’) (=A)%® —114.562765 1.832 -15.3
QCISD(T)/6-31G(d")//A%® —114.613477 -12.3
MP4(SDQ)/CBSB4//A%® —~114.641734 -85

CBS-Q (0 K)// A%e —114.763895 -9.6
m2_2[1°

MP2/6-31G(d’) (=A)® —114.545255 2.320 -4.3
QCISD(T)/6-31G(d")// A® —114.599747 -3.6
MP4(SDQ)/CBSB4// A® —114.633612 -3.4

CBS-Q (0 Ky/ A? —114.751696 -1.9
ts2_2[1°

MP2/6-31G(d’) (=A)* —114.539180 2.409 -0.5
QCISD(T)/6-31G(d")/A% —114.597846 -25
MP4(SDQ)/CBSB4//A%" —114.625735 +15

CBS-Q (0 K)/A% —~114.751008 -15

m1 A, CH,...OH,

RMP2/6-31G*//RMP2/6-31G*9 —115.23560 1.805 -18.1
RMP4/6-31G**//RMP2/6-31G*9 —115.26205 -14.7
HF/dz+(sd-diff,C / d-pol C,0)" 1.825 a+1.0
MP4(SDQ)/6-31G*(=B)//HF/B! —115.25956 —-13.44
UMP2/6-31G* (=C) —115.20329 1.805 -18.85
UMP2/6-311G(df,p)//C! —115.33007 —20.14
UMP4/6-31G**//Cl —115.26944 —-16.53
CAS/CCl/aug-pol-dz* —115.37254 2.366 —7.62 (—4.60)
CCl+Q/ aug-pol-dz* —115.40517 —8.95 (~5.93)
CAS/CCl/tz-double pol® —115.36931 —5.91 (—2.89)
CCl+Q/tz-double pol* —115.40561 —~9.54 (—6.52)
MP2/6-31G*! —115.203286 —-18.8 (—12.8)
MP2/6-311G*! —115.335146 1.77 —-18.7 (-12.8)
MP2/6-311++G**™ 1.758 (—9.57)
QCISD/6-311++G**™ 1.874 (—6.53)
B3LYP/6-31G™ 1.866 (—15.26)
B3LYP/6-311++G*™ 1.857 (-10.52)
ts1_'A,

HF/dz + (sd-diff,C/d-pol C,0)" — a+5.6
m2_'A,°

HF/dz + (sd-diff,C/d-pol C,0)" 1.870 a
MP2/6-311++G** (=E)" 1.778 (—9.30)
QCISD/6-311++G**" 1.883 (-5.02)
QCISD(T)/E//QCISD/E" (—6.37)
m3_'A,

RMP2/6-31G*//RMP2/6-31G*9 —-115.21753 2.153 -6.7
RMP4/6-31G*//RMP2/6-31G*9 —115.24829 6.4
MP2/6-31G*! —115.184626 7.1 (=4.7)
MP2/6-311G*! —~115.314750 2.17 ~5.9(-3.8)
ts3_'A,

MP2/6-31G* —~115.177624 2.49 2.7 (-1.6)

* Total energies E (hartree), van der Waals distances r(A), interaction energies AE and AE, = AE + ZPE? (kcal/mol).
2 Zero-point energy.

P van der Waals distances (see Figs. 1 and 2).

¢ Ref. [6].

9 Ref. [7].

€ It is reported that this structure is metastable rearranging to a more stable product, but our calculations show that it is minimum.
fThis structure is reported as minimum, but our calculations show that it is a transition state.

9 Ref. [14].

" Ref. [15].

" Ref. [16].

I Ref. [17].

K Ref. [18].

'Ref. [19].

™ Ref. [20].

" Ref. [21].
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TABLE Il

Absolute energies E (hartree), geometries re(i\), 0, (degrees), and energy gaps T, (kcal/mol) of CH, CH,, and

H,O molecules at different levels of theory.

Method E re 0 E re 0o Te
CH
X211 a*s~
ADZ
UMP2 —38.358393 1.1298 —38.345542 1.0964 8.06
PMP2 —38.359975 —38.345943 8.80
UMP4 —38.383523 1.1385 —38.361737 1.1041 13.67
PMP4 —38.384378 —38.361995 14.05
ATZ
UMP2 —38.385000 1.1193 —38.368787 1.0820 10.17
PMP2 —38.386724 —38.369209 10.99
UMP4 —38.409177 1.1207 —38.384774 1.0882 15.31
PMP4 —38.410075 —38.385033 15.71
AQZ
UMP2 —38.393390 1.1117 —38.375593 1.0807 11.17
PMP2 —38.395128 —38.376020 11.99
UMP4 —38.416010 1.1191 —38.390731 1.0868 15.86
PMP4 —38.416904 —38.390989 16.26
Expt 1.1197868°2 1.0977° 17.1(2)°
- CH,
B, a'A,
ADZ
UMP2 —39.025270 1.0883 132.61 —38.999960 1.1195 101.51 15.88
PMP2 —39.027095 17.03
UMP4 —39.046594 1.0928 132.89 —39.027539 1.1268 100.75 11.96
PMP4 —39.047734 12.64
ATZ
UMP2 —39.057582 1.0741 132.93 —39.034412 1.1045 102.09 14.54
PMP2 —39.059461 15.72
UMP4 —39.078403 1.0778 133.41 —39.060791 1.1108 101.44 11.05
PMP4 —39.079535 11.76
AQZz
UMP2 —39.066894 1.0725 133.02 —39.044750 1.1027 102.22 13.90
PMP2 —39.068783 15.08
UMP4 —39.086372 1.0762 133.47 —39.069253 1.1090 101.57 10.74
PMP4 —39.087497 11.45
Expt 1.0753(3)° 133.93(1) 1.111° 102.4 9.12(6)"
9.023(14)9
H,0
ADZ
MP2 —76.260909 0.9659 103.87
MP4 —76.274512 0.9670 103.88
ATZ
MP2 —76.328992 0.9614 104.11
MP4 —76.343678 0.9627 104.06
AQZ
MP2 ~76.351919 0.9589 104.27
MP4 —76.365085 0.9601 104.24
Expt 0.9587(1)" 103.89(6)
0.95748(2)' 105.019(13)
0.9572(3)! 104.52

2 Expt., Ref. [29b].
® Ref. [29¢], ro.

° Ref. [29d], T

9 Ref. [30c].

° Ref. [30a].

" Ref. [30d].

9 Ref. [30e].

" Ref. [31al].

i Ref. [31b].

I Ref. [31¢].
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TABLE Ill

Harmonic frequencies w(cm™") and zero-point energies (ZPE) (kcal/mol) of CH(X?II, a*3"), CH,(X°B,, a'A,),
and H,O(X'A,) molecules at the (UMP2/AxZ, x = D, T, Q level of theory.*

Expt/
ADZ ATZ AQZ Expt ADZ ATZ AQZ Theory
CH(X21) CH(a*=")
o, 2930 2948 2956 2860.752 3193 3206 3209 3090.9°
ZPE 4.188 4.214 4.227 4.0902 4.565 4.583 4.587 4.419°
CH,(X°B,) CH,(a'A,)
o, 1138 1132 1134 1408 1471 1420
, 3183 3199 3205 2975 2991 2997
5 3420 3432 3441 3056 3067 3078
ZPE 11.07 11.10 11.12 10.683° 10.64 10.69 10.71 10.327°
H,O(X'A,)
w, (a,) 1622 1628 1632 1648
o, (a,) 3803 3822 3840 38324
w5 (by) 3938 3948 3966 39434
ZPE 13.39 13.44 13.49 13.47¢

* Experimental or very accurate theoretical values are also given.

2 Ref. [29Db].

P Accurate theoretical values (Ref. [32]).
¢ Expt. Ref. [30g].

9 Ref. [31c].

and oxygen orbitals were always kept doubly oc-
cupied.

CH, CH,, and H,0 Molecules

Total energies, geometries, and harmonic fre-
quencies of CH(X?II, a*3"), CH,(X°B,, d'A,), and
H,O(X'A,) molecules are reported in Tables II and
III. At the highest level of calculation, (U)MP4/
AQZ, the geometries of all three molecules are in
very good agreement with the experiment [29-31].
The energy gap a*=~ <X?Il of CH is T, = 16.2 (16.6)
kcal/mol at the UMP4(PMP4)/AQZ level (where
P stands for “projected”), in fair agreement with
the experimental value of 17.11 = 0.18 kcal/mol
[29¢, 29d]. The same can be said for the energy
separation a'A;<X°B; of CH, where at the
(U)MP4[(P)MP4)]/ AQZ level, we obtain T, = 10.3
[11.0] kcal /mol, as compared with the experimental
value, T, = 8.998 * 0.014 kcal/mol [30f]. Here,
zero-point energies (ZPE) have been calculated at
the (U)MP2/AQZ level (Table III), admittedly not
in very good agreement with experiment (or best ab
initio values), but fair enough for the purposes of
the present work.

Now, and for reasons that will be useful in the
following sections, we give the valence-bond-

Lewis (vbL) diagrams of all species involved in this
work [Schemes (1)-(5); see also Refs. [9] and [32]).

From these icons, it is clear that, in general, the
interaction energies of CH(XI) and CH,(3'A,) with
H,O, should be much larger than the corresponding
interactions of CH(a*>") and CH,(X°B,) + H,O.
“Bonding” in the first pair with water is plausible
through an electron transferring mechanism to the
available 2p, and 2p,, orbitals of CH(XII) and
CH,(a'A,) respectively, but shut off in the CH(a*X "),
CH,(X*B,) pair.

Results and Discussion

CH...H,0

We have calculated four structures of the
CH(X?ID) ...OH, complex, as shown in Figure 1,
two minima (m) and two transition states (ts), and
three CH(*=7) ... OH, structures (two m and one
ts). Table IV presents absolute energies, BSSE-cor-
rected dissociation energies AE(BSSE), AE;(BSSE) =
AE(BSSE) + ZPE corrections; CBS limits are also
given for the m1 211, m2_ 2T, and m1_*S~ species.
Tables V and VI list ZPEs, harmonic frequencies
(w,), Mulliken charges, and dipole moments (uw)
respectively.
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FIGURE 1. Geometries of the CHEII) . . . OH, and CH(*=")
level.

At the PMP4/AQZ-CBS level, the interaction en-
ergy of m1_II (global minimum, C;) is AE(BSSE) =
—13.7 kcal/mol, or AE,(BSSE) = —9.36 kcal/mol,
using the ATZ-ZPE corrections. The interaction
takes place by charge transfer from the water oxy-
gen atom to the empty 2p, orbital of the CH(XII)
state, Scheme (1), forming an ylide-like complex at
e o=1752A (Fig. 1). Corresponding literature
results at the UMP2/6-31G** [6] and UMP2/6-31G*
(d) [7] are AE = —14.3 kcal/mol, ro o = 1.868 A,
and —15.3 kcal/mol, ro o =1.832 A, respectively.

2p,

2

P. 9

® o c-g-n ()

... OH, minima. Bond distances in A at the UMP2/ATZ

However, no BSSE corrections have been applied
in Ref. [6], while the results reported by Jursic [7]
lack both ZPE and BSSE corrections. At the
UMP4(SDQ)/CBSB4/ /UMP2/6-31G* (d) level, Jur-
sic gives AE = —8.5 kcal/mol. It is interesting that
correcting the AE value of Jursic [7] for ZPE and
BSSE at the UMP4(SDTQ)/ADZ level (slightly bet-
ter than that of Ref. [7]), using our results (Table
IV), one obtains AE = —85 + 4.1 + 21 = —23

2p,
CH(X'TT) CH@R'Y)

Q _Q
® o @ @O 6

8

® ®
cX'B) CH,@'A) mLoX'A)

SCHEMES 1-5. SCHEME 6.
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TABLE IV

Total energies E (hartree), interaction energies AE (kcal/mol), basis set superposition error-corrected AE,
AE(BSSE) (kcal/mol), and zero-point energy-corrected AE(BSSE), AE,(BSSE) (kcal/mol), of CH(X?II,

a*>") ... OH, complexes at different levels of theory.

E AE AE(BSSE) AE,(BSSE) E AE AE(BSSE) AE,(BSSE)
ADZ
UMP2 UMP4
m1_2Il —114.63898 -12.35 -10.19 -6.13 —114.67625 -11.43 -9.35 -5.28
ts1_200 —114.63862 -12.12 —-10.04 -6.32 —114.67607 -11.32 —-9.30 -5.58
m2_2[ —114.62543 —-3.84 -3.23 -1.62 —114.663862 -3.65 —3.04 -1.43
ts2 211 —114.62245 -1.97 -1.53 -0.66 —114.661042 -1.89 —1.44 -0.57
mi_4s- —114.61141 -3.11 —-2.51 -1.04 —114.64161 -3.36 —-2.68 —-1.21
ts1 43~ —114.60806 -1.01 -0.56 +0.21 —114.638012 -1.11 —0.64 +0.13
m2_4s- -114.60778 -0.84 -0.47 +0.51 —114.63784° -1.00 —0.60 +0.38
PMP2 PMP4
m1_2[ —114.64143 —-12.89 -10.72 —6.65 —~114.67819 —12.11 -10.02 -5.95
ts1_2I —114.64111 -12.69 —-10.60 -6.87 —114.67625 —-12.03 —10.01 -6.28
m2_2[I —114.62703 -3.86 -3.24 -1.63 —114.66473 -3.66 —-3.05 —-1.44
ts2_ 211 —114.62402 -1.97 -1.52 -0.65 —114.66190 -1.89 —1.44 -0.57
m1_43- —~114.61181 -3.11 -2.51 -1.04 —114.64187 -3.37 —-2.68 -1.22
ts1 43~ —114.60846 —-1.01 -0.56 +0.21 —-114.63826 -1.11 -0.64 +0.13
m2_4s- —~114.60816 -0.82 -0.45 +0.53 —114.63809 -0.99 —0.60 +0.38
ATZ
UMP2 UMP4°
m1_2II —114.73595 -13.78 —-12.84 -8.52 —114.77303 —-12.66 -11.76 ~7.44
ts1_2I —114.73539 -13.43 —-12.43 -8.52 —114.77272 —12.47 -11.58 ~7.66
m2_2[ —114.72038 —-4.01 -3.68 -1.97 —114.75899 -3.85 —3.54 -1.82
ts2_ 211 -114.71712 -1.96 -1.73 -0.96 —~114.75588 -1.90 —1.68 -0.91
m1_43- —114.70254 —-2.99 -2.54 -1.10 —114.73354 -3.19 -2.89 ~1.46
ts1 43~ —114.69926 -0.93 -0.73 +0.05 —114.73009 -1.03 -0.83 -0.05
m2_4s- —114.69900 -0.76 -0.56 +0.40 —114.72997 -0.95 -0.75 +0.22
PMP2 PMP4
m1_211 —114.73853 -14.31 -13.38 -9.06 —114.77485 -13.24 -12.34 -8.02
ts1_200 —114.73802 —14.00 -13.01 -9.09 —114.77463 -13.10 -12.22 -8.30
m2_2[] —114.72213 —4,02 -3.69 -1.98 —114.75990 -3.86 —3.54 -1.83
ts2_2I1 —-114.71883 -1.95 -1.73 -0.96 —114.75677 -1.90 —-1.68 -0.91
m1_43- —114.70295 -2.98 -2.53 -1.10 —114.73380 -3.19 —-2.89 -1.46
ts1 43~ —114.69968 —-0.93 -0.73 +0.05 —114.73035 -1.03 -0.83 -0.05
m2_4s- —114.69940 -0.75 -0.55 +0.42 —114.73022 -0.95 —-0.74 +0.23
AQz¢
UMP2 UMP4
m1_211 —-114.76767 —-14.03 -13.52 -9.20 —-114.80178 -12.98 -12.60 -8.28
CcBS® —13.77 * 0.02 —-13.07 + 0.03
m2_2[I —114.75158 —3.94 -3.77 -2.06 —~114.78710 -3.77 —3.64 -1.93
CcBS® -3.80 —-3.68
m1_43- —~114.73219 -2.93 -2.79 -1.36 —114.76078 -3.12 -3.00 -1.57
CcBS® -3.12 * 0.01
PMP2 PMP4
m1_2[I —114.77026 —14.56 —~14.06 -9.74 —114.80360 —-13.56 -13.19 -8.87
CcBS® —14.30 * 0.02 —-13.68 + 0.03
m2_2[I —114.75334 -3.95 -3.78 -2.07 —114.78800 -3.78 —-3.65 -1.94
CcBS® -3.81 —3.68
m1_43- —-114.73219 -2.93 -2.79 -1.36 —114.76104 -3.12 —-3.00 -1.57
cBS® -3.12 * 0.01

2 UMP4(SDTQ)/ADZ//UMP4(SDQ)/ADZ.
® UMP4(SDTQ)/ADZ//UMP2/ADZ.

¢ UMP4(SDTQ)/ATZ//UMP2/ATZ.

9 UMP2, UMP4(SDTQ)/AQZ//UMP2/ATZ.
¢ Complete basis set limit (see text).
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TABLE V

UMP2/ATZ harmonic vibrational frequencies w(cm™") and zero-point energies (ZPE) (kcal/mol) of the
CH(X2II) . . . OH, (m1, ts1, m2, ts2) and CH(a*=") ... OH, (m1, ts1, m2) complexes.

CH(II) . . . OH,
m1_211 ts1_211 m2_211 ts2_211
@, 213 w, (@) 150i w, (@) 131 w, (@) 19.6i
w, 411 w, (@) 399 w, (@) 155 w, (a") 62.6
ws 634 ws, (@) 646 ws (@) 156 ws (@) 104
w, 687 w, (a) 650 w, (a) 287 w, (a') 113
ws 1230 ws (a') 1169 ws (@) 520 ws (a") 233
. 1623 w, (a') 1632 w, (a') 1641 ws (a') 1631
w, 2068 w, (a) 2991 w, (a) 2995 ®, (a') 2083
wg 3743 ws (a') 3747 ws (@) 3743 wg (@) 3818
©, 3863 w, (@) 3851 w, (@) 3915 w, (@) 3942
ZPE 21.98 ZPE 21.57 ZPE 19.36 ZPE 18.422
mi_*S~ ts1 4>~ m2_43~
w, (a) 103.1 w, (@) 84.0i w, (@) 69.1
w, (@) 114.8 w, (a') 79.9 w, (a') 74.0
ws (@) 138.2 w, (a') 101.8 w, (a') 85.9
w, (@) 351.6 w, (@) 196.4 w, (@) 230.5
ws (@) 420.5 ws (@) 208.6 ws (@) 242.4
w, (a') 1628.7 ws (a') 1631.1 w (a') 1627.8
, (a)) 3090.3 w, (a') 3194.0 , (a) 3192.7
ws (a') 3817.0 ws (a') 3804.5 ws (a') 3816.7
w, (a") 3941.5 w, (a') 3935.2 w, (a") 3942.6
ZPE 19.45 ZPE 18.80 ZPE 18.99

kcal/mol, showing the importance of ZPE and
BSSE corrections for weakly interacting systems.
Increasing the symmetry of m1_*II from C, to Cg
the ts1_°Il transition state (one imaginary fre-
quency) is obtained, reflecting a pivotal movement
of H,O around the C...O axis [Fig. 1(b)]. The
AE((BSSE)/PMP4-ATZ “interaction” energy is —8.3
kcal/mol, larger by 0.30 kcal/mol than the m1 211

TABLE VI

complex at the same level (Table IV). Obviously, the
interaction mechanism of m1_ and ts1_°II species
are identical, but the latter’s equilibrium distance
e o=1792 A, is0.04 A larger than that of the
former.

Figure 3 shows the potential energy curve (PEC)
of the m1_%IT HC. .. OH, interaction at the MP2/
ATZ level, maintaining the equilibrium geometries

Atomic Mulliken charges q and dipole moments u(Debye) of the CH(X?II) . . . OH, and CH(a*=") ... OH,

complexes at the UMP2/ATZ level® (see Fig. 1).

CHEII) . . . OH, CH(*S7)...OH,

m1_211 ts1_211 m2_211 ts2_211 mi_4>~ ts1 43~ m2_4s~
dc —-0.71 —-0.71 —-0.50 —-0.53 —0.52 —0.45 —0.46
AHq 0.37 0.39 0.48 0.53 0.53 0.44 0.45
do —-0.13 -0.17 —-0.47 —-0.41 —-0.43 —0.45 —-0.44
(< 19N 0.22 0.25 0.31 0.20 0.21 0.27 0.22
AHs 0.25 0.25 0.19 0.20 0.21 0.20 0.22
" 3.955 3.321 3.318 3.763 2.852 2.541 1.836

@ Mulliken charges and dipole moments of the free CH and H,O at the UMP2/ATZ level are as follows, CH(II): gc = —0.42, u = 1.515
Debye; CH(*=7): g = —0.44, u = 0.608 Debye; H,0: g5 = —0.43, u = 1.859 Debye.
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CH(X?II, A*S7)...0H, AND CH,(X®B,, A'A,)...OH, INTERACTIONS

Hj...0.068 0osr 1070° L Hy
Cy 035" m H3'\@3965
o 1179
104.2 '1.741 1,716

97.6%
1057 wH;

b. m2_'A,

1.076

I-W
1339 170.6°
H;
h. ts1_3B,

FIGURE 2. Geometries of the CH,(@'A,) ... OH, and CH,(X®B,) . . . OH, minima. Bond distances in A at the

(UMP2/ATZ level.

of the free CH(X?II), H,O fragments along the in-
teraction coordinate.

In both cases m1 2T and ts1_2I1, the bonding is
succinctly represented by the vbL diagram shown
in Scheme (6), indicating the charge transfer from
an oxygen lone pair to the empty 2p.-orbital of the
CH(X?II, B, component). Indeed, from the Mulliken
population analysis, 0.30 electrons are migrating to
the 2p,—CH orbital. Note that the H;, C, O, and H;4
atoms in m1_°II [Fig. 1(a)] are practically planar, the
dihedral H;COH; angle being 0.85°. This mecha-
nism suggests that a variety of Lewis bases, L, such
as, NH; and CO, or even noble gases, can form
systems of considerable stability with the X*II CH
state.

Finally, the symmetric and asymmetric stretch-
ing modes of water in both m1_*IT and ts1_?II struc-
tures are red shifted by 79-97 cm™', as compared
with the free H,O molecule, while the CH stretch-
ing is blue shifted by 20 and 43 cm ™" in m1_°Il and
ts1_°Il, respectively (Tables III and V).

The m2_?I1 (Cs) and ts2_?I1 (C,,) structures con-
stitute the second minimum and second transition
state, respectively [Fig. 1(c) and (d)]. At the PMP4/
AQZ, we calculate a van der Waals interaction en-
ergy for m2_, AE = —3.78 kcal/mol, reduced to
AE((BSSE)[CBS] = —1.94[—1.97] kcal/mol, (Table
IV)atre 4 = 2197 A, a significantly high inter-
action, considering its morphology and the atoms
involved. The C,, ts2 °[l van der Waals
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Ry CH(E)+HO
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FIGURE 3. Potential energy curves at the UMP2/ATZ
level of the m1_2I1 CHEII) . . . OH, and m1_%=~
CH(*=7) ... OH, structures.

C—H...OH, PMP4/ATZ interaction is, AE =
—1.90 kcal/mol reduced to AE,(BSSE) = —0.91
kcal/mol, and estimated to about —1 kcal/mol at
the AQZ basis set, using our experience from the
m2_211 interaction. It is interesting that at the AQZ
basis set the ts2_?II structure was calculated to be a
real minimum, but at the ATZ level, the previously
calculated (ADZ) frequency of 61 cm ™! became 20i
cm L. For both m2_2I1 and ts2_2II structures, the
C—H bond length decreases by ~0.01 A upon in-
teraction with water as compared with the free
X2l CH species (Table II). Jursic [7] reports
AE(MP4SDQ) = —3.4 kcal/mol at 7o 5 = 2.320 A
for the m2_2II structure; however, this value is re-
duced to —1.2 kcal/mol if corrected by ZPE and
BSSE using our results of the ADZ basis set (Table
IV). In addition, concerning the ts2_2I1 structure, he
concludes that it is a real minimum, although at the
MP4SDQ level this configuration is unbound.
Turning now to the CH(@*X"7)...OH, interac-
tion, we report results for three structures, two
minima m1_*3~, m2_*3", and one transition state,
ts1_*3 [Fig. 1(e), (g) and (f)], all of Cg symmetry.
No theoretical results have been reported before in
the literature for these systems. The potential en-
ergy curve of the m1_*" along the CH...OH,
interaction coordinate constructed as before at the
MP2/ATZ level is depicted in Figure 3. Recalling
that by singlet coupling two a*S~ CH moieties the
acetylene molecule is obtained, we expect the
CH...OH, interaction to be very similar to the
corresponding HCCH . . . OH, interaction [27]. In-

deed, from Ref. [27] at the MP4/AQZ//MP4/ATZ
level, we have AE(BSSE)[CBS] = —1.88[—1.92]
keal/mol, ryccr . on, = 2188 A, and ¢ = 155.8°,
while for the m1_*S~ at the MP4/AQZ//MP2/
ATZ level we obtain AEyBSSE)[CBS] =
~1.57[~1.69] kcal/mol, repy on, = 2.151 A, and
¢ = 146.2° [Table 1V, Fig. 1(e)]. The C—H bond
length within the m1_*3~ complex increases by
0.01 A as contrasted to the free a*S~ CH, with a
concomitant red shift of the C—H frequency of
116 cm ™'

The interaction energies of m2_*S7 and ts1_*3~
structures [Fig. 1(g), (f)] at the MP4/AQZ level
are AE = —0.95 and —1.03 kcal/mol, respectively,
but corrected for ZPE and BSSE these values be-
come +0.2 and —0.1 kcal/mol, practically un-
bound.

CH, ... OH,

We report six structures of the CH,
(@'A,)...OH, complex, three minima (m) and
three transition states (ts), and three CH,
(X®B,) ... OH, structures, two minima, and one
transition state (Fig. 2). Table VII lists absolute
energies, BSSE-corrected dissociation energies
AE(BSSE), and AE,(BSSE); CBS limits are also listed
for all five m-structures. Tables VIII and IX give
ZPEs and harmonic frequencies, and Mulliken
charges and dipole moments, respectively.

The m1_'A, (global minimum), m2_'A; (second
minimum) just 0.3 kcal/mol above the ml_lAl, and
ts1_'A, (first transition state) of point group sym-
metries C,, C;, and C,, respectively, are complexes
of ylide character formed by charge transfer of
about 0.3 e~ from the oxygen to the empty 2p,
orbital (perpendicular to the CH, plane) of the a'A,
state of methylene [see also Scheme (4)]. The vbL
diagram shown in Scheme 7 clearly captures the
physics of bonding.

The interaction energies AE with respect to CH,
(d'A;) + H,O at the MP4/AQZ//MP2/ATZ are
—15.72 and —15.45 kcal/mol for the rr11_1A1 and
m2_'A,, respectively. Correcting these values for
ZPE and BSSE, we obtain AE,(BSSE) = —9.31 and
—8.99 kcal/mol (Table VII). The final interaction
energy of the global minimum ml_'A,; at the CBS
limit is —9.73 kcal/mol. Assuming a similar CBS
correction for the second minimum (m2), one esti-
mates its interaction energy to be —9.4 kcal/mol.

The corresponding values for the ts1_'A; struc-
ture at the MP4/ATZ//MP2/ATZ level are AE =
—10.52 kcal/mol, AE,(BSSE) = —4.07 kcal/mol, or
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TABLE ViI
Total energies E (hartree), interaction energies AE (kcal/mol), basis set superposition error-corrected AE,

AE(BSSE) (kcal/mol), and zero-point energy-corrected AE(BSSE), AE,(BSSE) (kcal/mol), of CH,(a'A,,

CH(X?II, A*S7)...0H, AND CH,(X®B,, A'A,)...OH, INTERACTIONS

)~(SB1) ... OH, complexes at different levels of theory.

E AE AE(BSSE) AE,(BSSE) E AE AE(BSSE) AE,(BSSE)
ADZ
(UyMP2* (UyMP42
mi_'A, —-115.28599 -15.76 —13.24 —7.46 —115.32511 —14.47 —12.00 -6.22
ts1_'A, —115.27810 —10.81 —8.51 -3.29 —115.31775 —9.58 —7.60 —2.38
m3_'A, —-11527052 —6.06 -5.13 —2.84 —115.31123 —-5.76 —4.84 —2.55
ts2 A, —115.27026 —5.89 —4.98 —2.78 —115.31099 —-5.61 —4.69 —2.50
ts3_'A, —115.26357 —1.70 —1.23 —0.27 —115.30474  —-1.69 -1.19 —0.23
mi 3B, —-11528930 —1.95 —1.42 -0.24 —115.32441 —2.07 —1.48 —0.30
ts1.3B, —115.28916 —1.87 —1.36 —0.45 —115.32424  —1.97 —1.41 —0.50
m2_°B, -115.28905 —1.80 -1.23 —0.11 —115.32416 —1.92 —1.29 -0.18
PMP2 PMP4
mi1_°B, -11529114 —1.96 —1.43 —0.25 —115.32555  —-2.07 —1.48 —0.30
ts1_°B, —115.29100 —1.88 —1.37 —0.46 —115.32538 —-1.97 —-1.41 —0.50
m2_3B, —-115.29088 —1.80 -1.23 —0.11 —115.32530 —1.92 -1.29 -0.17
ATZ
(UyMP2* (UMP4=>
mi_'A;, —115.39070 —-17.13 —16.06 —10.04 —115.42916 —15.49 —14.50 —8.48
m2_'A, —-115.39061 -17.07 —15.95 —9.89 —115.42869 —15.20 —14.16 —8.10
ts1_'A, —115.38243 —11.94 —10.92 —5.42 —115.42123 —-10.52 —-9.57 —4.07
m3_'A, —115.37311 —6.09 —5.69 —3.39 —115.41377 —5.84 —5.46 -3.17
ts2_'A, —11537284 —5.92 —5.52 —3.32 —115.41351 —5.67 —5.30 -3.10
ts3_'A, —115.36600 —1.63 —1.39 —0.51 —115.40704 —1.61 —1.37 —0.49
mi1_°B, -115.38942 -1.79 —1.54 —0.44 —115.42509 —1.89 —1.63 —0.53
ts1_°B, —115.38929 —1.70 —1.49 —0.64 —115.42492 —-1.78 —1.57 -0.72
m2_3B, -115.38934 —1.73 —1.47 —0.31 —115.42501 —1.84 —1.58 —0.42
PMP2 PMP4
mi1_%B, -115.39132 —1.80 —1.55 —0.45 —115.42620 —1.88 —1.62 —0.53
ts1_°B, —115.39118 —1.71 —1.50 —0.65 —115.42604 —1.77 —1.56 -0.72
m2_°B, -115.39122 -1.74 —1.48 —0.32 —115.42613 —1.83 —1.57 —0.41
AQZ°
(UyMP2* (UyMP4*
mi_'A, —115.42424 -17.30 —16.79 —10.77 —115.45938 —15.72 —15.33 —9.31
CcBs® —17.05 = 0.02 —15.75 = 0.02
m2_'A;, —115.42418 —-17.27 —16.73 —10.67 —115.45896 —15.45 —15.05 —8.99
m3_'A, —115.40624 —6.01 —5.82 —3.52 —115.44351 —5.75 —5.61 —3.31
cBs¢ 5.86 —5.66
mi_3B, —-115.42152 —1.70 —1.59 —0.49 —115.45431 -1.79 —1.70 —0.60
cBs® —1.64 —-1.75
m2_°B, -115.42140 -1.62 —1.51 —0.35 —115.45420 —1.72 —1.63 —0.47
—1.52 —1.64
PMP2 PMP4
mi_3B, —115.42342 —1.71 —1.60 —0.50 —115.45542  —-1.78 —1.69 —0.59
cBs® —1.64 —1.76
m2_ 3B, —-115.42329 —1.62 —1.562 —0.36 —115.45531 —-1.71 —1.63 —0.47
cBs® —1.52 —1.64
2 For the CH,('A,) . . . OH, the UMP2 and UMP4 is MP2 and MP4, respectively.
® (U)MP4/ATZ//(U)MP2/ATZ.
¢ (UMP2, (U)MP4/AQZ//(U)MP2/ATZ.
9 Complete basis set limit.
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TABLE Vil

MP2/ATZ harmonic vibrational frequencies w(cm™") and zero-point energies ZPE (kcal/mol) of the
CH,(a'A,) . .. OH, (m1, m2, ts1, m3, ts2, ts3) and CH,(X°B,) . . . OH, (m1, ts1, m2) complexes.

m1_'A, m2_'A, ts1_'A, m3_"A, ts2_'A,
w, (a") 101 w, 150 (@) 343 o, (@) 86.6 w,(@") 86.2i
w, (a') 442 w, 442 w,(a) 388 w,(a) 138 w,(a") 145
ws (a") 695 ws 662  w,(a) 654  w,(a) 187 ws(a') 166
w, (a)) 710 w, 730w, (@) 703w, (a) 208 w,(a’) 205
ws (@) 1183 ws 1149 ws (a") 1164  wg (@) 403 ws(a’) 498
w (a') 1186 we 1201 w (a') 1182 wg (a") 727 we(a") 640
w, (a') 1423 w, 1423 o, (@) 1390 @, (@) 1423 w,(a) 1423
ws (a') 1655 wg 1614 g (@) 1611 wg (@) 1656 wg(a’) 1658
w, (a') 3006 we 3008  w, (a') 2064  w, (a)) 3021 we(a’) 3021
w0 (@) 3080 W0 3100 w40 (@) 3045 w4 (@) 3103 wo(a”) 3103
w,, (@) 3751 ©q4 3755wy, (@) 3746wy, (@) 3619 w44(a) 3627
wp @) 3848w, 3877  w, (@) 3875  w,(@) 3906 wp@) 3907
ZPE 30.14 ZPE 30.18 ZPE 29.62 ZPE 26.42 ZPE 26.32
ts3_'A, m1_®B, ts1_°B, m2_°B,

w, (@) 101.3i w, (@) 63.2 w, (@) 66.2i w, (@) 39.1

w, (a') 65.0 w, (a") 70.3 w, (a") 10.6 w, (a') 81.6

w, (a") 75.5 ws, (a') 81.5 w, (a') 59.9 w, (@) 94.0

w, (a') 95.6 w, (@) 107 w, (a') 106 w, @) 122

ws (a") 165 ws (a') 175 ws (a') 205 ws (@) 228

we (a') 196 w, (a") 310 we (a") 238 w, (a") 312

w, (a') 1427 ®, (@) 1132 w, (a') 1135 o, (@) 1134

ws (a') 1632 wg (a') 1629 ws (a') 1629 wg (@) 1631

w, (a') 2995 w, (a') 3181 w, (a') 3183 w, (a') 3194

wy (@) 3074 w @) 3419 wy @) 3421 o @) 3428

wy, @) 3818 wg, @) 3819 wy, @) 3820 wy, @) 3787

w., (@) 3941 w., (@) 3943 w., (@) 3945 w, @) 3923

ZPE 24.99 ZPE 25.63 ZPE 25.38 ZPE 25.69

estimated to be about —5 kcal/mol at the CBS limit,
judging from our previous experience.

The tsl_lA1 structure is the transition state be-
tween two energetically equivalent m2_'A; struc-
tures with respect to the pivotal movement of the
H,O molecule around the C...O axis of rr12_1A1
[Fig. 2(b)], meaning that the energy barrier of this
librational motion is 4.0 kcal/mol at the MP4/ATZ
level. Figure 4 depicts the MP4/ATZ PEC of CH,
(d'A,) + H,O along the C.. .. O coordinate. Finally,
in all three structures, the symmetric and asymmet-
ric stretching of water is red shifted ~70-100 cm ™'
and the methylene bending are red shifted by
50-80 cm ™.

The previous theoretical literature concerning
them1_'A; CH, ... OH, complex is significant [ 14—

20] (see Table I). Although, in general, all previous
works give the m1_'A; conformation as a mini-
mum, the level of calculations are considerably
lower than the present one and lacking systematic
BSSE + ZPE corrections. This is reflected in a vari-
ety of conflicting results. For instance, the interac-
tion energy of C...O ranges from —5.91 [18] to
—20.14 [17] kcal/mol, or corrected for ZPE, —15.3
[20] to —2.89 [18] kcal/mol. Similarly, C ... O dis-
tances range from 1.758 [20] to 2.366 A. [18] The
rr12_1A1 structure was also examined in 1996 [21] at
the MP2 and QCISD(T) + ZPE level, giving AE, =
—9.30 (MP2) and —6.37 [QCISD(T)] kcal/mol.

The rest of the CH,(&'A,)...OH, structures
presently studied and shown in Figure 2 are a third
minimum (m3_'A;) and two transition structures
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TABLE IX

CH(X?II, A*S7)...0H, AND CH,(X®B,, A'A,)...OH, INTERACTIONS

Atomic Mulliken charges g and dipole moments p. (Debye) of the CH,(a'A,) . . . OH, and CH,(X®B,) ... OH,
complexes at the (UYMP2/ATZ level.®

CH,(a'A,) ... H,0

mi_'A, m2_'A, ts1_'A, m3_'A, ts2_'A, ts3_'A,
dc —-0.99 -0.99 —-0.88 -0.87 —-0.86 -0.85
Qs 0.33 0.34 0.30 0.46 0.42 0.49
Az 0.33 0.31 0.30 0.40 0.42 0.37
do -0.13 —0.10 -0.14 —0.48 —-0.47 —0.42
Ans 0.23 0.19 0.21 0.30 0.30 0.21
Aua 0.23 0.25 0.21 0.19 0.19 0.21
" 3.403 4.193 4.904 3.692 3.669 2.251

CH,(X°B,) ... H,0

m1_°B, ts1_°B, m2_°B, ts2_°B,
dc —-1.00 —1.01 -0.89 —0.93
s 0.58 0.58 0.44 0.46
Ao 0.43 0.43 0.44 0.46
do —-0.43 —-0.41 —-0.47 —0.42
s 0.21 0.19 0.27 0.21
Ana 0.21 0.21 0.20 0.21
" 2.080 2.312 1.776 2.632

“ Mulliken charges and dipole moments of the free CH, and H,O at the (U)MP2/ATZ level are as follows: CH,(&'A,): gc = —0.80, u =
1.814 Debye; CH,(X°B,): gc = —0.91, u = 0.594 Debye; H,0: go = —0.43, u = 1.859 Debye.

(ts2_ and ts3_'A;), all belonging to the Cg point
group. The ts2_'A, is the transition state between
two (energetically) equivalent m3_'A; structures
with a very small energy barrier (<0.2 kcal/mol,
including ZPE corrections). At the MP4/AQZ//
MP2/ATZ level, the m3_'A, C ... H interaction en-
ergy amounts to AE = —575 kcal/mol or
AE,(BSSE)[CBS] = —3.31[—3.36] kcal/mol, and
practically the same in the ts2_'A;. It is interesting

SCHEME 7.

to observe that we are dealing with a remarkably
strong (—3.4 kcal/mol) C . .. H “hydrogen bond” in
both m3_ and ’rs2_1A1 structures, probably the re-
sult of the positive end of the water hydrogen [H;
in Fig. 1(d)] facing the cylindrically symmetric 2s
(or 2sp, hybrid) of the CH, a'A, state [Scheme (8)].

035 T T T T T T T
CH, ('A)+HO
0365 giam it i
-0.370 ' 4
0,375+ ! -

=0.380 < .

0,385~ -
P CH, (B +H0O
P I . : ]
2 R, FIMPLATZ
-0.365 T T T T T T T

2 4 6 8 10 12 14

FIGURE 4. Potential energy curves at the (U)MP2/ATZ
level of the m1_'A; CH,(&'A,) ... OH, and m1_°B,
CH,(X®B,) . . . OH, structures.
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SCHEME 8.

Finally, and in accordance with the previously
discussed strong C...HOH interaction, a red
shifted O—H stretching interaction of ~200 cm ™ is
calculated for both m3_ and tsZ_la1 structures. The
ts3_'A, transition state [Fig. 1(f)] concerns a
CH...O interaction with AE[AE,(BSSE)] =
—1.61[—0.49] kcal/mol.

We discuss now the interaction of H,O with the
X®B, state of CH,. Looking at the electronic distribu-
tion of the X°B; [Scheme (5)], we expect weak van der
Waals interactions between these two species, and
indeed this is the case. No calculations have been
reported so far on the X°B, state of CH, + H,O.

We present results for two minima (m1_3Bl,
m2_°B;) and one transition state (ts1_°B;), all of geo-
metrical C; symmetry [Fig. 2(g), (h), and (i)]. The
H...O interaction energy of m1_°B, is AE = —1.78
kcal/mol at the MP4/AQZ//MP2/ATZ, or includ-
ing ZPE and BSSE corrections, AEy(BSSE)[CBS] =
—0.59[—0.66] kcal/mol (Table VII). Figure 4 shows
the PMP2/ATZ potential curve of m1_B, along the
H...O coordinate.

The ts1_°B, is the transition state between two
equivalent (mitror images) geometries of m1_°B,
but the total energy differences between the m1_>B;
and ts1_’B, is negligible, making the two structures
practically indistinguishable. Contrasting the total
energies of m1_'A; and m1_°B, corrected for ZPE,
BSSE and including the CBS limit at MP4/AQZ
level, it is seen (Tables II, III, and VII) that the global
minimum of the CH,...OH, complex is the
rr11_3]31 state by —1.97 kcal/mol. However, consid-
ering our MP4/AQZ a'A,<X°B, energy splitting of
11.04 kcal/mol (Tables II and III), larger by 2.0
kcal/mol from the experimental value [26], we can
claim with confidence that the ml_lA1 and rnl_3’B1
states are in essence degenerate. Lastly, in the
m2_3B1, at the MP4/AQZ//MP2/ATZ level, the
H ... Cinteraction energy is AE = —1.71 kcal/mol,
reduced to —0.47 kcal/mol by adding the ZPE and
BSSE corrections, or —0.48 kcal/mol at the CBS
limit (Table VII).

Synopsis

Employing the (P)MPn(n = 2, 4) technique in
conjunction with the sequence of correlation con-
sistent basis sets aug-cc-pVxZ, x = 2, 3, and 4, we
have systematically examined the weakly interact-
ing systems CH(X?II, a*=") + H,O and CH,(X°B,,
a'A,) + H,0. For the CH ... OH, system, we have
located four minima (m) and three transition states
(ts, one imaginary frequency), and five minima and
four transition states for the CH, ... OH,. All our
results have been corrected for ZPE and BSSE,
while for the most important m_ structures, we
report complete basis set (CBS) interaction limits.

The highest CH(X?II) . .. OH, [m1_?II, Fig. 1(a)]
and CH,(@'A;) ... OH, [m1_'A;; Fig. 2(a)] interac-
tions are the result of electron transfer from the
oxygen atom to the empty p,, orbitals of CH(X?II)
and CH,(ad'A,), respectively. Specifically, and at the
highest level of calculation (P)MP4/AQZ//MP2/
ATZ, including ZPE, BSSE, and CBS extrapolation,
we obtain AE,(BSSE) + CBS = —9.36 kcal/mol at
fe o= 1752 A, and —9.73 kcal/mol at ro o =
1.741 A for m1_2IT and ml_lAl, respectively. The
obvious similarity of the interaction mechanism
causes practically the same “binding energies” and
bond distances for both systems.

In the m1_*3~ CH...H,O complex [Fig. 1(e)],
we obtain AEy(BSSE) + CBS = —1.69 kcal/mol at
i .o = 2151 A, close to the corresponding
HC=CH. . .. OH, interaction [27], as expected.

Furthermore, in the CH, ... H,O complex, the
m3_'A, structure [Fig. 2(d)] has a remarkably
strong C...H “hydrogen bond,” AE,(BSSE) +
CBS = —3.36 kcal/mol at r;; ¢ = 2.098 A, while
the m1_°B, species [Fig. 2(g)] gives a AEy(BSSE) +
CBS = —0.66 kcal/mol at r;; o = 2.376 A.

Finally, the global minimum of the CH, ... OH,
complex is the rnl_3B1 state, lower than ml_lA1 by
1.97 kcal/mol. However, considering our MP4/
AQZ a'A;<X’B, energy splitting of 11.04 kcal/
mol, 2.0 kcal/mol larger than the experimental
value [30f], we conclude that m1_'A; and m1_°B,
states are in essence degenerate.
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