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ABSTRACT: The ONIOM (MP2:PM3) model in combination with local
implementation of MP2 single-point energy evaluation was used to model the
Cgo—water complex. In agreement with experimental data, stabilization of the complex
can be described in terms of interaction between the lone electron pair of water oxygen
and 7*-orbitals of fullerene with electron correlation being the most important
contribution to the complex stabilization. It was found that for qualitatively correct
description of Cgy-water complex geometry it is essential to have at least 12 carbon
atoms of C4, molecule and water molecule in high MP2 ONIOM layer and use a basis

set of at least 6-31+G(d,p) quality.
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Introduction

R ecently, many donor-acceptor complexes
containing fullerenes have been prepared

[1-12]. Electronic absorption spectra of some of
these show charge transfer (CT) bands so that these
compounds can be considered charge transfer com-
plexes (CTCs) [2-9]. In most cases Cqy CTC are
neutral insulating compounds in which Cgj cocrys-
tallizes with donor molecules. Only strong electron
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donors like decamethylnickelocene, Fe(CsH5)
(C¢Meg), cobaltocene, or tetrakis(dimethyl-
amino)-ethylene produce ion-radical salts with
Ceo [13-15].

Cgp also forms CTC with polymers bearing elec-
tron donor groups like polyvinylcarbazole, poly-
thiophenes, and polyparaphenylenevinylenes [16,
17]. Similarly to many weak CT polymeric com-
plexes they show high photoconductivity due to
photoinduced electron transfer from a polymer to a
Cg9 molecule forming metastable Cg, anions and
mobile holes in the polymer [16]. This property of
polymeric CT fullerene complexes is currently of a
great interest because these materials can be uti-
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lized in xerography, energy phototransducers, and
molecular switches [18].

As recently shown Cg, also forms complexes
with water molecules [19, 20]. These complexes
show biologic activity and appear promising in
context of therapeutic applications. Thus, microdo-
sis of hydrated fullerenes are effective in the treat-
ment of oncological pathologies [21]. As follows
from VIS absorbance spectra Cyy—water complexes
show two broad low-intensive bands at 450 and 600
nm [20]. The occurrence of such absorbance bands
in the VIS region is known to be connected with
formation of weak donor-acceptor complexes of
Cgo with molecules, which are able to be the donors
of electrons, e.g., alcohols, aromatic rings, tertiary
amines, and poly(vinylpyrrolidone) [22, 23]. Ac-
cording to this experimental data the geometry of
Cgo—water complexes must be different from that
observed for water complexes with small aromatic
molecules as benzene where mH interaction exists
[24].

Despite the great interest in fullerene CT com-
plexes, few articles dealing with molecular model-
ing of these complexes have been published to date
to the best of our knowledge. This is no surprise
because the modeling of van der Waals interactions
with reasonable accuracy requires at least the MP2
level of theory with a polarizable basis set, which is
still out of reach for computational chemists in the
case of such large molecules.

As confirmation of the fact that in CT complexes
consisting of large molecules the closest atoms con-
tribute most to the interaction energy, the ONIOM
two-layer method has recently been successfully
adopted by the present authors to study Cg, com-
plexes with simple donor molecules where donor
molecules and 12 carbons of the naphthacene frag-
ment of C,, were treated at the MP2/6-31G(d) level
while for the rest of them the PM3 model was
applied [25]. Local MP2 approximation was used to
evaluate the binding energy of these CT complexes.
Reduced step dependence of the computational
cost on the size of molecule and reduced basis set
superposition error (BSSE) are two important ad-
vantages of local MP2 method (LMP2) [26]. This
approach was shown to be efficient for modeling of
large Cg4y containing van der Waals complexes at
reduced computational costs.

The goal of this article is to apply ONIOM (MP2:
PM3) model in combination with LMP2 single-
point energy evaluation to model the Cq-H,O
complex to get deeper insight into the nature of
such an important system as well as test the appli-

cability of the ONIOM model to study large van der
Waals complexes.

Computational Details

All ONIOM optimizations were carried out us-
ing the Gaussian 98 suite of programs [27]. LMP2/
3-21G optimization was carried out with Jaguar 4.2
package [28]. To obtain full picture of the applica-
bility of the ONIOM (MP2:PM3) model to study the
Cso—H,O complex the following methodology has
been adopted. Six different ONIOM Cg,—H,O sys-
tems were chosen, each having different numbers
of atoms treated at the MP2 level.

The applicability of the MP2/3-21G model to
geometry optimization was tested for the benzene-
H,O complex by comparison of optimized geome-
try with that obtained at the MP2/aug-cc-pVDZ
level [29]. Geometries of the benzene-H,O complex

iven by these two models were close (within 0.03
A and 2° for distances and angles, respectively).
One of the advantages of using the 3-21G basis set
is the possibility of full optimization of the C¢-H,O
complex at the LMP2/3-21G level to obtain a refer-
ence point for discussion of ONIOM optimization
results. Therefore, the MP2/3-21G level was
adopted for high ONIOM layer as the lowest-level
MP2 method. Three more basis sets [6-31G(d),
6-31+G(d,p), and 6-311+G(d,p)] were used for the
MP2 layer to study the basis set quality effect on the
molecular complex geometry and binding energies.
They were used to model first four and three sys-
tems, respectively. Single-point energy calculation
using local MP2 theory and the 6-311+G(d,p) basis
set was used to calculate binding energy of the
Cgo—water complex using the Jaguar 4.2 package.
LMP?2 is already designed to avoid BSSE; therefore,
only the Hartree-Fock (HF) counterpoise correction
term has been computed according to Ref. [30].

To distinguish between different models for the
Ceo~H,O complex, the following abbreviations
have been adopted: CN/basis set, where N is the
number of carbon atoms of C,, treated at the MP2
level and the 3-21G basis set is abbreviated as 321,
6-31G(d) as 631d, 6-31+G(d,p) as 631dp+, and
6-311+G(d,p) as 6311dp+. Note that the water mol-
ecule has always been treated at the MP2 level. The
complex geometries are shown in Figures 1-4
where the water molecule interacts with the hexa-
gon of the C¢, molecule. Two types of initial geom-
etries were tested. The first is similar to the C,,
benzene-H,O complex with O—H bonds pointing

680

VOL. 97, NO. 1



Co/321

C6/6311dp+

C6/631dp+

FIGURE 1. ONIOM optimized geometries of C6 Cgo—
water complexes (ball-&-stick and wireframe rendering
show MP2 and PM3 layers of ONIOM level, respectively).
Selected distances are in A. [Color figure can be viewed
in the online issue, which is available at
www.interscience.wiley.com.]

to hexagon. In the second type, the water molecule
is rotated by 180° with the oxygen atom pointing
toward the hexagon center.

Results and Discussion

It has recently been shown [25] that C4, com-
plexes with simple donor molecules like dimethyl
ether, dimethyl sulfide, and dimethylamine were
stabilized mainly by electron correlation with slight
charge transfer from the donor molecule to Cg
through the interaction of donor highest occupied
molecular orbital (HOMO) with the lowest unoccu-
pied molecular orbital (LUMO) of C4y. The lone
pair of a heteroatom is pointed to the center of a
hexagon interacting with 7*-orbitals of fullerene.
On the other hand, all available studies on the
water—benzene complexes predict the existence of
7—H interactions. In other words, benzene acts as a

ONIOM STUDY OF Cgy-WATER COMPLEX

donor donating m-electrons to ¢*-orbitals of the HO
bond of the water molecule [29]. The smallest basis
set used for the MP2 ONIOM layer was 3-21G.
Although double-split basis is too small for energy
evaluations, it has been shown that a basis set of
similar quality (6-31G) performs well in the case of
naphthalene dimer optimizations [31].

ONIOM (MP2/3-21G:PM3) MODEL

Figures 1-4 show geometry of Cy;—H,O com-
plexes optimized at different theoretical levels. Ta-
ble I presents binding energies obtained using dif-
ferent theoretical models. Although we were able to
extend the high MP2 layer of treatment to the entire
complex for the 3-21 basis set, the most computa-
tionally demanding job—full MP2/3-21G optimiza-
tion of the C4—-H,O complex—had to be run at
local MP2 approximation.

When examining Table I and Figures 1-4 one can
observe a clear correlation between ONIOM bind-
ing energies, oxygen—Cy, distance, and the num-
ber of atoms included in the high MP2 layer start-

f' 2,80
C12/321 C12/631d
J
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C12/631dp+ C12/6311dp+

FIGURE 2. ONIOM optimized geometries of the C12
Cgo—Water complex (ball-&-stick and wireframe render-
ing show MP2 and PM3 layers of ONIOM level, respec-
tively). Selected distances are in A. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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FIGURE 3. ONIOM optimized geometries of the C14
Cgo—water complex (ball-&-stick and wireframe render-
ing show MP2 and PM3 layers of ONIOM level, respec-
tively). Selected distances are in A [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

ing from the C12/321 model. The only exception is
the C40/321 model due to local implementation of
the MP2 theory for this case. There were observed
qualitative changes in the geometry of complex
when passing from C6/321 to C12/321. As can be
seen from Figure 1 model C6/321 predicts 7H
interaction similar to that found in benzene-water
complexes where the C, molecule acts as a donor.
This is not the case for C12/321 and all other 321
models where the oxygen atom, and not OH bonds,
points to the C,, molecule, which can be described
in terms of interaction of a water lone pair with
m*-orbitals of Cg,. In the latter case Cg, behaves as
an acceptor. This explanation can be further con-
firmed inspecting Table II, where LUMOy -
HOMOc & and LUMOc, -HOMOy , energy gaps
are listed. HOMOc  and LUMOc  are 7- and
m*-orbitals, respectively, while HOMOy o and
LUMOy  contribute p, orbital of oxygen and o*-
orbitals of the O—H bond. As seen from Table II the
LUMOc_ -HOMOy ¢ energy difference for C6/321

is larger compared to LUMOy; o-HOMO(_ while in
all other 321 models the LUMOy o-HOMO(, en-
ergy difference is larger. This induces the reorien-
tation of the water molecule in the Cy;—H,O com-
plex for an MP2 layer larger than nine atoms at the
MP2/3-21G level. An increase of ONIOM binding
energies and shortening O-hexagon distance with
expansion of MP2 layer are also in line with con-
stant decrease in LUMO,_-HOMOy, - energy gap
in C12/321-C48/321 models. This picture does not
change qualitatively for the C60/321 model, where
complete LMP2/3-21G optimization is per-
formed. The water molecule maintains its orien-
tation and the overall complex geometry is simi-

324321 C46/321

CaD/321

C28/321 C28/631d

FIGURE 4. ONIOM optimized geometries of the high-
est 321 Cgy—water complex (ball-&-stick and wireframe
rendering show MP2 and PM3 layers of ONIOM level,
respectively). Selected distances are in A. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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TABLE |

Binding energies of Cs,-water complexes at different levels of theory.

Model SCF# LMP2°P ONIOM® LMP2 o SCF cor” AE oy’
C6/321 1.06 —1.01 —2.77 —0.39 1.68 —2.07
C6/631d 1.14 —1.05 =2.77 —0.47 1.72 -2.19
C6/631dp+ 0.00 —1.50 -2.10 —0.97 0.53 —-1.50
C6/6311dp+ 0.18 —1.48 -2.19 —0.98 0.68 —1.66
C12/321 3.64 0.95 —3.34 1.69 4.38 —2.69
C12/631d 1.75 —0.65 —3.16 —0.05 2.35 —2.40
C12/631dp+ 0.47 —1.09 —-3.60 —0.54 1.02 —1.56
C12/6311dp+ 0.40 -1.12 —3.83 —0.52 1.00 -1.52
C14/321 3.70 0.93 —3.39 1.61 4.38 -2.77
C14/631d 1.53 —-0.65 -3.23 0.11 2.29 -2.18
C14/631dp+ 0.69 —-0.93 —3.84 —0.64 0.98 —1.62
C14/6311dp+ 0.92 —0.76 —3.34 —0.46 1.22 —1.68
C28/321 3.88 1.05 —4.32 2.08 4.9 —1.83
C28/631d 2.26 —-0.10 3.49 0.6 2.96 —2.36
C32/321 3.86 1.05 —4.34 2.1 4.91 —2.81
C46/321 4.42 1.54 —5.01 2.25 5.13 —2.88
C60/321 3.83 —-0.13 — —-0.35 3.61 —3.96

2 Binding energy at the HF/6-311+G(d,p)//ONIOM level.
® Binding energy at the LMP2/6-311+G(d,p)//ONIOM level.
¢ ONIOM binding energy.

d BSSE-corrected binding energies at the LMP2/6-311+G(d,p)//ONIOM level.

¢ BSSE-corrected binding energies at the HF/6-311+G(d,p)//ONIOM level.

T Correlation stabilization of the Cgy—water complex, defined as [ESYF2-(ECMP-ELMP2) [EGCH.(ESCPH-ESCR)] where ESCP and
EMP2) are SCF and LMP2 level energies of molecule A, B and molecular complex AB, respectively.

lar to those of C12/321-C48/321 ones, in
agreement with LUMOy o-HOMO(_  and LU-
MOc, -HOMOy o energy differences. The
hexagon—O distance decreases from 2.73 to 2.60
A for C12/321-C48/321 models, being 2.67 A for
C60/321.

Single-point stabilization energy calculation car-
ried out at the LMP2/6-311+G(d,p) level of theory
are listed in Table I. As can be seen BSSE is less than
1 kcal/mol due to the relatively large basis set used
in calculations. Similar to the LMP2 study of naph-
thalene dimers [32] all 321 complexes are unstable
at the HF level and the stabilizations are completely
due to correlation energy. Unfortunately, we were
not able to decompose HF contribution to stabiliza-
tion energies using Kitaura-Morokuma decompo-
sition schemes [33] due to difficulties to get the
self-consistent field (SCF) converged for this analy-
sis. However, some important conclusions can be
made analyzing rough HF stabilization energies. As
seen from Table I HF binding energy is less positive
for the C6/321 model, becoming significantly more
positive for C12/321, and slightly increasing from
C12/321 to C60/321. This evolution of HF stabiliza-

tion energies can be understood taking into account
the results of HF binding energy partition per-
formed for aromatic dimers [32]. Thus, the rela-
tively small positive HF binding energy in the C6/
321 model is due to different from other 321 models
water molecule orientation that contributes to ad-
ditional stabilization at the HF level by H-= inter-
actions (electrostatic term) and reduced exchange
repulsion similar to that observed for T-shaped
complexes of indole and naphthalene compared to
parallel displaced ones [32]. Slight destabilization
of C12/321-C60/321 complexes at the HF level can
be related to the increase in exchange repulsion
with shortening of O-hexagon distance. There is
no clear correlation in single-point energy be-
tween correlation contribution to the stabilization
of 321 complexes and the number of atoms in the
high MP2 ONIOM layer. The largest correlation
stabilization was observed for the C60/321 com-
plex. Thus, only two of the 321 models predict
negative stabilization energies at the LMP2/
ONIOM level of theory: C6/321 due to relatively
small HF destabilization and C60/321 due to large
correlation stabilization.
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TABLE Il

Energy differences (Hartree) between LUMO of
water and HOMO of C4, and LUMO of Cg, and
HOMO of water.

LUMO,,o- LUMOy, -
Model HOMO,,, HOMO,,0
c6
321 0.58256 0.58535
631d 0.53074 0.60715
631dp+ 0.47533 0.58553
6311dp+ 0.47405 0.58575
c12
321 0.53000 0.50451
631d 0.47849 0.53057
631dp+ 0.42388 0.52277
6311dp+ 0.42222 0.52227
c14
321 0.50294 0.47267
631d 0.44976 0.50087
631d+ 0.39580 0.49426
6311dp+ 0.39462 0.49444
c28
321 0.4679 0.42371
631d 0.41636 0.45793
c32
321 0.46119 0.41326
631d
c46
321 0.48383 0.40076
Cc60
321 0.56075 0.45114

SCF HOMO and LUMO energies of the MP2 layer of the Cq
molecule optimized at the corresponding ONIOM level. SCF
of HOMO and LUMO energies of the water molecule opti-
mized at the MP2/3-21G, MP2/6-31G(d), MP2/6-31+G(d,p),
and MP2/6-311+G(d,p) levels, respectively.

ONIOM [MP2/6-31G(d):PM3] MODEL

The use of the MP2/6-31G(d) model instead of
MP2/3-21G for the high ONIOM layer significantly
changed the complex geometry. Due to the larger
size of jobs the maximum number of atoms in-
cluded in the high ONIOM layer were 28 carbons of
the C,, molecule and water [C28/631d model]. The
molecular geometry of the Cgy—water complex op-
timized making use of ONIOM [MP2/6-31G(d):
PM3] model is shown in Figures 1-4. As can be
seen from Figure 1 the basis set quality improve-
ment does not affect the complex geometry for C6
models. The geometries predicted by C6/321 and
C6/631d models are similar, with the OH bond
pointing to the C,, hexagon with distances C—H of

2.79 A. The situation changes for C12/631d, C14/
631d, and C28/631d models. While all 321 models
except C6/321 predict that in the C4y—water complex
the water oxygen points to fullerene hexagon, all
631d models predict the complex geometry to be
similar to C6/321.

As can be seen from Table II these differences in
geometry owe to the differences in SCF MO ener-
gies. While in the ONIOM (MP2/3-21G:PM3)
model the LUMO. -HOMOy o energy gap is
smaller compared to LUMOy, O—HOMOC for all
complexes but C6/321, this is not the case for the
ONIOM [MP2/6-31G(d):PM3] method, where for
all models the LUMOy o-HOMO(  energy differ-
ence is less compared to LUMO¢ -HOMOy . As a
result all MP2/6-31G(d):PM3 models predict the
Cgo—water complex to be similar to C6/321, favoring
HOMOc, -LUMOy ¢ interactions.

The equilibrium geometry changes little with
the number of atoms in the high MP2 layer for
the ONIOM [MP2/6-31G(d):PM3] model, while
ONIOM stabilization energies constantly increase,
similar to ONIOM (MP2/3-21G:PM3), reaching
—3.49 kcal/mol for C28/631d.

As can be seen from Table I the binding LMP2
energies calculated on ONIOM [MP2/6-31G(d):
PM3] and ONIOM (MP2/3-21G:PM3) geometries
are similar for C6 models and different for the rest
of them. Because ONIOM [MP2/6-31G(d):PM3]
predicts the water molecule situated similar to that
in the C,, benzene-water complex, HF binding en-
ergies are less positive because of additional stabi-
lization coming from 7H interactions and reduced
exchange repulsion. On the other hand, the corre-
lation stabilization is similar for two types of geom-
etries, leading to better overall complex stabiliza-
tion for ONIOM [MP2/6-31G(d):PM3] at the LMP2
level.

ONIOM [MP2/6-31+6G(d,p):PM3] MODEL

Due to large job sizes, which implies the use of
the ONIOM [MP2/6-31+G(d,p):PM3] model, the
largest MP2 layer included only 14 Cg, carbons and
water molecule. Again, the geometry optimization
results were different from these obtained for
ONIOM [MP2/6-31G(d):PM3]. Thus, C6/631dp+
predicts the complex to be qualitatively similar to
C6/631d and C6/321 ones with the OH bond point-
ing to the Cy, hexagon (Fig. 1). The distances C—H
in this case are longer (3.04 A) compared to those
obtained for C6/631d and C6/321 models (2.79 A).
The ONIOM [MP2/6-31+G(d,p):PM3] model qual-

684

VOL. 97, NO. 1



itatively reproduces the behavior of ONIOM (MP2/
3-21G:PM3) with increased atom numbers in the
high MP2 layer. Thus, as seen from Figures 2 and 3,
C12/631dp+ and C14/631dp+ models are similar to
C12/3-21G and C14/3-21G in terms of orientation of
water molecules. These models predict for Cgy—
water complex the structure where the oxygen
atom points to the center of the C4y hexagon. The
difference is that C12/631dp+ and C14/631dp+
models predict the complex to be a bit looser com-
pared to that predicted by C12/3-21 and C14/3-21.
Thus, the hexagon-O distance for C12/631dp+ and
C14/631dp+ models (3.18 A) is significantly larger
compared to that (2.73-2.74 A) for C12/3-21G and
C14/3-21G. The reason for this change is not as
obvious as in the case of ONIOM(MP2/3-21G:
PM3). However, when carefully inspecting the evo-
lution of LUMOy o-HOMOc ~ and LUMOc, -
HOMOy  energy gaps with the number of atoms
in the high MP2 layer one can observe that the
LUMOc -HOMOy;  energy gap decrease faster
compared to LUMOy o-HOMOc, . This effect can
revert at some point the relative stability of the first
(C6/631dp+) and second (C12/631dp+ and C14/
631dp+) types of complexes at the MP2 level. Sim-
ilar to all other models tested, the ONIOM stabili-
zation energies become more negative with the
number of atoms in MP2 atoms. As for LMP2 sta-
bilization energies ONIOM [MP2/6-31+G(d,p):
PM3] geometries produce the most stable Cqy-wa-
ter molecule at the LMP2 level. When inspecting
Table I one can observe that SCF binding energies
are always less positive compared to the two dis-
cussed models. This is definitely due to reduced
exchange repulsion, which is a consequence of
loose complex structure. On the other hand, this
loose complex structure reduces correlation stabili-
zation of 631dp+ complexes. However, the stability
gain caused by reduction of exchange repulsion
outweighs the destabilization caused by the drop in
correlation stabilization, thus resulting in overall
stabilization of the Cgy—water complex.

ONIOM [MP2/6-311+G(d,p):PM3] MODEL

Similar to the ONIOM [MP2/6-31+G(d,p):PM3]
model, ONIOM [MP2/6-311+G(d,p):PM3] was
only practical for C6, C12, and C14 systems due to
the large basis set used in the high MP2 layer. In
this case the overall geometry of the Cyy—water
complex follows the trend observed for 321 and
631dp+ models and differed from 631d. Similar to
these two methods, the C6 model predicts existence

ONIOM STUDY OF Cgy-WATER COMPLEX

of mH interaction, while C12 and C14 models fa-
vor the complex where the lone pair of the oxygen
atom interacts with 7*-orbitals of fullerene (Figs. 1,
2, and 3). As can be seen from these figures 631dp+
and 6311dp+ models predict geometries for the
Cgo—water complex similar to that of 6311dp+. As
follows from Table II the reasoning for the reorien-
tation of the water molecule passing from Cé/
6311dp+ to C12/6311dp+ is similar to that given for
631dp+.

ONIOM stabilization energies follow the same
trend observed for all other models, predicting the
complex to be more stable as the number of atoms
in the high ONIOM level increases. LMP2 stabili-
zation energies of the Cqy—water complex predicted
by ONIOM [MP2/6-311+G(d,p):PM3] are close to
those calculated for ONIOM [MP2/6-311+G(d,p):
PM3], one definitely showing basis set “saturation.”

Comparison of Different Models

Because the only available experimental data
that can be used for C¢i—water complex geometry
determination are those based on their electronic
spectra [20]; no quantitative comparison with the-
oretical results can be made. However, qualitative
comparison between modeling results and experi-
mental observations is possible. As follows from
VIS absorbance spectra, Csp—water complexes show
two broad low-intensive bands at 450 and 600 nm
[20]. The occurrence of such absorbance bands in
the VIS region is known to be connected with the
formation of weak donor-acceptor complexes of
Cgo with molecules, which are able to be the donors
of electrons, e.g., alcohols, aromatic rings, tertiary
amines, and poly(vinylpyrrolidone) [22, 23]. These
data unambiguously favor a complex structure
with the oxygen atom pointing to the fullerene
molecule and can be understood taking into ac-
count the high electron affinity of the Cy, molecule
[34], unlike small aromatic molecules such as ben-
zene acting as electron donor in complexes with
water. Analyzing the four ONIOM models used in
this study, one can see that the three using 3-21G,
6-31+G(d,p), and 6-311+G(d,p) are in qualitative
agreement with experimental data starting from
C12 models. On the other hand, all C6 ONIOM
models and those using the 6-31G(d) basis set lead
to qualitatively wrong conclusions about the com-
plex geometry predicting water hydrogen pointing
to the Cgy molecule. The first case is easy to under-
stand taking into account the fact that in all C6
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models only six fullerene atoms are treated at the
level proper for modeling of van der Waals inter-
action. On the other hand, it is clearly seen that
relatively large basis sets with diffuse functions and
at least 12 carbons in the high layer are needed to
reproduce correctly the geometry of the Cy—water
complex.

The ONIOM (MP2/3-21G:PM3) model describes
the Cyp—water complex surprisingly well, qualita-
tively reproducing trends of such high-level models
as ONIOM [MP2/6-31+G(d,p):PM3] and ONIOM
[MP2/6-311+G(d,p):PM3] while the better ONIOM
[MP2/6-31G(d):PM3] completely fails to reproduce
experimental geometry. The reason for such good
performance of the 3-21G basis set is not obvious
and probably related to the cancellation of errors
leading to correct qualitative description of Cgy—
water complex geometry.

There are no experimental stabilization energies
available for the Cyy—water complex to compare
them with calculated ones; therefore, comparison
can only be made between different theoretical
models. Because single-point energy evaluation of
Cgo—water complexes was carried out at reasonably
high theoretical level, one can conclude that more
negative stabilization energies correspond to more
reasonably complex geometry. Thus, the ONIOM
(MP2/3-21G:PM3) model, although succeeding to
reproduce qualitatively the complex geometry, pre-
dicts the Cgy-water complex to be unstable at the
LMP2 level except for C60/321, where local imple-
mentation of MP2 theory is used for geometry op-
timization. This fact clearly shows that the 3-21G
basis set is not adequate for quantitative discussion
of C4—water complex stability. The most negative
stabilization energies at the LMP2 level, not count-
ing C6 models, were found for C14/631d+ (—0.64
kcal/mol). Similar stabilization energies were
found for C14/6311d+, C12/631d+, and C12/
6311d+ (Table I). All these models predict similar
geometry for the Ci—water complex with
O—hexagon distance ranging from 3.19-3.09 A.

Conclusions

It seems that the ONIOM (MP2:PM3) model in
combination with LMP2 energy evaluation is a
promising tool for modeling of large van der Waals
complexes similar to the Cgy—water one. To repro-
duce qualitatively correct Cqy—water complex ge-
ometry at least 12 C4, carbons should be included in
high MP2 level in combination with at least the

6-31+G(d,p) basis set. Calculations showed that the
Cgo—water complex is stabilized by the interaction
of the lone pair of the water oxygen with w*-orbitals
of the C4y, molecule, in agreement with experimen-
tal data [20].

Although ONIOM (MP2/3-21G:PM3) describes
Cgo—water complex geometry qualitatively correct,
the reason for such good performance of the 3-21G
basis set is not obvious. This could be related to the
cancellation of errors leading to correct qualitative
description of Cg—water complex geometry.

According to calculations, the most negative sta-
bilization energy at the LMP2 level for models giv-
ing correct molecular geometry were found for the
C14/631d+ model (—0.64 kcal/mol). Similar stabi-
lization energies were found for C14/6311d+, C12/
631d+, and C12/6311d+ models (Table I). All these
models predict similar geometry for the Cy—water
complex with O—hexagon distance ranging from
3.19-3.09 A and represent the most probable equi-
librium structure for the C4y—water complex.
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