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In this paper, we report the geometries and properties of the structural isomers obtained from a random walk
of the potential energy surface (PES) of the methanol tetramer. Thirty-three structures were obtained after
B3LYP/6-31+g* optimization of 94 candidate structures generated from a stochastic search of the PM3
conformational space. The random search was carried out using a recently proposed modified Metropolis
acceptance test in the simulated annealing (SA) procedure. Corrections for the basis set superposition error
(BSSE) show improvements on the binding energies of the clusters in an average of ~2.0 kcal/mol, while
geometries are predicted to be less sensitive to BSSE corrections. MP2/aug-cc-pvdz calculations on
representative structures did not change the geometries but predicted better binding energies. Highly correlated
CCSD(T) energies were calculated on the B3LYP and MP2 stationary points and used to establish relative
stabilities. We report several new conformations and group the structures into six distinct geometrical motifs.
Only the cyclic tetramers with four primary hydrogen bonds in the same plane are predicted to have significant
populations. Secondary hydrogen bonds, those for which the donated proton comes from an alkyl group, lead

to a rich conformational space.

1. Introduction

Chemical systems bonded via hydrogen bond networks are
the subject of intensive research in many areas of science,
ranging from chemistry, physics, and biology to nanotechnology
and interstellar chemistry. Networks of hydrogen bonds have a
major contribution to the stabilization of secondary and tertiary
structures of biopolymers such as proteins and nucleic acids.
Solvation processes and chemical reactions are strongly influ-
enced by the presence of hydrogen bonds. A testament to the
relevance of the subject of hydrogen-bonded networks is the
vast scientific literature devoted to its study. We cite a few very
recent developments in the field. LaPointe and co-workers!
identified three types of networking hydrogen bonds as con-
tributing factors to the stability of o-helical peptides; their
quantum theory of atoms in molecules (QTAIM) treatment
predicts contributions from N—H-+++O=C at three and four
positions apart as well as from N—H-+++O=C three positions
apart. Water clusters, responsible for the structure and properties
of liquid water are also held together via hydrogen bonds. Bates
and Tschumper® have concluded that high levels of electron
correlation with large basis sets are needed to correctly describe
the energetics associated with conformational isomers of water
hexamers. Similar studies have been reported by Olson et al.,?
Xantheas et al.,* and Dalke and co-workers.’ Klopper et al.®
have shown that for the same water hexamers, the correlation
energy converges to the CBS limit slowly when correlation-
consistent basis sets are used. Olivera and Vasconcellos’ have
shown that in alcohol/water mixtures, water and alcohol
molecules interact by simultaneously forming primary and
secondary hydrogen bonds. A recent study has shown the pivotal
role that hydrogen bonds play in the molecular interactions
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responsible for the formation of (ethanol),—water heterotrimers,”

and such interactions are thought to be of significant relevance
in the formation of the ethanol/water azeotrope; on the other
hand, it is not well understood how liquid mixtures of methanol/
water, capable of forming hydrogen bond networks similar to
those in ethanol/water mixtures, do not exhibit an azeotrope
and therefore can be separated by distillation. Many aspects
concerning hydrogen bonding remain unclear,” probably due
in part to the difficulties in accurate theoretical treatment of the
complex energy decomposition schemes for these interactions.'”
Cooperative polarization'' and cooperative charge transfer'?~'4
have been proposed as the main factors contributing to the
stabilization of hydrogen bond networks. Pérez and co-workers
have shown that both effects are involved in the formation of
stable water tetramers.'

A problematic issue in the study of molecular and atomic
clusters is the generation of equilibrium structures. Recently, !>~
a modification of the Metropolis acceptance test in the simulated
annealing optimization procedure'®2° was proposed as means
for generating cluster candidate structures that undergo further
optimization by traditional gradient-following techniques. The
method, incorporated into the ASCEC (after its Spanish acronym
annealing simulado con energia cudntica) program,'® retains the
comparative advantages and disadvantages of stochastic opti-
mization over analytical methods,?' namely, initial guess
independence, exhaustive exploration of the potential energy
surface, and the ability to jump over energy barriers and to
sample several energy wells on the same run without getting
trapped in local minima; however, the method is still compu-
tationally intensive because of repetitive evaluation of the energy
function. The method was successfully applied to the study of
the water tetramer'®> and of small neutral and charged lithium
clusters,'” affording contributing new structures never before
reported in the literature.
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There is a long and growing list of studies regarding liquid
methanol.?>?3 As opposed to water, where the structure of the
liquid phase is dominated by hydrophilicity, methanol exhibits
both hydrophilic and hydrophobic interactions due to the
presence of the OH bonds and the methyl groups, respectively.
Only two contributing structures were proposed for the methanol
tetramer?* before the study by Boyd and Boyd,?® who explored
many geometrical possibilities and reported 12 stable structures
spread among various geometrical motifs. It seems generally
accepted that for small clusters held together via hydrogen bonds
(water, methanol, ethanol, etc. and their mixtures, total number
of molecules n < 6), planar cyclic structures for the hydrogen
bond network are the most stable configurations.®!>? Pauling
hypothesized that liquid methanol is composed mainly of cyclic
hexamers and octamers;?° recent X-ray spectroscopy and DFT
calculations by Kashtanov and co-workers?’ and by Wilson and
co-workers?® seem to validate Pauling’s idea, with the exception
that chain-like clusters are also observed. Previous studies on
methanol clusters and liquid methanol are very well described
in the paper by Boyd and Boyd;? to summarize their discussion,
QM/MM treatments are reported in refs 29 and 30, methanol
trimer studies are in refs 31 and 32, methanol tetramers are in
ref 24, small methanol clusters (n =2 — 8) by B3LYP/6-31+g*
are in ref 33, small methanol clusters (n = 2 — 9) by Montecarlo
simulations are reported in ref 34, classical MD studies in liquid
methanol are in ref 35, Montecarlo simulations in liquid
methanol are in ref 36, and ab initio MD are in refs 37—39.

In this paper we report a treatment of the methanol tetramer
with the ASCEC method described in refs 15 and 17. This work
is a contribution to the still limited understanding of the
structures of methanol tetramers and of the molecular interac-
tions arising from hydrogen bond networks which drive
structural preferences.

2. Computational Methods

We used the molecular cluster capabilities of the ASCEC
program, which contains an adapted version of the simulated
annealing (SA) optimization algorithm. The annealing algorithm
was used to generate candidate structures after a random walk
of the PM3#! PES. The hybrid B3LYP density functional*>~**
in conjunction with the 6-314g* basis set was used to optimize
and characterize the structures afforded by ASCEC; the B3LYP/
6-314+g* methodology has proven to give very good quality
results at a reasonable computational cost in the study of similar
hydrogen bond networks.® Because several candidate structures
converged to the same equilibrium geometry, only a few
stationary points were found by this procedure. The located
structures were reoptimized at the same B3LYP/6-314g* level,
accounting for the BSSE superposition error®’ by the counter-
poise method* as implemented in the Gaussian 03 suite of
programs.*” Analytical harmonic second derivative calculations
were used to characterize all stationary points as true minima
(no negative eigenvalues of the Hessian matrix) or saddle points.
To have a better account of electron correlation, the most stable
overall structures (group I, see below) as well as the most stable
structures from each group were optimized and characterized
at the MP2/aug-cc-pvdz level. BSSE corrections were evaluated
via single-point calculations on the optimized geometries at the
same level. Highly correlated CCSD(T)* energies were calcu-
lated on all of the located minima and used to predict relative
stabilities and populations. Isomer populations, x;, within a given
PES were estimated by*’
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where g; is the degeneracy of isomer i and E; stands for one of
the B3LYP, MP2 Gibbs free energy, or the B3LYP, MP2,
CCSD(T)//B3LYP, or CCSD(T)//MP2 electronic energy. Bind-
ing energies (BE) were calculated by subtracting four times the
energy of the methanol monomer from the energy of the cluster;
relative binding energies (ABE) were calculated as the difference
between the energy of the most stable cluster and the energy of
a particular cluster. All optimizations and frequency and energy
calculations were carried out using the Gaussian03*’ suite of
programs.

3. Results and Discussion

3.1. ASCEC Conditions. We used the big bang approach
to construct the initial geometry for the ASCEC run, namely,
all methanol molecules were placed at the same position with
the same orientation, allowing them to evolve under the
annealing conditions within a cube of 8 Ain length. The PM3
semiempirical Hamiltonian was used to calculate the energy of
randomly generated cluster configurations. We used a geo-
metrical quenching route with an initial temperature of 500 K,
a constant temperature decrease of 10%, and 300 total temper-
atures. The stochastic sampling generated 94 candidate struc-
tures, 83 of them after satisfying the modified Metropolis test
(IAE/Ej| < exp[—AE/kgT]) and the remaining 11 after a random
move resulted in lowering the energy.

3.2. Cluster Structures. The B3LYP and MP2 equilibrium
geometries were produced following the procedure described
in the Computational Methods section. All geometry optimiza-
tions were carried with no imposition of symmetry constraints
as the structures coming from ASCEC are randomly generated
and belong to the C; point group; however, some of the located
stationary points have higher symmetries.

3.2.1. Geometries. We found 33 equilibrium structures in the
B3LYP/6-31+g* PES classified into six different geometrical
motifs, shown in approximate decreasing order of stability in
Figures 1—6. Figure 7 shows the relative stability of the
structures and groups; an overlap between motifs due to the
many geometrical possibilities is observed. Our classification
is arbitrary as chains and other patterns fit in our groups; also,
some structures could belong to more than one group because
several motifs may be present in the same cluster. We have
declined to name the 33 structures using conventional descriptive
methods because for such a large set of isomers, it may lead to
confusion; instead, the six groups are described by the common
features of the structures within. We have named the structures
by two criteria, global relative stability (1, 2, ..., 33; 1 being
the most stable) and relative stability within each group (L, I,
..., VI; I, being the most stable in group I, etc.). There are plenty
of possibilities and probably more structures to be found within
each group due to the orientations of the H and CH; substituents
relative to the geometrical pattern defining the group. Calcula-
tions accounting for the BSSE did not change the landscape of
the (methanol), PES as the same structures were located with
negligible geometry distortions.

Brief Description of the Groups. Group I contains the three
most stable structures. The geometrical pattern defining the
group is a planar network of four primary hydrogen bonds with
the methyl groups located above and under the plane. No
secondary bonds are present in this group. Group II is character-
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Figure 1. Group 1. Stabilization due to cooperative polarization. The
arrangement of in-plane dipole moment components is shown.
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Figure 2. Group II. The arrangement of in-plane dipole moment
components is shown.

ized by a planar network of three primary hydrogen bonds (a
trimer) interacting with an extra methanol molecule. There are
a total of nine structures in this group. Group III exhibits a five-
sided ring in which the four methanol molecules contribute;
there are one secondary and three primary hydrogen bonds in
the ring, and the fifth side is afforded by a C—O bond in one of
the methanol molecules, which is the one always contributing
with the secondary bond and always leaving its own OH
hydrogen free from cluster bonding. We located five structures
in this group. The 10 structures located in group IV display a
four-sided cyclic pattern with contributions from three mol-
ecules; the cycle contains one secondary and two primary
hydrogen bonds in addition to one C—O bond (again, one single
molecule affording the secondary bond, the C—O bond, and
leaving its own OH hydrogen free from cluster interactions).
Group V is defined by a five-sided ring with contributions from
three different molecules; the ring features one primary and two
secondary hydrogen bonds as well as two C—O bonds; two of
the molecules contribute with one secondary bond and one C—O
bond each, leaving their respective OH hydrogens free of
interactions or used to bond with the fourth methanol. There
are three structures in this group. Group VI features a six-
membered ring with alternating C—O, primary, and secondary
hydrogen bonds; there are always two OH hydrogens not
participating in the stabilizing network. There are three structures
in this group.
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Figure 3. Group III. The defining geometrical motif includes three
consecutive primary hydrogen bonds (thick arrows), a secondary
hydrogen bond (thin dashed/pointed arrow), and a formal C—O bond
(medium thickness, dashed arrow). Structures 7, 8 and 9, 10 are
enantiomer pairs. The motif is not always planar.
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Figure 4. Group IV. The defining geometrical motif includes two
consecutive primary hydrogen bonds (thick arrows), a secondary
hydrogen bond (thin dashed/pointed arrow), and a formal C—O bond
(medium thickness, dashed arrow). The motif is not always planar.

Primary hydrogen bonds, secondary hydrogen bonds, or
combinations of both are responsible for the bonding to one or
more of the molecules defining the geometrical motif in the
cases where there is an extra molecule. Except for groups I and
II, the defining cycles are often nonplanar. There are many
instances of oxygen atoms acting as double acceptors of primary,
secondary, or both kinds of hydrogen bonds. Secondary bonds
in the clusters are predicted to be ~38% larger on average than
primary bonds; the smallest and largest O+++H distances in a
prlmary hydrogen bond are, respectlvely, 1.75 and 2.06 A (1.84
A average, Imax — Fmin = 0.31 A) while for secondary bonds,
those distances are 2.31 and 3.02 A (2.54 A average, rmax —
Foin = 0.71 A; ratio of the averages = 1.38). Plots of the
distributions of O-+<H distances for primary and secondary
hydrogen bonds are included in Figure 8. The distribution of
O--+H distances for primary hydrogen bonds resembles a
Gaussian function centered at the average value; the wider range



10170 J. Phys. Chem. A, Vol. 113, No. 38, 2009

. e
S S

a‘. e ® 3,v, e
e 4 "a "

33, \',

Figure 5. Group V. The defining geometrical motif includes one
primary hydrogen bond (thick arrow), two secondary hydrogen bonds
(thin dashed/pointed arrows), and two formal C—O bonds (medium
thickness, dashed arrows). The motif is not always planar.
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Figure 6. Group VI. The defining geometrical motif includes alternat-
ing pairs of primary hydrogen bonds (thick arrows), secondary hydrogen
bonds (thin dashed/pointed arrows), and formal C—O bonds (medium
thickness, dashed arrows). The motif is not always planar. Structures
27 and 28 are enantiomers.
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Figure 7. Relative stability of the structural motifs for (methanol),
clusters. An overlap between groups is observed.

of values for secondary bonds makes for a large variety of
possibilities, leading to a rich conformational space.

The rich potential energy surface obtained in this study (33
structures, 6 motifs) is a consequence of the stochastic nature
of the search of the quantum conformational space performed
by the ASCEC method, which bypasses the structure-guessing
step in the search for local minima;'>!7 the diversity of structures
is due to the secondary hydrogen bonds, which increase the
conformational possibilities (in contrast, water tetramers held
together exclusively by primary hydrogen bonds exhibit three
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Figure 8. Distribution of the O--+H distances for primary and
secondary hydrogen bonds in the methanol tetramer.

geometrical motifs and eight structures'®). The excellent work
by Boyd and Boyd,? the only previous attempt to systematically
characterize the (methanol), PES, reported 12 structures dis-
tributed among 4 of our groups, the most stable structures and
relative stabilities being very similar in both cases (see the
section 3.2.2).

A remarkable finding is that despite having no chiral centers,
due to the spatial orientation of the entire cluster, we identified
several enantiomer pairs, structures 7 and 8, 9 and 10, 27, and
28.

3.2.2. Energies, Cluster Stabilization, and Other Properties.
Table 1 classifies the clusters in decreasing order of stability as
predicted by the CCSD(T)//B3LYP calculations; Table 1 also
shows binding energies (BE) and relative binding energies
(ABE) at the B3LYP and CCSD(T)//B3LYP levels. Notice the
overlap between groups already pointed out and shown in Figure
7. Table 2 shows the same analysis for the selected structures
calculated at the MP2/aug-cc-pvdz level. Table 3 lists the
unscaled B3LYP ZPE energies, the number of primary and
secondary bonds, the average O--+H distances in the hydrogen
bonds, and the number of OH hydrogens not used in the bonding
network. Table 4 shows the isomer populations estimated using
eq 1 by different methods on those structures with meaningful
contributions.

Generally speaking, Table 1 tells us that the B3LYP and
CCSD(T)//B3LYP surfaces are very similar; only minor dif-
ferences are found in the stability ordering of the less stable
isomers. Binding energies are consistently underestimated by
~10 and ~8 kcal/mol in the B3LYP and the BSSE-corrected
B3LYP surfaces, respectively, when compared with the CCS-
D(T)//B3LYP calculations; however, the differences in binding
energy with respect to the most stable isomer (structure 1) are
in excellent agreement. A linear regression produced a remark-
able correlation (R*> = 0.99) between the BSSE-corrected and
-uncorrected B3LYP binding energies, BE(BSSE) = 1.05 x
BE + 1.42. More sophisticated treatment of electron correlation
as calculated by the MP2/aug-cc-pvdz and CCSD(T)/aug-cc-
pvdz//MP2/aug-cc-pvdz formalisms (Table 2) indicates that
accurate binding energies for the open systems studied here are
to be calculated only with high levels of electron correlation;
however, relative binding energies are not as sensitive. Some
qualitative correlations are observed from Table 3. (i) The
stability seems to directly depend on the number of primary
bonds (structures with four primary bonds are the most stable
ones, and structures with two primary bonds are the least stable),
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TABLE 1: Energetic Analysis for the (Methanol), Clusters®
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structure BE? kcal/mol BE(CP)"¢ kcal/mol

BE“ kcal/mol

ABE? kcal/mol ABE(CP)”¢ kcal/mol ABE? kcal/mol

1, 1, 26.89 29.42 37.45
2,1, 25.86 28.31 36.35
3,1, 25.76 29.43 36.23
4, 11, 20.05 22.66 31.24
5, 1, 20.00 22.09 30.73
6, 11, 19.48 21.87 29.89
7, 11, 19.82 22.04 29.717
8, 111, 19.82 22.04 29.717
9, 111, 19.05 21.79 29.34
10, 111, 19.08 21.79 29.19
11, 111, 19.13 21.05 29.07
12, 1V, 18.05 19.95 28.09
13,1V, 18.03 19.92 27.73
14, 1V, 17.82 19.96 27.14
15, 1V, 15.22 17.48 26.61
16, 1V, 15.21 17.74 26.60
17, 1Vy 15.10 17.74 26.47
18, 11, 14.15 16.52 26.40
19, 11, 15.51 17.64 25.19
20, Iy 15.33 17.46 24.82
21, 1V, 15.00 17.20 2475
22, 11, 15.28 17.96 24.72
23, 11, 15.26 17.36 24.68
24, 1V, 14.98 17.62 24.65
25, V, 13.53 15.45 23.54
26, 1I; 14.88 16.59 23.26
27, V1, 12.54 14.50 21.87
28, VI, 12.53 14.49 21.81
29, 1V, 12.30 14.39 21.57
30, 1V; 12.24 14.20 21.07
31, VI, 9.93 11.78 20.01
32, V, 11.07 12.70 19.48
33, V. 10.39 12.68 19.34

0.00 0.01 0.00
1.03 1.12 1.10
1.13 0.00 1.22
6.84 6.77 6.21
6.89 7.34 6.72
7.41 7.56 7.56
7.07 7.39 7.68
7.07 7.39 7.68
7.84 7.64 8.11
7.81 7.64 8.26
7.76 8.38 8.38
8.84 9.48 9.36
8.86 9.51 9.72
9.07 9.47 10.31
11.67 11.95 10.84
11.68 11.69 10.85
11.79 11.69 10.98
12.74 12.91 11.05
11.38 11.79 12.26
11.56 11.97 12.63
11.89 12.23 12.70
11.61 11.47 12.73
11.63 12.07 12.77
11.91 11.81 12.80
13.36 13.98 13.91
12.01 12.84 14.19
14.35 14.93 15.58
14.36 14.94 15.64
14.59 15.04 15.88
14.65 15.23 16.38
16.96 17.65 17.44
15.82 16.73 17.87
16.50 16.75 18.11

“BE: Binding energy. ABE: Relative binding energy. * B3LYP/6-31+g*. < BSSE corrected by the counterpoise method (BSSE optimized

geometries). ¢ CCSD(T)/6-31+g*//B3LYP/6-314g*.

TABLE 2: Energetic Analysis for the (Methanol), Clusters®

structure BE’kcal/mol BE(CP)"¢ kcal/mol BE kcal/mol ABE? kcal/mol ABE(CP)"¢ kcal/mol ABE kcal/mol
1, 1, 28.65 28.59 32.87 0.00 0.00 0.00
2,1, 28.02 27.49 32.40 0.63 1.10 0.47
3, L, 27.86 27.40 32.34 0.79 1.19 0.53
4, 11, 23.65 23.06 28.26 5.05 5.53 4.61
7, 11, 22.88 22.15 26.90 5.77 6.44 5.97
12, 1V, 22.81 21.62 27.01 5.84 6.97 5.86
25, V, 18.35 17.12 22.17 10.30 11.49 10.70
27, VI, 16.74 15.36 20.44 11.91 13.29 12.43

“BE: Binding energy. ABE: Relative binding energy. » MP2/aug-cc-pvdz. “ BSSE corrected by the counterpoise method (BSSE single

points). ¢ CCSD(T)/aug-cc-pvdz//MP2/aug-cc-pvdz.

not on the total number of hydrogen bonds. Structures 4 and 5,
despite exhibiting an extra secondary bond, are less stable than
structures 1, 2, and 3; on the other hand, structure 6, with the
same number of primary bonds and no secondary bonds, is even
less stable. This trend is due to the geometry of the stabilizing
network of hydrogen bonds as structures 1, 2, and 3 belong to
group I while structures 4, 5, and 6 belong to group II (more
on the stabilizing effects below). (ii) The stability ordering of
the groups might be correlated with the geometry of the cluster
as rings (group I) > rings + extra molecules (group II) > mixed
rings (groups III, IV, V, and VI), where mixed rings are cycles
having primary and secondary hydrogen bonds as well as formal
C—0 bonds (some may also be considered as chains); within
rings, the ones having the larger number of consecutive primary
bonds are the most stable.

Cluster stabilization can be understood by the joint effect of
cooperative polarization and cooperative charge transfer, which

in turn reinforces cooperative polarization. Figures 1—6 show
the cooperative polarization of the methanol dipole moment
components that stabilize the clusters; the cooperative effect
may include contributions from dipole moment components
along the O—H and C—H bonds participating in primary and
secondary hydrogen bonds, respectively, as well as components
from formal C—O bonds. The geometric arrangement of the
components is strongly stabilizing from the electrostatic point
of view; group I exhibits a planar octapole (or equivalently,
two reinforcing quadrupoles or four reinforcing dipoles) kind
of configuration, making it the most stable motif; group II
comprises three in-plane components; the other groups show
various distortions from the octapole and quadrupoles and from
planarity, the more deviated ones being the more unstable.
Figure 9 shows the distribution of charges in the participating
hydrogen atoms in primary and secondary bonds. Larger
amounts of charge transferred, that is, more positive hydrogens,
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TABLE 3: Some Properties of the (Methanol); Clusters®

David et al.

structure ZPE? kcal/mol primary bonds secondary bonds H left out from OH Ro...u"
primary secondary

1 134.47 4 0 0 1.76

2 134.32 4 0 0 1.77

3 134.28 4 0 0 1.77

4 134.00 4 1 0 1.89 2.66

5 133.88 4 1 0 1.89 2.71

6 133.98 4 0 0 1.88

7 133.61 3 1 1 1.79 2.31

8 133.61 3 1 1 1.79 2.31

9 133.58 3 1 1 1.80 2.38
10 133.54 3 1 1 1.80 2.38
11 133.52 3 1 1 1.80 2.38
12 133.43 3 2 1 1.89 2.42
13 133.35 3 1 1 1.81 2.84
14 133.39 3 1 1 1.81 2.88
15 133.59 3 3 1 1.91 2.62
16 133.55 3 3 1 1.91 2.61
17 133.52 3 3 1 1.91 2.65
18 133.60 3 3 1 1.88 2.59
19 133.35 3 2 1 1.88 2.51
20 133.38 3 2 1 1.87 2.54
21 133.37 3 1 1 1.89 2.42
22 133.35 3 2 1 1.88 2.59
23 133.32 3 2 1 1.87 2.55
24 133.34 3 1 1 1.89 2.39
25 132.95 2 3 2 1.81 2.52
26 132.88 3 0 1 1.87
27 132.81 2 2 2 1.85 2.32
28 132.81 2 2 2 1.85 2.32
29 132.70 2 3 2 1.84 2.50
30 132.64 2 3 1 1.84 2.54
31 132.78 2 4 1 1.92 2.73
32 132.49 2 2 2 1.88 2.47
33 132.58 2 2 2 1.91 2.38

“ Calculations at the B3LYP/6-31+g* level. ® Unscaled. ¢ Average lengths in A.

TABLE 4: Isomer Concentrations Estimated by Equation 1 Using Different Methods

structure B3LYP (%) B3LYP (%) MP2 (%) MP2 (%)" CCSD(T)//B3LYP* (%) CCSD(T)//MP2¢ (%)
1 80 50 63 58 77 54
2 11 20 21 22 12 24
3 9 30 16 20 10 22

“ Electronic energy only. ® Using Gibbs free energies at 298.16 K. Only those with significant populations are listed. All B3LYP-related
calculations are with the 6-31+g* basis set; all MP2 related calculations are with the aug-cc-pvdz basis set.

which in turn increase the component of the dipole moment
along the bond, have larger contributions to the stabilizing effect.
Finally, there is a statistical linear relationship between the
stability of the clusters and their unscaled B3LYP/6-31+g* ZPE
energies, as seen in Figure 10.

4. Conclusions and Perspectives

We report the geometries and properties of 33 structural
isomers located in the B3LYP/6-31+g* PES of (methanol),.
The structures were found after a random walk of the PM3 PES
subject to a modified Metropolis acceptance test produced 94
candidates. The isomers are divided among six geometrical
motifs. We suggest that stabilization comes from both coopera-
tive polarization and cooperative charge transfer. The coopera-
tive polarization arises from the spatial arrangement of the
methanol dipole moment components along OH, CH, and CO
bonds, producing electrostatically favorable configurations. Only
those structures lying typically ~1 kcal/mol above the global
minimum are predicted to have meaningful contributions.
Binding energies are consistently underestimated by ~10 and
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Figure 9. Distribution of atomic charges on hydrogen atoms involved
in hydrogen bonding.

~8 kcal/mol in the B3LYP and the BSSE-corrected B3LYP
surfaces, respectively, when compared with the CCSD(T)//
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Figure 10. Relative binding energy (kcal/mol) dependence on the
unscaled ZPE energy (kcal/mol) for the (methanol), clusters. RBE =
0 is the most stable cluster. Linear fitting (R*> = 0.93); BE = 1193.7 —
8.8677 x ZPE.

B3LYP calculations; however, relative binding energies with
respect to the most stable isomer show little differences. The
results in this study are by no means conclusive for a complete
characterization of the PES as there are probably more structures
to be located due to the many conformational possibilities
afforded by the presence of secondary hydrogen bonds.

Supporting Information Available: Cartesian coordinates
for all optimized geometries reported. This material is available
free of charge via the Internet at http://pubs.acs.org.
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