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Abstract A random walk on the PES for (MeSH)4 clusters
produced 50 structural isomers held together by hydrogen-
bonding networks according to calculations performed at the
B3LYP/6–311++G** andMP2/6–311++G** levels. The geo-
metric motifs observed are somewhat similar to those encoun-
tered for the methanol tetramer, but the interactions
responsible for cluster stabilization are quite different in ori-
gin. Cluster stabilization is not related to the number of
hydrogen bonds. Two distinct, well-defined types of hydrogen
bonds scattered over a wide range of distances are predicted.
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Introduction

The thiol bond (S–H) is a deceptively simple functional group
that plays important roles in biology and chemistry. Thiol
bonds, which are present in several amino acids such as
cysteine, are thought to contribute to the stabilization of the
tertiary and quaternary structures of proteins and biomolecules.
Methanethiol (CH3SH, MeSH) is a colorless gas with an
unpleasant odor that is naturally found in living tissues and

in physiological environments such as blood and the brain.
Methanethiol is a product of the bacterial and metabolic de-
composition of proteins and foods that is ultimately eliminated
in animal excrement; it is also among the chemical substances
responsible for bad breath and other foul odors. Methanethiol
is used in a variety of industrial processes, such as those used in
the production of animal food and the plastic and pesticide
industries, as well as in airplane fuel mixtures; more common-
ly, because of its strong smell provides warnings against leaks,
MeSH is included as an additive in natural gas. The adsorption
of methanethiol on several metallic surfaces has been studied
[1, 2].

Because oxygen and sulfur atoms have different sizes,
electronegativities, and electronic structures, sulfur-
containing compounds behave in a chemically different
manner to their oxygen-containing analogs. This is especial-
ly true in relation to the study reported in the present paper,
in which the ability of methanethiol to form stable clusters
via hydrogen-bonding networks was investigated. Chemical
systems bonded via hydrogen bonds are the subject of
intense research, but many aspects of hydrogen bonding
remain unclear [3], probably due in part to the difficulties
involved in accurately treating the complex energy decom-
position schemes associated with such interactions [4].

In this work, we attempt to characterize the potential
energy surface (PES) for (MeSH)4 clusters in order to im-
prove the currently limited understanding of this very im-
portant PES and to contribute to the field of weakly
interacting hydrogen-bonded systems. It is important to
recognize that the amount of experimental and theoretical
work needed to perform a complete structural characterization
of potential energy surfaces as complex as that of (MeSH)4
renders this aspiration impractical. Conformational spaces for
weakly hydrogen-bonded systems are notoriously difficult to
characterize because of the existence of several complex
competing interactions, which can lead to very flat PESs with
the presence of possibly numerous shallow local minima. A

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-013-1765-4) contains supplementary material,
which is available to authorized users.

S. Gómez :D. Guerra :A. Restrepo (*)
Grupo de Química–Física Teórica, Instituto de Química,
Universidad de Antioquia, AA 1226,
Medellín, Colombia
e-mail: albeiro@matematicas.udea.edu.co

J. David
Escuela de Ciencias y Humanidades,
Departamento de Ciencias básicas,
Universidad Eafit, AA 3300,
Medellín, Colombia

J Mol Model (2013) 19:2173–2181
DOI 10.1007/s00894-013-1765-4

http://dx.doi.org/10.1007/s00894-013-1765-4


problematic issue in the study of atomic and molecular clus-
ters is the generation of equilibrium structures. Modern advan-
ces in technology have produced fast and powerful computers
that have allowed the recent implementation of stochastic
optimization methods in which the energy is evaluated via
quantum Hamiltonians [5–9]. In particular, a modified Me-
tropolis acceptance test in the simulated annealing optimiza-
tion procedure [10–12] has recently been proposed [13–15] as
a means of generating cluster candidate structures that under-
go further optimization via traditional gradient-following
techniques. This method, incorporated into the ASCEC
(Annealing Simulado Con Energía Cuántica) program [15],
retains the comparative advantages and disadvantages of sto-
chastic optimization over analytical methods [16] (initial
guess independence, exhaustive exploration of the potential
energy surface, and the ability to jump over energy barriers
and to sample several energy wells in the same run without
getting trapped in local minima); however, the method is still
computationally intensive due to repetitive evaluation of the
energy function. The ASCEC method has been successfully
used to treat mono and bimetallic atomic microclusters
[14, 17–19], molecular clusters that are linked together
via hydrogen-bonding networks [13, 20–24], and mixed
atoms/molecules clusters [25] that are stabilized via a wide
variety of complex interactions. The studies in question high-
lighted new structures that had never been reported in the
literature before, helping to rationalize bonding in metallic
clusters, the stabilization of small hydrogen–bonded net-
works, the reactivity of metallic microclusters, and the nature
of the complex interplay between the forces involved in the
microsolvation of alkali metal cations.

Computer methods

We used the molecular cluster capabilities of the ASCEC
program [15], which contains a modified Metropolis accep-
tance test in an adapted version of the simulated annealing

optimization procedure. The annealing algorithm [10–12] was
used to generate candidate structures after random walks of
the PM3 PES. The hybrid B3LYP density functional [26–28]
was used in conjunction with the 6–311++G** basis set to
optimize and characterize the structures afforded by ASCEC.
In order to ensure better treatment of electron correlation and
an improved description of the dispersive forces that are
probably involved in the stabilization of the title clusters,
and due to the extremely high computational demands, we
reoptimized only the eight most stable structures at the
MP2/6–311++G** level; this subset of structures should be
representative of the tendencies in energies and geometries
across the entire conformational space. Our choice of model
chemistry has proven very accurate for the treatment of
hydrogen-bonded clusters [13, 20–24]. Analytical harmonic
second-derivative calculations were used to characterize all
stationary points as true minima (no negative eigenvalues of
the Hessian matrix). Highly correlated CCSD(T)/6–311++
G** energies were calculated for all B3LYP- and MP2-
optimized geometries. Total binding energies (BE) were cal-
culated by subtracting the energy of a given cluster from the
sum of the energies of its constituting moieties. Relative
binding energies (ΔBE) were calculated as the difference
between the energy of the most stable structure and the energy
of a particular cluster on a given PES. All binding and relative
energies were corrected for zero-point vibrational energy. All
optimization, frequency, and energy calculations were carried
out using the Gaussian 03 suite of programs [29]. Isomer
populations were estimated by performing standard Boltz-
mann distribution analysis.

Results and discussion

ASCEC conditions

We used the “big bang” approach to construct the initial
geometries for all ASCEC runs: all methanethiol molecules

1, Ia: ΔBE 0.00 2, Ib: ΔBE 0.33 25, Ic: ΔBE 1.99 26, Id: ΔBE 2.00

32, Ie: ΔBE 2.19 36, I f : ΔBE 2.30 47, Ig: ΔBE 2.75

Fig. 1 Group I. The defining
geometrical motif includes a
five-sided ring with one
primary hydrogen bond, two
secondary hydrogen bonds, and
two formal C–S bonds. The two
most stable structures belong to
this group. All relative energies
are in kcal mol−1, and were
calculated at the CCSD(T)/6–
311++G**//B3LYP/6–311+
+G** level
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were placed at the same position, and they were allowed to
evolve under the annealing conditions within a cube 10 Å
on a side. The PM3 semiempirical Hamiltonian was used to
calculate the energies of randomly generated cluster config-
urations; we used geometric quenching routes with initial
temperatures of 500 K, a constant temperature decrease of
5 %, and 300 temperatures in total. The stochastic sampling
generated 122 candidate structures.

Geometric and structural issues

Equilibrium geometries for the (CH3SH)4 clusters were pro-
duced via the procedure outlined above. The structures,

notation, and relative energies within each PES are shown in
Figs. 1, 2, 3, 4, 5, 6, 7, 8 and 9. All geometry optimizations were
carried out without imposing symmetry constraints, as the struc-
tures obtained from ASCEC were randomly generated and
belonged to theC1 point group; however, some of the stationary
points located had higher effective (heavy-atom) symmetries.

We found 50 equilibrium structures in the B3LYP/6–
311++g** PES, which could be categorized into eight differ-
ent geometrical motifs, as shown in Figs. 1–9 and listed in
Table 1 in approximate decreasing order of stability according
to the calculated CCSD(T)/6–311++G**//B3LYP/6–311++
G** relative energies. Note that our classification is arbitrary,
as chains and other patterns fit into our groups; also, some

4, IIa: ΔBE 0.59 5, IIb: ΔBE 0.65 8, IIc: ΔBE 0.82 9, IId: ΔBE 0,87

10, IIe: ΔBE 0.88 11, II f : ΔBE 0.91 14, IIg: ΔBE 1.15 17, IIh: ΔBE 1.48

18, IIi: ΔBE 1.51 28, II j: ΔBE 2.05 30, IIk: ΔBE 2.11 31, IIl: ΔBE 2.16

38, IIm: ΔBE 2.31 39, IIn: ΔBE 2.35 42, IIo: ΔBE 2.41 43, IIp: ΔBE 2.54

Fig. 2 Group II. The defining
geometrical motif includes two
consecutive primary hydrogen
bonds, a secondary hydrogen
bond, and a formal C–S bond.
All relative energies are in
kcal mol−1, and were calculated
at the CCSD(T)/6–311++G**//
B3LYP/6–311++G** level

6, IIIa: ΔBE 0.72 7, IIIb: ΔBE 0.72 16, IIIc: ΔBE 1.36

Fig. 3 Group III. The defining geometrical motif includes alternating pairs of primary hydrogen bonds, secondary hydrogen bonds, and formal C–
S bonds. All relative energies are in kcal mol−1, and were calculated at the CCSD(T)/6–311++G**//B3LYP/6–311++G** level
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structures could belong to more than one group because
several motifs may be present in the same cluster. Five struc-
tures that do not exhibit any of the eight geometrical motifs
were collected into an additional group termed “others.”MP2
optimization of the most stable B3LYP structures, which were
actually found in four different groups, led to minimal struc-
tural deformation and to exactly the same hydrogen-bonding
networks that kept the clusters stable.

We decided not to refer to the 50 structures using con-
ventional descriptive methods because this could lead to
confusion considering the large number of isomers in-
volved; instead, the eight groups are described by common
structural features. Two criteria were used: global relative
stability (1, 2, …, 50; where 1 is the most stable) and the
relative stability within each group (Ia, Ib,…, VIIIb; where Ia
being the most stable in group I, etc.). There are plenty of
possibilities and probably more structures to be found with-
in each group due to variations in the orientations of the H
and CH3 substituents relative to the geometrical pattern that
defines the group.

Brief description of the groups

Group I (Fig. 1) is defined by a five-sided ring with
contributions from three different molecules. The ring
features one primary (the donated proton comes from
an S–H bond) and two secondary (the donated proton
comes from a C–H bond) hydrogen bonds as well as
two C–S bonds. Two of the molecules contribute with
one secondary bond and one C–S bond each, meaning
that their respective SH hydrogens are free of interac-
tions or are used to bond with the fourth methanethiol.
There are seven structures in this group.
Group II (Fig. 2) displays a four-sided cyclic pattern
with contributions from three molecules, the remaining
CH3SH molecule positioning itself in several different
ways around the defining geometrical motif. The cycle
contains one secondary and two primary hydrogen

bonds in addition to one C–S bond, with one molecule
affording the secondary bond, the C–S bond, leaving its
own SH hydrogen free from cluster interactions. Six-
teen structures were located in this group.
Group III (Fig. 3) features a six-membered ring with
alternating C–S, primary, and secondary hydrogen
bonds. There are always two SH hydrogens that do
not participate in the stabilizing network. There are
three structures in this group.
Group IV (Fig. 4) is characterized by a planar network
of three primary hydrogen bonds (a trimer) interacting
with an extra methanethiol molecule. There are a total
of seven structures in this group.
Group V (Fig. 5) contains two structures defined by a
six-membered ring with two secondary hydrogen bonds
and two C–S bonds. The molecules that participate in
C–S bonds leave their own SH hydrogens free from
cluster interactions.
Group VI (Fig. 6) contains three stable structures. The
geometric pattern that defines the group is a planar
network of four primary hydrogen bonds with the meth-
yl groups located above and under the plane. No sec-
ondary bonds are present in this group.

12, IVa: ΔBE 1.07 13, IVb: ΔBE 1.10 21, IVc: ΔBE 1.79 40, IVd: ΔBE 2.36

41, IVe: ΔBE 2.40 44, IVf : ΔBE 2.62 45, IVg: ΔBE 2.64

Fig. 4 Group IV. A planar
network of three primary
hydrogen bonds (a trimer)
interacting with an extra MeSH
molecule defines this group. All
relative energies are in
kcal mol−1, and were calculated
at the CCSD(T)/6–311++G**//
B3LYP/6–311++G** level

19,Va: ΔBE 1.56 23,Vb: ΔBE 1.86

Fig. 5 Group V. The geometrical pattern defining this group is a six-
membered ring with alternating C–S and secondary hydrogen bonds.
All relative energies are in kcal mol−1, and were calculated at the
CCSD(T)/6–311++G**//B3LYP/6–311++G** level
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Group VII (Fig. 7) exhibits a five-sided ring to which
the four methanethiol molecules contribute. There are
three primary and one secondary hydrogen bond in the
ring. The fifth side of the ring is afforded by a C–S
bond in one of the methanethiol molecules, which is the
one that contributes the secondary bond, always leaving
its own SH hydrogen free from cluster bonding. We
located five structures in this group.
Group VIII (Fig. 8) displays two structures. There are
two primary hydrogen bonds in a six-membered cycle,
which also contains two secondary hydrogen bonds and
two C–S bonds.
Others (Fig. 9) comprises five structures whose geo-
metrical features prevent them from being included in
any of the other eight groups. The structures exhibit
several degrees of geometric complexity and include
the two least stable conformations in the overall order
as well as the third most stable isomer.

Primary hydrogen bonds, secondary hydrogen bonds, or
combinations of both are involved in bonding to one or
more of the molecules that define the geometrical motif
when there is an extra molecule. Except for groups I and

IV, the defining cycles are often nonplanar. There are many
instances of sulfur atoms acting as double acceptors of
primary, secondary, or both kinds of hydrogen bonds.

Secondary hydrogen bonds in the clusters are pre-
dicted to be≈18 % longer on average than primary
bonds. The smallest and largest S � � �H lengths of a
primary hydrogen bond are, respectively, 2.64 and 3.07 Å

(2.85 Å average, rmax � rmin ¼ 0:43 A
�
), while, for second-

ary bonds, those lengths are 3.03 and 3.70 Å (3.37 Å
average, rmax � rmin ¼ 0:67 A

�
; ratio of the averages=

1.18). Plots of the distributions of the S � � �H distances
for primary and secondary hydrogen bonds are included in
Fig. 10. The distributions of S � � �H distances for primary
and secondary hydrogen bonds resemble Gaussian func-
tions centered at the respective average values; the wider
range of values seen for secondary bonds makes for a
wide variety of possibilities, leading to a rich conforma-
tional space.

It has been suggested [30]—and shown in several cases—
that for linear hydrogen bonds, the distance from the proton to
the center of the hydrogen bond, q1, correlates quadratically
with the distance between the heavy atoms, q2, with q1=0
corresponding to a scenario where the proton is shared equally

24,VIIa: ΔBE 1.93 33,VIIb: ΔBE 2.20 34,VIIc: ΔBE 2.26

35,VIId: ΔBE 2.27 37,VIIe: ΔBE 2.30

Fig. 7 Group VII. The defining
geometrical motif includes
three consecutive primary
hydrogen bonds, a secondary
hydrogen bond, and a formal
C–S bond. All relative energies
are in kcal mol−1, and were
calculated at the CCSD(T)/6–
311++G**//B3LYP/6–311+
+G** level

20,VIa: ΔBE 1.76 22,VIb: ΔBE 1.83 27,VIc: ΔBE 2.04

Fig. 6 Group VI. A planar network of four primary hydrogen bonds defines this group; the methyl groups are located above and under the plane.
All relative energies are in kcal mol−1, and were calculated at the CCSD(T)/6–311++G**//B3LYP/6–311++G** level
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between the two heavy atoms (i.e., this is the midpoint for
hydrogen transfer). Despite the fact that the hydrogen bonds
examined in this work are generally not linear, there is a
remarkable quadratic correlation between q1 and q2, as
depicted in Fig. 11. Fitting the relationship of q1 to q2 for
primary hydrogen bonds yields the adjusted equation q2 ¼ 2

:8486� 1:6854q1 þ 0:1636q21. This equation reveals that for
the (MeSH)4 clusters, every H atom involved in a primary
hydrogen bond remains strongly attached to the methanethiol
molecule that donates it: the smallest predicted q2 is 4.05 Å ,
which is considerably larger than 2.85 Å , the distance
corresponding to a proton shared equally between two sulfur
atoms (q1=0). Fitting the relationship of q1 to q2 for secondary
hydrogen bonds produced the adjusted equation q2 ¼ 2:1900

�1:9838q1 þ 0:0054q21; and the smallest predicted q2 is
4.15 Å , which is considerably larger than 2.19 Å, the dis-
tance corresponding to a proton shared equally between two
sulfur atoms (q1=0). These observations lead us to suggest
that proton transfer in the (MeSH)4 clusters is not favored.
More importantly, from Fig. 10, it is clear seen that primary

and secondary hydrogen bonds have different physical ori-
gins, as there are two separate, well-defined trend lines.

The rich potential energy surface obtained in this study is
a consequence of the stochastic nature of the search of the
quantum conformational space performed by the ASCEC
method [13, 14], which bypasses the structure-guessing step
in the search for local minima. The high diversity of struc-
tures obtained is due to the presence of the secondary
hydrogen bonds, which increase the conformational possi-
bilities: in contrast, water tetramers held together exclusive-
ly by primary hydrogen bonds exhibit three geometrical
motifs and eight structures [13]. A remarkable finding is
that, due to the spatial orientation of the entire cluster, we
identified several pairs of enantiomers, even though the
cluster does not have a chiral center.

Energetics, cluster stabilization, and other properties

Table 1 lists the clusters in decreasing order of stability as
predicted by the CCSD(T)/6–311++G**//B3LYP/6–311++
G** calculations. Table 1 also shows their binding energies
(BE) and relative binding energies (ΔBE), as calculated at
the B3LYP and CCSD(T)//B3LYP levels. Isomer popula-
tions, estimated via standard Boltzmann distribution analy-
sis, are also included in Table 1. Table 2 shows analogous
results for the MP2 and CCSD(T)//MP2 calculations. Note
the extensive overlap between groups and how similar the
binding energies are, which means that several isomers have
significant populations at standard conditions.

Stability does not seem to depend directly on the number of
primary hydrogen bonds, as in the cases of hydrogen-bonding
networks involving O–H groups; in the present case, struc-
tures with four primary bonds are not the most stable ones.
The total number of hydrogen bonds does not correlate with
stability either. For example, the most stable structure (1, Ia,
Fig. 1, Table 1) exhibits two primary and three secondary

29,VIIIa: ΔBE 2.09 48,VIIIb: ΔBE 2.85

Fig. 8 Group VIII. A common pattern of a nonplanar six-membered
ring with two primary and two secondary hydrogen bonds together
with two C–S bonds defines this group. All relative energies are in
kcal mol−1, and were calculated at the CCSD(T)/6–311++G**//
B3LYP/6–311++G** level

3, Othersa: ΔBE 0.56 15, Othersb: ΔBE 1.26 46, Othersc: ΔBE 2.70

49, Othersd: ΔBE 3.32 50, Otherse: ΔBE 3.55

Fig. 9 Group “others.” The
structures belonging to this
group did not have any
characteristics in common, and
were also unrelated to any of
the other groups. All relative
energies are in kcal mol−1, and
were calculated at the CCSD
(T)/6–311++G**//B3LYP/6–
311++G** level

2178 J Mol Model (2013) 19:2173–2181



Table 1 B3LYP and CCSD(T)//
B3LYP binding (BE) and rela-
tive binding (ΔBE) energies for
(MeSH)4 (all energies are in
kcal mol−1; %xi are the estimated
Boltzmann populations at
298 K; all calculations were
performed using the 6–
311++G** basis set)

Order Structure BE [B3LYP] ΔBE [B3LYP] BE [CCSD(T)] ΔBE [CCSD(T)] %xi

1 Ia 2.93 2.24 10.49 0.00 18.02

2 Ib 2.78 2.40 10.16 0.33 9.61

3 Othersa 2.82 2.35 9.93 0.56 6.32

4 IIa 3.77 1.40 9.90 0.59 6.32

5 IIb 3.73 1.44 9.84 0.65 5.13

6 IIIa 3.55 1.62 9.78 0.72 5.13

7 IIIb 3.55 1.62 9.77 0.72 5.13

8 IIc 3.51 1.66 9.67 0.82 4.16

9 IId 3.77 1.40 9.40 0.87 4.16

10 IIe 3.51 1.67 9.61 0.88 4.16

11 IIf 3.99 1.18 9.58 0.91 3.37

12 IVa 3.70 1.48 9.42 1.07 2.73

13 IVb 3.77 1.40 9.40 1.10 2.73

14 IIg 3.11 2.06 9.34 1.15 2.22

15 Othersb 1.72 3.45 9.23 1.26 2.22

16 IIIc 3.09 2.09 9.13 1.36 1.80

17 IIh 3.60 1.57 9.02 1.48 1.46

18 IIi 3.86 1.31 8.98 1.51 1.46

19 Va 1.92 3.26 8.93 1.56 1.18

20 VIa 4.67 0.60 8.74 1.76 0.96

21 IVc 3.78 1.39 8.71 1.79 0.78

22 VIb 5.17 0.00 8.66 1.83 0.78

23 Vb 2.08 3.09 8.64 1.86 0.78

24 VIIa 4.09 1.08 8.56 1.93 0.63

25 Ic 3.10 2.07 8.50 1.99 0.63

26 Id 2.99 2.18 8.49 2.00 0.63

27 VIc 4.65 0.52 8.45 2.04 0.51

28 IIj 2.90 2.27 8.44 2.05 0.51

29 VIIIa 3.21 1.96 8.41 2.09 0.51

30 IIk 3.39 1.79 8.38 2.11 0.51

31 IIl 2.95 2.22 8.33 2.16 0.41

32 Ie 3.42 1.76 8.30 2.19 0.41

33 VIIb 4.31 0.87 8.29 2.20 0.41

34 VIIc 4.31 0.86 8.23 2.26 0.41

35 VIId 3.82 1.35 8.22 2.27 0.34

36 If 2.67 2.50 8.19 2.30 0.34

37 VIIe 4.06 1.11 8.20 2.30 0.34

38 IIm 3.23 1.94 8.18 2.31 0.34

39 IIn 3.41 1.77 8.14 2.35 0.34

40 IVd 3.51 1.66 8.13 2.36 0.34

41 IVe 3.38 1.79 8.09 2.40 0.27

42 IIo 3.19 1.98 8.08 2.41 0.27

43 IIp 3.38 1.79 7.95 2.54 0.22

44 IVf 3.31 1.86 7.87 2.62 0.22

45 IVg 3.34 1.84 7.85 2.64 0.22

46 Othersc 2.22 2.95 7.80 2.70 0.18

47 Ig 2.67 2.51 7.74 2.75 0.18

48 VIIIb 3.43 1.75 7.64 2.85 0.15

49 Othersd 3.00 2.17 7.17 3.32 0.06

50 Otherse 2.51 2.67 6.94 3.55 0.04
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hydrogen bonds, while structure number 12 in the stability
order (IVa, Fig. 4, Table 1) shows three primary and two
secondary hydrogen bonds.

As opposed to hydrogen-bonded networks involving O–H
groups, cluster stabilization in (MeSH)4 cannot be understood
by invoking the joint effect of cooperative polarization and
cooperative charge transfer. For the methanol tetramer, the
most closely related system, the most stable structures are
those found in group VI for (MeSH)4; this is additional
evidence that the forces governing methanol cluster stabiliza-
tion—which are thought to include dominant contributions
from electrostatic interactions [20]—are very different to
those involved in the stabilization of methanethiol clusters.
This can be rationalized in terms of the higher electronegativ-
ity of the oxygen atom when compared to the sulfur atom,

which yields highly polar O–H bonds, meaning that electro-
static interactions are major players in the stabilization of O–H
hydrogen-bonding networks [13, 20–24]. Additional evidence
of the relative weakness of the interactions responsible for
stabilization in (MeSH)4 clusters when compared to (MeOH)4
is the smaller stabilization energies, which lead to excessive
mixing of the structures in the groups, as already pointed out
(19–37 kcal mol−1 in (MeOH)4 [20] vs. 7–10 kcal mol−1 for
(MeSH)4, Table 1). It was also found that B3LYP performs
remarkably well in the prediction of molecular geometries
because most methanol tetramer structures are reproduced
for the methanethiol tetramers and because, upon MP2 refine-
ment of the geometries, the clusters undergo minimal struc-
tural changes while retaining the stabilizing hydrogen-
bonding networks. However, B3LYP does a rather poor job
of predicting binding and relative energies, as seen when
comparing CCSD(T)//B3LYP and CCSD(T)//MP2 against
pure B3LYP binding energies (Tables 1 and 2). Tables 1 and
2 show that high levels of electron correlation are needed to
properly calculate binding energies because B3LYP under-
estimates and MP2 overestimates energy quantities; however,
and perhaps more importantly, CCSD(T) energy differences
remain in the same 0–1 kcal mol−1 range, regardless of the
method used to optimize the cluster geometries.

Conclusions and perspectives

We report the geometries and properties of 50 structural
isomers located on the PES of (methanethiol)4. The struc-
tures were found after a random walk on the PES subject to
a modified Metropolis acceptance test produced 122 candi-
dates. The isomers were categorized into eight geometric
motifs. Two distinct types of hydrogen bonds were ob-
served: primary hydrogen bonds (in which an S–H group
acts as proton donor) and secondary hydrogen bonds (in
which the donated proton comes from a C–H bond). Cluster
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Table 2 MP2 and CCSD(T)//MP2 binding (BE) and relative binding
(ΔBE) energies for (MeSH)4 (all energies are in kcal mol−1; all
calculations were performed using the 6–311++G** basis set)

Order Structure BE
[MP2]

ΔBE
[MP2]

BE
[CCSD(T)]

ΔBE
[CCSD(T)]

1 Ia 12.95 0.18 14.41 0.13

2 Ib 12.51 0.61 13.90 0.63

3 Othersa 12.87 0.25 14.54 0.00

4 IIa 12.57 0.56 13.93 0.60

5 IIb 13.04 0.09 14.40 0.14

6 IIIa 13.12 0.00 14.37 0.17

7 IIIb 13.12 0.00 14.38 0.16

8 IIc 12.05 1.07 13.52 1.07
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stabilization is not related to the total number of hydrogen
bonds nor to the number of primary hydrogen bonds. The
geometric motifs are somewhat similar to those encountered
for the methanol tetramer, but the interactions responsible
for cluster stabilization are quite different in origin. Weak
interactions led to a very complex PES with hydrogen bonds
covering a wide range of distances. B3LYP did a good job
of predicting molecular geometries, but accurate calcula-
tions of interaction energies required the use of highly
correlated CCSD(T) methods. The results in this study by
no means provide 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.
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