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Anion clusters formed between a chloride or bromide anion and H,S molecules have been
investigated using ab initio methods. Cluster structures, binding energies, and vibrational
properties were predicted at the MP2 level with basis sets of aug-cc-pvtz and aug-cc-pvdz quality.
Vibrational self consistent field (VSCF) calculations were employed to correct the predicted

harmonic vibrational frequencies of the dimer complexes for anharmonicity. The major finding of

this work is that the clusters all feature ““solvated anion” structural motifs, with an anion bound
to perturbed, yet intact, H,S ligands. The binding energies of the H,S ligands to the anion
decrease with larger cluster size, and this is reflected in blue shifted vibrational stretching

frequencies.

1. Introduction

Intermolecular interactions play a dominant role in many
contexts, from the dissolution of solutes in solution, the
condensation of the noble gases, and the very structure of
DNA. Furthermore the role of these interactions should not
be underplayed in the transition states of reactions, and also in
the reactive Van der Waals wells observed in some reaction
potential energy surfaces.!> In this way, loosely bound com-
plexes and clusters have a dramatic effect on the rate and
direction of chemical change.

One line of interest in the role of intermolecular interactions
has been to investigate the clusters formed between ions and
solvent molecules, aimed towards a better understanding of
solvation in bulk contexts. Numerous studies have appeared
towards this end, both experimental®™ and theoretical®”®
illustrating that one can build up the number of solvent
molecules around an ion and thereby follow solvation in a
step wise manner. A vast majority of the work undertaken has
concentrated on ion-water complexes and clusters, not
surprising due to water’s importance in many contexts.

We are primarily interested in systems that involve solvating
partners other than water, to better understand solvation in
non-aqueous media. This is highlighted in our previous pub-
lications on the fluoride—ammonia,'® and fluoride-hydrogen
sulfide clusters.!' For the latter, we predicted structures which
involved proton transfer from H,S to a fluoride anion to form
the FH- - -SH™ structure. This structural motif is predicted to
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dominate the cluster forms when more H,S molecules con-
gregate around the ion core. A “‘solvated fluoride™ structure
was only observed for clusters of n = 3 and larger."!

The current work is an extension of the fluoride-hydrogen
sulfide investigation, whereby here we are concentrating on the
chloride and bromide ions interacting with H,S molecules.
From the outset, one would expect that the proton transfer
form observed for the fluoride clusters would not exist in the
analogous chloride and bromide cases. This expectation is due
to the fact that the proton affinities of the chloride and
bromide anions are less than for the SH™ anion (PAs 350.8,
333.4, and 323.5 kcal mol™! for SH™, CI~, and Br~, respec-
tively; ref. 12-14). We aim to predict cluster structures, and
also the vibrational properties to provide a theoretical base for
future experimental studies.

The ClI"—H,S complex has been investigated previously. The
most recent investigation by Masamura reported the interac-
tion energy of the complex at the complete basis set (CBS)
limit.'® This was achieved by calculating the geometry at the
MP2/aug-cc-pvdz level of theory and following on with larger
basis set electronic energy calculations. Masumura arrived at a
CBS limit binding energy of 13.8 kcal mol~! at the MP2 level
of theory using Dunning’s augmented correlation consistent
basis sets (aug-cc-pvxz, with x = d, t, q and 5). In this study,
structural data were not supplied, only a schematic of the
cluster structure. An earlier investigation, by Del Bene, pro-
vided structures and enthalpies of formation for the CI"—H,S
complex.'® The intermolecular distance, between CI~ and
sulfur, was predicted to be 3.533 A at the MP2/6-31G+(d,p)
level of theory. This study predicted a cluster binding energy of
12 kecal mol ™!, in line with a result quoted in an experimental
paper by Larson and McMahon.!” However, on reviewing the
literature we found that the experimental value of 12 kcal
mol~! quoted by Larson and McMahon was unfounded.
Therefore, to the best of our knowledge, there have been no
experimental studies performed on these systems, and cer-
tainly no experimental or theoretical investigations of the
larger clusters.
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The present article aims to redress this situation and predict
the structures, energetics, and infrared spectra of the dimer
and larger clusters. We aim to provide bench mark data for
future experiments. The computational methodology (MP2
level with Dunning’s augmented correlation consistent basis
sets) was chosen as it has proven successful in treating
analogous halide-water clusters.'>?° The key issue here is
that to describe the diffuse nature of the anions, a basis set
with diffuse functions is required. Dunning’s basis sets are
used, as they are tuned for electron correlation methodologies,
such as MP2.

The presented results will be ideally suited for comparison
with data from gas phase ion beam spectroscopic experiments.
These experiments would target solely the anion clusters,
leading to vital information on the solvation of anions. Similar
calculations (and indeed experiments) could be performed on
cation systems.

2. Methodology

The halide—(H,S),, clusters were investigated at the MP2 level
of theory using Dunning’s augmented correlation consistent
polarized valence sets.2 ™2 Calculations were performed with
basis sets of double and triple-{ quality (aug-cc-pvxz where
x = d, t) for the smaller clusters with up to three H,S ligands
interacting with the anion. The larger clusters were investi-
gated with the aug-cc-pvdz basis set due to smaller computa-
tion times compared with using aug-cc-pvtz basis sets. Only
the valence electrons were included in the MP2 calculations
(frozen core approximation). Calculations were also per-
formed for the bare species H,S, Cl™, and Br~ to aid in
predicting cluster intermolecular binding energies. Corrections
for basis set superposition error (BSSE) in the binding energies
were estimated using the method of Boys and Bernardi.?*
Harmonic vibrational frequencies were computed for all clus-
ter sizes, and it should be noted that anharmonicity of the
vibrational modes is neglected in these calculations. In order
to improve the predictions of the vibrational frequencies,
vibrational self consistent field calculations (VSCF) were
performed for the 1 : 1 dimer complexes, using the method
implemented in GAMESS.?>® The correlation consistent
variant of this method was also implemented (CC-VSCF).
Natural bond order (NBO) analyses were performed on the
clusters to determine the nature of the interaction between the
cluster constituents.”” Enthalpy changes for the ligand asso-
ciation reactions at 298 K were estimated using the method of
Del Bene et al. described in ref. 28. The enthalpy values are
equivalent to the binding energy of the H,S ligand to the anion
core for the n = 1 clusters, and indeed to the subsequent
binding energy of each additional H,S ligand in the larger
clusters X —(H,S),. The two terms ‘“ligand association
enthalpy” and “ligand binding energy” are used interchange-
ably throughout this paper.

The geometry optimisations, energy and vibrational fre-
quency calculations, and NBO analyses were performed with
the GAUSSIAN-03 program suite.”’ Diagrams of the cluster
structures were produced using the gOpenMol program.3®>!

3. Results and discussion
A. The CI"-H,S and Br -H,S dimer complexes

I. Structures and energetics. The 1 : 1 dimer complexes
were investigated at the MP2 level of theory, using the aug-cc-
pvdz and aug-cc-pvtz basis sets. Three stationary points were
located for both chloride- and bromide-H,S complexes
(Fig. 1). Complete data sets including structural parameters
and predicted vibrational frequencies can be found in the
ESI.¥ We found that the use of the larger basis set (aug-
cc-pvtz) did not drastically change the structural or vibrational
parameters, indicating that for our subsequent studies on the
larger clusters the aug-cc-pvdz basis set should suffice in
describing the cluster properites (vide infra).

For both halides we found one minimum, of C; symmetry,
and two transition states each with C,, symmetry (each with
one imaginary frequency). The C; symmetry minimum
features a single H-bond between the anion and a perturbed,
yet intact, H,S molecule. As will be discussed shortly, this is in
stark contrast to the analogous F"—H,S complex.

The intermolecular interaction between anion and ligand is
confirmed to be hydrogen bonding (H-bonding) from NBO
analysis. For both chloride and bromide complexes there is
significant electron density transfer from the halide anion lone
pair orbitals to the o* antibonding orbital of the H-S involved
in the H-bond. In total there is 101 and 82 me of electron
density transfer in the ClI"-H,S and Br —H,S complexes,
respectively. The smaller extent of charge delocalisation for
the bromide complex is reflected in the H-bond length which
increases from 1.990 A for Cl™—H,S to 2.207 A for Br—H,S
(MP2/aug-cc-pvtz results). We predict a Cl™---S distance of
3.397 A at the MP2/aug-cc-pvtz level of theory. This is

(a) o
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Fig. 1 Predicted stationary points of the CI"—H,S and Br -H,S
complexes, where (a) is a minimum and (b) are higher order points
(each with 1 imaginary frequency). Bond lengths and angles are
provided for the minimum, with the numbers below the points
corresponding to BSSE and zpe corrected energy differences. Values
for the bromide complex are given in parentheses.
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somewhat shorter than the previously determined value, by
Del Bene, of 3.533 A. This discrepancy is to be expected, as
increasing the basis set size by the addition of more diffuse
functions generally leads to contracted intermolecular bond
lengths. The S—H bond distance to the hydrogen involved in
H-bonding also reflects a weaker H-bond for the Br —H,S
complex, with (S—Hy) = 1.407 and 1.388 A for CI"—H,S and
Br —H,S, respectively. The S-H bond to the terminal
hydrogen is predicted to be the same for both complexes, at
rS-H,) = 1.336 A.

The difference in predicted enthalpy changes for the ion-
ligand association reaction is consistent with the structural
results. The values of AHy _, 2*%% are —13.6 and —11.1 keal
mol~! for the CI —H,S and Br —H,S complexes, respectively.
The value of 13.6 kcal mol™! is somewhat higher than the
value determined by Del Bene (12 kcal mol™"), however as no
experimental result is available it is not possible to comment
on the reliability of our result compared to Del Bene’s.

As stated previously, the form of both the CI™—H,S and
Br —H,S complexes was expected to be quite different to that
of the previously reported F™—H,S 1 : 1 complex. This
expectation was confirmed, as the chloride and bromide-H,S
complexes feature a perturbed yet intact H,S ligand, as
opposed to the proton transfer structure predicted for
fluoride—H»S. One can reconcile the difference by noting that
the proton affinity of the fluoride anion exceeds that of SH™,
and therefore the intermediate proton transfers from the H,S
to the F~, forming the FH---SH™ structure.'' As the proton
affinities of C1™ and Br™ are both less than that of SH™ it is not
surprising that the complexes have the ‘solvated’ halide form
shown in Fig. 1a (PAs 350.8, 333.4, and 323.5 kcal mol ™" for
SH™, ClI7, and Br™, respectively; ref. 12-14). An attempt was
made to isolate proton transfer forms for the chloride and
bromide complexes, however the end result of these geometry
optimisations was always the structure featured in Fig. la. In
these trials, no restrictions were placed upon the geometry, in
terms of freezing coordinates.

The two Cl —H,S transition states shown in Fig. 1b lie
3.5 and 13.6 kcal mol~" to higher energy from the C; minimum
(2.3 and 11.3 kcal mol™" for the bromide complex). The
imaginary frequency for each complex is of b, symmetry and
corresponds to a concerted bending and stretching of the H,S
towards the minimum structure. The structure labelled II in
Fig. 1b features a double H-bond between H,S and the halide,
whereas for the second structure (I1I) the halide is interacting
with the sulfur of the H,S ligand. The double hydrogen bond is
confirmed by NBO analyses where there is approximately 7 me
of electron density transferred to both H-bonded S-H groups
for the chloride and bromide complexes.

II. Predicted harmonic and CC-VSCF infrared spectra.
Vibrational stick spectra for the CI"—H,S and Br —H,S com-
plexes predicted from MP2/aug-cc-pvtz calculations are pro-
vided in Fig. 2. The lowest wavenumber vibrations correspond
to the intermolecular stretching and two bending vibrations (in
plane and out of plane bending). The band predicted at
around 1200 cm™' corresponds to the HSH intramolecular
bending mode. The most intense band in each spectrum arises
from motion of the H-bonded hydrogen, and appears at 1941
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Fig. 2 Predicted harmonic infrared stick spectra of ClI"—H,S and
Br —H,S at the MP2/aug-cc-pvtz level.

and 2157 cm™! for CI"™—H,S and Br —H.S, respectively. The
free S—H stretching mode is predicted to lie to higher wave-
number, however is of very low intensity (<5 km mol ™).

For both complexes, the H-bonded S—H stretch has shifted
to lower wavenumber with respect to the centroid of the
predicted position of the symmetric and antisymmetric S-H
stretching modes of bare H,S, o = 2783 em ™! (refer to the ESI
for calculate H,S datat). The predicted band shifts are Aw =
842 and 626 cm ™! for CI™—H,S and Br —H,S, respectively.
The larger shift predicted for the chloride complex, reflects the
increased intermolecular H-bond strength and subsequent
larger perturbation on the bonded S—H group.

A comparison of the pure harmonic spectra and predictions
based on CC-VSCF theory are shown in Fig. 3 for the
chloride-H,S complex. Both spectra are produced at the
MP2/aug-cc-pvtz level of theory. The largest effect is observed
for the H-bonded S—H stretching mode, where the band has
shifted some —552 cm ™' to lower wavenumber, to 1389 cm™".
The shift for the free S—-H stretch is smaller at around
—100 cm™'. For the bromide complex, the H-bonded S-H
stretching band has shifted —264 cm ™' to lower wavenumber,
giving an estimated position of 1893 cm™'. CC-VSCF studies
of similar anion—ligand complexes have produced bands that
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Fig. 3 Comparison between predicted harmonic and CC-VSCF

infrared stick spectra of the Cl"—H,S complex at the MP2/aug-
cc-pvtz level.
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are in quite good agreement with experimental studies,** so we
are confident that the quoted band position should be accurate
to within 50 cm™'.

A modification to the VSCF method has been made, where-
by a quartic force field is used to produce the VSCF potential
energy surfaces (VSCF-QFF).* In essence a reduced number
of potential energy points is computed, and these points are
extrapolated thereby producing 16 points for diagonal poten-
tials, and 16 x 16 grid for mode coupling. We tested this
method against the normal VSCF procedure, and found that
apart from the stretch of the H-bonded hydrogen in the
Cl"—H,S complex the computed vibrational frequencies dif-
fered by no more than 30 cm™'. The larger deviation for the
CI"-H,S complex was observed for both levels of theory
tested. The question then is, why would this mode alone show
larger deviations? We can speculate that the deviation is due to
the increased binding energy of the chloride complex, with
respect to the bromide complex. The increased interaction
leads to a greater delocalisation of the shared proton between
the C1I” and SH™ bases, and enhanced anharmonicity of the
S—H stretching mode. Therefore the QFF approximation, with
fewer calculated points, does rather poorly in defining the
potential energy surface for this stretching mode, compared
with the more complete standard VSCF method.

A second method we have implemented to compute the
stretching vibrational frequencies of the ab initio determined
cluster structures is to model the stretching modes with
simplified one dimension potential energy curves. To this
end we performed potential energy scans at the MP2/aug-
cc-pvtz level of the H-bonded S—H stretching motion for both
the chloride and bromide complexes (Ar = 0.01 A, r(S-Hy) =~
0.4 — 3.4), with the remainder of the complex frozen (bond
lengths and angles). The LEVEL 7.5 program was then used to
solve the one dimensional Schrédinger equation for a pseudo
diatomic thereby producing the H-bonded S-H stretching
frequencies.>

An example of the resulting potential energy curve for the
chloride-H,S complex can be seen in Fig. 4, as a function of
the S—H stretching coordinate. The first five S—H stretching
levels are included on the plot, with the associated wavefunc-
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Fig.4 One dimensional potential energy curve describing the H-bond
S-H stretching mode. The supported vibrational energy levels and
wavefunctions were calculated using the LEVEL 7.5 program.

tions (both calculated using LEVEL 7.5). This simple ap-
proach produced H-bonded S—H stretching frequencies of
1438 and 1847 cm™' for chloride and bromide complexes,
respectively. We tested the effect of describing the reduced
mass of the stretching mode in terms of purely S-H, or in
terms of a S(H)-H with the mass of SH collapsed onto a single
particle. The differences in the resulting vibrational frequen-
cies for the 1 « 0 transition were around 1-2 cm ™.

The LEVEL 7.5 results compare well with values of 1425
and 1859 cm~! computed using the VSCF method (not
CC-VSCF) which uses pure diagonal potentials computed
from the vibrational modes neglecting mode coupling. The
favourable comparison can be rationalised by the fact that the
two techniques are similar methodologies.

Comparing the calculated one dimensional potential energy
curves for the H-bonded stretch of the chloride and bromi-
de-H,S complexes, one can visualise the increased anharmo-
nicity of the H-bonded S—H stretching mode for the former in
Fig. 5. The chloride-H,S stretching potential is markedly
flatter, indicative of increased delocalisation of the shared
proton compared with the bromide-H,S complex. This com-
parison adds weight to our explanation of the shortcomings of
the QFF approximation to the VSCF procedure for the
chloride-H,S complex, as a reduced number of points would
not accurately reproduce the potential following extrapola-
tion.

Finally, the predicted binding energies of the chloride and
bromide dimer complexes are 4757 and 3882 cm™", indicating
that vibrational predissociation is not a feasible method to
study these complexes. This is due to the fact that excitation of
the H-bonded S—H stretching vibrations does not provide the
complex with sufficient energy to dissociate. Using argon
tagging will certainly address this problem,>>® as the binding
energy of argon to chloride and bromide anions is much less
than the S—H stretching frequency (binding energies of X —Ar
= 494 and 418 cm ™! for CI~ and Br, respectively>**?).

B. Trimer clusters: CI"—(H,S), and Br —(H,S),

I. Structures and energetics. The trimer clusters,
X"—=(H»S),, were investigated with both aug-cc-pvdz and
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Fig. 5 Comparison of the CI"—H,S and Br —H,S one dimensional
potential energy curves used to predict the H-bonded stretching
frequency from the LEVEL 7.5 program.
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aug-cc-pvtz basis sets at the MP2 level of theory. For both C1™
and Br —(H,S), clusters we located four stationary points,
however for each halide only one of the four points is
predicted to be a minimum on the potential energy surface.
The minimum energy structure is shown in Fig. 6a, while the
higher order stationary points are shown in Fig. 6b. A full list
of structural parameters can be found in the ESI.¥

The minimum energy structure is of C; symmetry, and
features an H-bond between the two H,S ligands. This inter-
action was confirmed to be H-bonding by a NBO analysis
which predicted significant electron density transfer between
the sulfur lone pair orbitals and the o* orbital of the bonding
S—H group. The ligand association enthalpies of the chloride
and bromide—(H,S), trimer clusters are estimated to be
—10.5 and —9.4 kcal mol ! at the MP2/aug-cc-pvtz level, with
respect to the dimer complexes.

It should be noted that there are some differences in
structural parameters on increasing the basis set size from
aug-cc-pvdz to aug-cc-pvtz, most noticeably in the
HSH- - -SH, H-bond angle, and in the halide-H,S H-bond
length. However, we find that the predicted ligand binding
energies and vibrational frequencies are similar (see ESI{). We
therefore feel that it is justified to use the aug-cc-pvdz basis set
for the larger clusters (vide infra).

The structures of the chloride and bromide-H,S trimer
clusters are quite different to the previously studied F—(H,S),
cluster. For the latter the form was of a solvated (FH---SH)™
core. This is again attributed to the larger proton affinity of the
fluoride anion compared with the chloride and bromide
anions, which serves to abstract a proton from one of the

(a) (-]

1C, 0.0 (0.0)

s

nc, 04w6)

e b

11 C, 0.6 (0.6) IV C, 0.6 (0.7)

Fig. 6 Predicted stationary points of both CI™ and Br™—(H,S), trimer
clusters, with (a) being a minimum, and (b) higher order stationary
points (II and III with one imaginary frequency, IV with two).
Numbers correspond to BSSE and zpe corrected energy differences
in kecal mol ™! (numbers in parentheses are for Br —(H,S),).

H,S ligands. In comparison, the chloride and bromide—(H,S),,
clusters feature a “‘solvated anion” structural motif.

II. Predicted infrared spectra. Predicted vibrational
frequencies and IR intensities are provided in the ESI for all
four CI” and Br —(H,S), stationary points. Stick spectra of
the chloride and bromide trimer minima are shown in Fig. 7.
The most noticeable difference between the chloride and
bromide spectra is that the H-bonded S—H stretching modes
appear at higher wavenumbers for the bromide containing
clusters. This observation is characteristic of the weaker
bromide—H,S interaction.

The stretching modes are the most informative of the effects
of cluster H-bonding, and we will restrict our discussion to
these from this point forward.

For both clusters, two strong S—H stretching bands are
predicted, corresponding to the concerted antisymmetric and
symmetric stretching motion of the hydrogens in contact with
the anion. In these clusters, the symmetric stretch lies to higher
wavenumber. The H-bonded S—H stretches for both clusters
have shifted to higher wavenumber when compared with the
dimer complexes, indicating a reduction in the strength of the
halide-H,S interaction. This also evident from a smaller
binding energy of the dimer and trimer clusters, for example
in the case of chloride the binding energy reduces from
—13.6 to —10.5 keal mol ™",

Weaker bands are predicted to higher wavenumber from the
H-bonded S-H stretches, and correspond to motion of the
hydrogens not involved with the anion—-H,S H-bonding. The
stronger of these two modes is shown in the inset of Fig. 7, and
corresponds to the H-bonded hydrogen of the HSH---SH,
bond.

The predicted binding energies of the chloride and bro-
mide—(H,S), trimer clusters, 3672 and 3288 cm ™!, indicate that
vibrational predissociation is not a feasible method to study
these clusters. Again, using argon tagging should help resolve
this problem, and allow one to investigate the S—H stretch
region experimentally.

C. Tetramer clusters: CI ' —(H,S); and Br —(H,S);

I. Structures and energetics. The chloride—(H,S); tetramer
clusters were investigated at the MP2/aug-cc-pvdz and -pvtz
levels. The bromide—(H,S); clusters were investigated at the
MP2/aug-cc-pvdz as using the larger basis set requires more
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Fig.7 Predicted IR spectra of the CI™—(H,S), and Br —(H,S), trimer
clusters at the MP2/aug-cc-pvtz level.
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computational effort than is justified, especially as compar-
isons between results for the two different basis sets for the
bromide clusters showed that the smaller aug-cc-pvdz set
produces sufficiently accurate results.

For both chloride and bromide cluster series, we found three
minima and three higher order stationary points, as shown in
Fig. 8. The three minima are of C3, C,, and C; symmetry and
all involve HSH- - -SH, H-bonding, confirmed by NBO ana-
lyses. For the C; isomer, each H,S molecule donates and
accepts a solvent—solvent H-bond. The solvent molecules of
the C; isomer form a chain motif, with only the middle H,S
accepting and donating a H-bond. And, lastly the Cs isomer
features one H,S receiving H-bonds from two others. As
shown in the following discussion of the cluster vibrational
properties, the structural differences between the clusters lead
to quite different predicted spectra which can help in identify-
ing which isomer is present in experimental studies.

For both the chloride and bromide tetramer clusters, the
three minima are predicted to lie very close in energy (after zpe
and BSSE corrections are made to the electronic energies), so
it is impossible to state conclusively which of the three is the
global minimum. The ordering of the isomers is the same for
chloride and bromide clusters. We calculated the enthalpy of
ligand association of the C; symmetry clusters, and found
values of —10.0 and —8.6 kcal mol™" for the chloride and
bromide clusters, respectively.

When we compare the predicted structures of this cluster
size with the corresponding fluoride clusters,'' we see that
there are now common structures, the C5 and Cg symmetry
isomers. In fact, for the corresponding fluoride clusters, this
was the first cluster size for which a ‘solvated anion’ structure
was observed. In the present study, due to the larger proton

(a) o P
cfo%% PR
['& 00(00 IIIC 0.9 (0.8)

I1C 0.7 (0.7)
(b) >9 A %

_ :
IVC,18(1.8)g7  “VIC 64 (58)

V€ 26(2.3)

Fig. 8 Predicted structures of the Cl —(H,S); tetramer clusters.
Similar structures are predicted for the bromide tetramer clusters.
(a) corresponds to minima, while (b) are higher order stationary points
(IV with six imaginary frequencies, V with one, and VI with
two). Numbers correspond to BSSE and zpe corrected energy differ-
ences compared with the global minimum, bromide values are in
parentheses.

affinity of SH™ compared with both CI™ and Br~
observe ‘solvated anion’ structural motifs.

we only

II. Predicted infrared spectra. The predicted IR spectra of
the three minima of the tetramer clusters are provided in
Fig. 9, and a complete list of frequencies are given in the
ESI.{ Here we discuss only the S—H stretching bands, as these
display the greatest effects of cluster formation with the halide
anion. The bands are labelled in the figure in the following
way; ol corresponds to a concerted antisymmetric or sym-
metric stretching mode of the S—H groups H-bonded to the
jon, and w{ a vibration of an S-H group H-bonded to
another H,S. The bands of the bromide clusters are not
labelled, however due to the similarity in the form of the
spectra it is possible to identify the corresponding bands.

On first inspection, the differences between the spectra of the
three minima are obvious. For example, in the case of the Cs
isomer there are only two strong S—-H stretching bands,
whereas for the other isomers of lower symmetry there are
three. This alone would aid in proving, or disproving, the
existence of the C; isomer. With regard to the other two
isomers, there are marked differences in the band spacings
and intensities to aid in discriminating between the two,
should experimental spectra be recorded.

One notices that the H-bonded stretching bands of the
bromide clusters are shifted to higher wavenumber compared
with the chloride clusters due to the weaker Br—H,S interac-
tions. We find however that the stretches of the free S-H
groups (those not involved in cluster bonding) are shifted to
lower wavenumber, indicative of a weaker bond. We believe
however that this is due to using the MP2/aug-cc-pvdz level
for bromide, as this led to slightly larger terminal S—-H bond
lengths, and hence red shifted stretching bands (see ESI for the
Br —(H,S), trimer cluster).

S

° m:i O EEECI-(H,S),
a 8.5 I Br-(H,S),
I a
®

bs

Intensity (km/mol)

a

(0]
bs

2400 2600 2800 3000
v (em™

2000

2200

Fig. 9 Predicted infrared spectra of the CI™ and Br —(H,S); clusters
over the S—H stretch region. Full lists of vibrational frequencies are
given in the ESL.{

This journal is © the Owner Societies 2007

Phys. Chem. Chem. Phys., 2007, 9, 5776-5784 | 5781



D. Pentamer clusters: CI —(H,S)4 and Br —(H,S),

I. Structures and energetics. The pentamer X —(H,S)4 was
the largest cluster size investigated in the current study, at the
MP2/aug-cc-pvdz level of theory. For both the chloride and
bromide clusters, we found six stationary points, shown in
Fig. 10. Of these stationary points, four are minima and the
remaining two are higher order points.

Aside from the Cyy, higher order stationary point, all of the
cluster forms display H-bonds between the H,S molecules and
the anion, and also HSH- - -SH, H-bonding. These interactions
are confirmed to be H-bonding through NBO analyses which
predict electron density transfer from the H-bond acceptor to
the o* anti-bonding orbital of the H-bond donator.

For both the chloride and bromide pentamer clusters, the
four minima are predicted to lie very close in energy, with the
largest separation being between isomers I and IV (after zpe
and BSSE corrections are made to the electronic energies).
Therefore, as with the tetramer clusters it is not possible to
state conclusively which of the four is the global minimum on
the potential energy surface. The ordering of the isomers is the
same for chloride and bromide clusters. We calculated the
enthalpy of ligand association of the C; symmetry clusters
(labelled I in Fig. 10), and found values of —7.4 and —6.8 kcal
mol™! for the chloride and bromide clusters, respectively.
These were calculated with respect to MP2/aug-cc-pvdz results
of the n = 3 tetramer clusters. The enthalpies of the ligand
association reactions for all of the clusters investigated in this
study are summarised in Table 1. The decrease in the enthalpy
of ligand association, or ligand binding energy, can be clearly
seen. The differences in binding energies between the two levels
of theory is within chemical accuracy (1 kcal mol™Y).

Table 1 Predicted enthalpies for ligand association reactions at
298 K, AH,_;_,”*® ¥, in kcal mol~! at the MP2/aug-cc-pvtz level.
Numbers in parentheses are differences between MP2/aug-cc-pvtz and
MP2/aug-cc-pvdz values

n Cl™—(H,S),,/kcal mol ™" Br —(H,S),/kcal mol ™!
1 —13.6 (-0.9) —11.1 (-0.8)

2 —10.5 (-0.9) —9.4 (-0.7)

3 —10.0 (—0.8) —8.6¢

4 —7.4¢ —6.8¢

(a) £
..~?“~a 5L
L5 2P
1C,0.0(0.0) 11C,0.2(0.1)

(b)

Ve, 14(22)

) Cgo;‘o
Jo-e

111 C,0.7 (0.7)

g e b

6

¢
IV C,0.8 (0.9)

®

j%d“jp:"ofi

g @

oL S

VIC, 2.1(2.5)

“ Calculated at MP2/aug-cc-pvdz level.

II. Predicted infrared spectra. Predicted infrared spectra
for the four minima are provided in Fig. 11. For clarity, only
the chloride spectra are shown, as the bromide spectra are
similar only shifted to higher wavenumber. Again, we restrict
our discussion to the S—H stretching bands which lie around
2500 cm ™", as these vibrations exhibit the greatest effect from
H-bonding of the ligands to the anion. In the figure, the band
associated with symmetric stretching of the S—H groups
H-bonded to the anion is labelled w}f®. The other strong bands
are associated with antisymmetric type stretches. The weak
bands at around 2780 cm™" are due to vibrations associated
with the non-bonded S-H groups, or SH groups involved in
HSH- - -SH, H-bonding.

One can see instantly that there are differences in the
predicted spectra of the four minima in the region of the
H-bonded S-H stretching modes (H-bonded to the anion).
For example, the spectrum of isomer II shows only two strong
bands, due to the C; symmetry of the isomer. For isomer I, the
H-bonded S—H stretching modes are grouped together in one
compact region, indicative of roughly equivalent H,S units. In
essence, the pattern of the bands is different for each isomer,

Fig. 10 Predicted structures of the ClI” and Br —(H,S), pentamer
clusters at the MP2/aug-cc-pvdz level, with (a) being minima, and (b)
higher order stationary points (V and VI with eight and three
imaginary frequencies, respectively). Numbers correspond to zpe and
BSSE corrected energy differences, bromide values are in parentheses.

T T L T I T T T T T T T T I T T T T
" i a
? o4 o i @ 0 [
o
® 8
S
Oy
——— —e— ——+—+
f o
o - @ ® o
pet o TR e
bi
2000 2500 3000 2500 3000
v (em™)

Fig. 11 Predicted IR spectra of the CI”—(H,S)4 pentamer clusters at
the MP2/aug-cc-pvdz level.
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and therefore we believe that these predications, in combina-
tion with experimental spectra, should permit identification of
the dominant form of the cluster.

Comparing the predicted spectra of the tetramer and
pentamer clusters, one observes that the bands have shifted
slightly to higher wavenumber (comparing MP2/aug-cc-pvdz
results). This is again an indication that the H-bond strength
between any one ligand and the anion core has decreased. This
is supported by the decrease in the enthalpy of ligand associa-
tion, decreasing for example from —9.2 to —7.4 kcal mol~! for
the chloride clusters (again MP2/aug-cc-pvdz results, calcu-
lated for the lowest energy isomer).

Finally, for the chloride clusters the predicted ligand
binding energy (around 2590 cm™') is larger than the energy
of vibrational modes associated with motion of the hydro-
gens H-bonded to the anions. Therefore, dissociation of the
CI™—(H»S)4 clusters from absorption of a single photon is not
energetically possible. As discussed for the smaller clusters, the
use of argon tagging of the cluster will allow them to be
probed experimentally. The situation is different for the
bromide pentamer clusters however, as the ligand binding
energy is predicted to be around 2380 cm™'. For these clusters
it should be possible to record one photon spectra of the
bare clusters (refer to the ESI{ for Br —(H,S), vibrational
frequencies).

3. Conclusions

The findings of this study can be summarised as follows;

(1) Clusters formed from neutral H,S ligands and the
chloride and bromide anions display “‘solvated anion” struc-
tural forms where the neutral H,S ligands bind to the anion via
H-bonds. The structural motif is a consequence of the larger
proton affinity of the SH™ anion compared with C1~ and Br.

(2) The binding energy of the CI"—H,S and Br —H,S dimer
complexes are predicted to be —13.6 and —11.1 kcal mol™',
respectively. The binding energies of subsequent ligands
decrease.

(3) Vibrational frequencies, corrected for anharmonicity,
were produced for the dimer complexes using two methods,
CC-VSCF and simple one dimensional potential energy
curves. The H-bonded S-H stretching modes were predicted
to occur at 1389 and 1893 cm ™" for the chloride and bromide—
H,S complexes, respectively.

(4) The infrared bands associated with motion of the
H-bonded S-H groups shifted to higher wavenumber on
increased cluster size. The shifts are in line with the decreased
anion—ligand binding energies.

It will be interesting to see if the results presented in this
article are supported by experiments on isolated gas phase
halide—H,S clusters Or, indeed if vibrational analyses derived
from multidimensional potential energy surfaces are in sup-
port of our predictions based on the VSCF procedure.
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