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Clusters formed between a fluoride anion and several hydrogen sulfide molecules have been investigated via

ab initio calculations at the MP2 level of theory, using Dunning’s augmented correlation consistent basis sets.
Optimised geometries, vibrational frequencies, and enthalpy changes for the ligand association reactions are
presented for clusters with up to five H,S ligands interacting with a F~ anion. The minimum energy structure for
the 1 : 1 F-H,S complex features proton transfer from the H»S to the F~ anion, forming a planar C; symmetry
FH---SH™ structure. For the F"—(H,S), cluster, the FH---SH™ core remains and is solvated by a perturbed H,S
ligand. For the larger F~—(H,S);_s clusters, in addition to the FH- - -SH™—(H,S),, cluster forms, other minima
featuring a ‘solvated F~’ anion are predicted. Calculated infrared spectra for the minima of each cluster size are
presented to aid in assigning spectra from future experimental studies.

1. Introduction

Studies on the interactions between ions and solvent molecules
have importance for more detailed descriptions of molecular
interactions, and for describing ion solvation in bulk contexts.!
To arrive at the structures and energetics for ionic clusters, ab
initio and spectroscopic studies are invaluable. On the experi-
mental front, photoelectron, infrared, and microwave spectro-
scopy of gas phase ion complexes and clusters have furnished
qualitative, or in some cases quantitative, structural informa-
tion and provided electron detachment energies.> >> Ab initio
calculations of ion-solvent clusters have proved useful in
rationalising experimental observations, and in guiding future
experiments.”*’ The combination of these two fields has
proved extremely fruitful in recent years.

For obvious reasons, the solvation of ions by water has
received a great deal of attention. In past studies, experi-
ment'>1%283% and theory 233 concur that the structures
adopted by halide—water clusters depend on a balance of ion—
solvent and solvent-solvent interactions. For example, in the
fluoride-water clusters the anion—solvent binding forces dom-
inate, resulting in the anion being situated in the interior of the
structure.”® For clusters involving the larger halides, the sol-
vent—solvent attractive interactions play a more significant role
in determining the cluster structure, the result being solvent—
solvent bonds and structures where the anion binds to the
surface of the solvent network. Experimental evidence of such
a network is the absence of bands in the spectra due to free or
non-bonded O-H oscillators,?® and the introduction of ring
modes similar to those seen for the neutral water trimer.>®’
For a review on recent investigations into halide ion hydration,
the reader is directed to ref. 38.

To the best of our knowledge no electronic structure calcu-
lations or experimental studies exist thus far for the fluoride—
hydrogen sulfide clusters. This work constitutes an investiga-

+ Electronic supplementary information (ESI) available: Results from
calculations with aug-cc-pvdz and aug-cc-pvtz basis sets. See http://
dx.doi.org/10.1039/b510923j

This journal is © The Owner Societies 2005 |

tion of small clusters with up to five H,S molecules interacting
with a fluoride anion. One might assume that the structures of
these species would not be too dissimilar to the analogous
halide-water clusters. An interesting aspect of the current
study, however, lies in the fact that the proton affinity of the
F~ anion exceeds that of SH™ (371.3 kcal mol™' versus 350.8
keal mol™"; refs. 39 and 40, respectively). It is therefore quite
likely that, in the absence of a large reaction barrier, proton
transfer will occur from H,S to F~ thereby forming a
FH---SH™ complex. This situation differs from the halide—
water dimer complex which displays a X ---HOH structure
due to the larger proton affinity (PA) of OH™ compared with
the halides (for example PA(OH™) = 390.3 kcal mol™' #!
compared with PA(F™) = 371.3 kcal mol™! %)

Quite recently, a combined experimental and theoretical
study was reported for the complex formed between O, and
H,S.** In this paper, ab initio and density functional theory
calculations confirmed a proton transferred minimum energy
structure with O,H---SH™ form. In this case, as with the
fluoride-H,S complex, the proton affinity of the interacting
anion O, exceeds that of SH™ (353.0 versus 350.8 kcal mol™';
refs. 40 and 43). The calculated binding energy of this complex
is reported to be D, = 14.4 kcal mol .

The question arises, will a FH---SH™ anion core persist
when more H,S ligands adhere, or will structures with a
solvated F~ anion emerge, i.e. F—(H,S),,? If so, at what cluster
size will this occur? In this study, we wish to determine the
dominant solvation structures and we aim to provide infrared
spectra that should prove helpful for assigning future experi-
mental results should multiple isomers be present. In this
respect, this paper is an extension of our recent work on the
fluoride—ammonia anion clusters.** Our choice of computa-
tional methodology is guided by studies of the water—halide
clusters. It has been shown that the MP2/aug-cc-pvxz (x = d,t)
levels of theory are suitable choices for describing the halide—
water systems. 283134334547 The ygse of augmented basis sets is
particularly important for adequately describing the diffuse
electron clouds of anions.
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2. Details of the calculations

The F—(H,S), clusters were investigated at the MP2 level of
theory using Dunning’s augmented correlation consistent po-
larized valence sets.**>° For the 1 : 1, 1 : 2, and 1 : 3 clusters,
calculations were performed with basis sets of double and
triple-{ quality (aug-cc-pvxz where x = d,t). MP2/aug-cc-pvdz
calculations were performed for the larger 1 : 4 and 1 : 5
clusters due to smaller computation times compared with using
aug-cc-pvtz basis sets. Only the valence electrons were included
in the MP2 calculations (frozen core approximation). Calcula-
tions were also performed for H,S, HF, SH™, and F~ to aid in
predicting cluster intermolecular binding energies. Corrections
to the binding energies for basis set superposition error (BSSE)
were estimated using the method of Boys and Bernardi.’!
Harmonic vibrational frequencies were computed analytically.
It should be remembered that these results are an overestima-
tion of the actual values due to the neglect of anharmonicity.
Natural bond order (NBO) analyses were performed on the
clusters to determine the nature of the bonding between the
cluster constituents.>? Enthalpy changes for the ligand associa-
tion reactions at 298 K were estimated using the method
described in ref. 53. The geometry optimisations, energy and
vibrational frequency calculations, and NBO analyses were
performed with the GAUSSIAN-03 program suite.>* Dia-
grams of the cluster structures were produced using the
gOpenMol program.>>>®

3. Results and discussion
A. F -H,S

Results for the 1 : 1 ‘dimer’ complex from MP2, CCSD, and
CCSD(T) calculations using Dunning’s augmented correlation
consistent basis sets up to aug-cc-pvqz will be reported in a
separate publication.”” In this article we make anharmonic
corrections to the harmonic ab initio frequencies using the
vibrational self-consistent field method (vscf)®**° and other
approximations. We found that for the geometrical para-
meters, increasing the basis set size past aug-cc-pvtz had only
a small effect. Furthermore, differences using this set and the
aug-cc-pvdz set are not drastically large. One finding of this
study was anomalous results obtained from extended correla-
tion consistent vscf theory (cc-vscf) for the complex at the MP2/
aug-cc-pvtz level, where the predicted anharmonic F-H stretch
value exceeded the harmonic value. This may be due to the cc-
vscf procedure coupling modes that are essentially local in
character in the cluster. The vscf results, omitting mode cou-
pling, give the expected shift in the vibrational frequency to
lower wavenumber adding weight to this argument. Here we
provide the structures, energetics and harmonic vibrational
frequencies of a minimum and two higher order stationary
points.

I. Structure descriptions and cluster energies

C, minimum. The minimum energy structure of the 1 : 1
complex displays C; symmetry and has the FH---SH™ form
shown in Fig. la. Optimised coordinates and vibrational
frequencies are given in Table 1. The intermediate proton
involved in the H-bond has transferred from H,S to the F~
anion, which can readily be explained by the larger proton
affinity of the F~ compared with SH™ (371.3 kcal mol ™" versus
350.8 kcal mol™'; refs. 39 and 40 respectively). Attempts to
locate a stationary point with an intact H,S ligand solvating
the fluoride anion, similar to that of the X -H,O com-
plexes,>1#6:69-61 failed as the structure converged to the Ci
minimum shown in Fig. la. The calculated binding energy
(Do) of the complex is 22.7 kcal mol ™!, with respect to HF and
SH™ products. The H-bond is weaker than the predicted
association enthalpy of 26.5 kcal mol™' for F—H,0,*” how-
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Fig. 1 Three stationary points found for the F"—H,S complex, (a) is
the C; symmetry minimum, (b) are two C», higher order stationary
points. The energy differences between the stationary points and the Cy
minimum are given in parentheses (kcal mol™'). Optimised internal
coordinates appear in Table 1.

ever stronger than the recently reported value of D, = 14.4 kcal
mol~! for O,H---SH™.*

Formation of the complex affects both HF and SH™ dia-
tomics to different extents. The most obvious effect is elonga-
tion of the F-H bond (Ar(F—Hy) = +0.064 A from Table 1),
characteristic of H-bond formation.%® This elongation is re-
flected in a redshift and marked intensity increase of the F—H
stretch frequency (vide infra). The H-S™ bond length decreases
slightly upon complex formation (Ar = —0.002 A; Table 1).

Transition states. Two C,, symmetry constrained stationary
points were located. Both structures possess a single imaginary
frequency corresponding to a concerted rocking and stretching
motion of the H,S towards the C; minimum. The structures are
labelled isomer II and III in Fig. 1b, and the imaginary
frequencies are 575i and 261i cm™!, respectively. Internal
coordinates, energies and vibrational frequencies for these
structures are provided in Table 1.

Isomer II is a doubly H-bonded structure (confirmed by
NBO analysis, vide infra). After BSSE and zpe corrections are
made, the energy difference between this transition state and
the C, minimum is 26.5 kcal mol~!. Isomer III features the
fluoride anion interacting with the sulfur of the H,S. This
stationary point lies some 40 kcal mol~' to higher energy after
BSSE and zpe corrections are made.

II. NBO analyses. NBO analyses were performed for the Cy
minimum and isomer II to assess the nature of the cluster
H-bonding. The results constitute molecular orbital occupan-
cies (in me) and second-order perturbation energies E® for
electron density transfer donor — acceptor interactions (in
kcal mol™"). The signature of H-bonding is electron density
transfer from lone pair orbitals of the H-bond acceptor to the
anti-bonding orbital of the H-bond donor.

The NBO analysis for the Cy structure reveals significant
electron density transfer from the lone pairs of the sulfur to the
anti-bonding orbital of the F—H molecule (6*). In total, the *
orbital occupancy increases by 118 me. The second-order
perturbation energies E® reveal that the transfer from the
lone pairs of the sulfur atom affords the greatest stabilisation.
There is also a small amount of density transfer from core
orbitals of the sulfur. The total stabilisation energy is 66.2 kcal
mol~! for transfer to the F-H antibonding orbital, of which
65.1 kcal mol™" is accounted for by lone pair to o* transfer. An
NBO analysis was also performed on the F-H molecule in the
complex geometry with the SH™ anion replaced with a point
charge to determine the change in F-H orbital occupancies due
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Table 1 Calculated data for the structures found for the 1 : 1 F"—H,S complex at MP2/aug-cc-pvtz. Provided are internal coordinates (r in Aand6
in degrees), harmonic vibrational frequencies (w in cm ™!, intensities in km mol ™! in bold text, symmetries included), zpe (in kcal mol™!), MP2
energies (Eyp> in hartrees), BSSE and zpe corrected energy differences (A Egssg/corr in keal mol~"), and enthalpy change for the association reaction
at 298 K (AH,_,1?%® ¥ in kecal mol™"). Also provided are data for bare H,S, HF, SH™, and F~. Subscripts ‘b> and t’ refer to H-bonded or terminal

hydrogens, e.g. F-H,,

F—H,S
I 11 111
r(F-Hy) 0.986 2.028 2.827 r(F™-S)
r(Hyp: - -S) 1.968 1.354
r(S-Hy) 1.340 1.348
O0(F-Hy,-S) 179.2 114.5 136.22 0(F-S-H,)
0(H-S-H) 94.3 80.1 87.6
N 2833 3014 o 2663 a, 2682 a;
W, 2737 69 o 943 a, 1200 a,
w3 990 25 o 214 a 108 a;
[on 304 11 & 570 b, 321 by
ws 24729 o 2594 b, 2705 b,
g 884 23 o" 575i by 261i by
zpe 114 10.0 10.0
Enp2 —498.724857 —498.679693 —498.656213
AEgssg/Corr 0.0 26.5 40.9
AH,_,*®* —22.7 — _
H,S
aug-cc-pvdz aug-cc-pvtz

r(S-H)“ 1.350 (14) 1.336 (0)
O(H-S-H)“ 92.5 (4) 92.2 (1)
wy (ay) 2755 0* 2773 0%
s (ay) 1193 1 12111
w3 (b)) 2780 0* 27931
zpe 9.6 9.7
Evp2 —398.853219 —398.908818

HF

aug-cc-pvdz aug-cc-pvtz
r(F-H)* 0.925(8) 0.922(5)
i (0g) 4082 116 4123 121
zpe 5.8 5.9
Envipo —100.255805 —100.340891

HS™

aug-cc-pvdz aug-cc-pvtz
r(S-H)" 1.356(16) 1.342(2)
wy (ay) 2697 82 2717 65
zpe 3.9 3.9
Envp2 —398.293255 —398.345321

P
aug-cc-pvdz aug-cc-pvtz

Envp2 —99.745879 —99.745879

“ Numbers in parentheses are differences in the last significant figure between these calculations and experimental values taken from refs. 62-64.

to polarisation by the negative charge. No polarisation induced
change in the o* orbital occupancy was found.

The NBO analysis for isomer II confirms the double H-bond
between H,S and F~, with the occupancy of each o* orbital
occupancy increasing by 13 me. The stabilisation energy for
each density transfer is 6.0 kcal mol™".

The o* orbital occupancy predicted for the Cy minimum is
an order of magnitude greater than that for the C,, transition
state. The difference can be rationalised by considering that the
F-H-S intermolecular bond is much closer to linearity for the
Cs complex compared with isomer II (179° versus 114°). This
nearly linear H-bond leads to better overlap between the sulfur
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lone pair and F-H o* orbitals and hence larger electron density
transfer.

III. Predicted infrared spectrum. A stick spectrum of the
calculated harmonic frequencies is presented in Fig. 2 (MP2/
aug-cc-pvtz results). The vibrational modes are separated into
two groups, the intermolecular stretching and bending vibra-
tions below 1000 cm™", and the hydrogen stretching vibrations
above 2700 cm™".

Looking to the hydrogen stretch region, the F—H stretch
(labelled wyr in Fig. 2) is shifted some 1290 cm™! to lower
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Fig. 2 Calculated infrared spectrum of the FH---SH™ complex at the
MP2/aug-cc-pvtz level. Frequencies are provided in Table 1.

frequency from the calculated harmonic frequency of bare HF
(Table 1). The infrared intensity of this stretching vibration
increases from 121 km mol™" for bare HF to 3014 km mol ™" in
the complex. Both the band shift and increased intensity are
characteristic of strong H-bond formation.®®

The SH stretch in the complex is blue shifted from that of
bare SH™ harmonic value by approximately 20 cm™' (labelled
osy in Fig. 2) The blue shift reflects the decreased bond length
(Ar = —0.002 A; results in Table 1). There is little change in the
infrared intensity of this vibration on complex formation.

It is hoped that the predicted infrared spectrum will aid
future experimental studies, however it should be remembered
that the reported frequencies are based on the harmonic
approximation and hence should be scaled for anharmonicity.
Furthermore, due to the large predicted binding energy of the
complex (—22.7 kcal mol™! or ca. 8100 cm™") vibrational
predissociation spectroscopy is not applicable without resort-
ing to the use of ‘spy’ atoms (recent examples of this technique
can be found in refs. 38 and 66)

B. F —(H,S),

The clustering of two H,S ligands to a fluoride anion leads one
to ask, does the FH---SH™ core structure persist or, alterna-
tively, is a cluster form with a fluoride anion core energetically
favoured (‘solvated F7’)? With this in mind we move to the
discussion of the 1 : 2 ‘trimer’ cluster, F~—(H,S),. Stationary
points found from calculations at the MP2 level with the aug-
cc-pvtz basis set are shown in Fig. 3. Selected data for the
isomers are presented in Table 2, and a more extensive data set
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Fig. 3 Predicted structures for F™—(H,S), clusters, with (a) the
minimum with a FH---SH™ core and (b) higher order stationary
points.

can be found in the electronic supplementary material.§ While
the MP2/aug-cc-pvtz level is considered a better choice due to
the greater flexibility of the triple zeta basis set over the double
zeta basis set, differences in the geometrical parameters are not
so large. For comparison, the results from calculations with
aug-cc-pvdz and aug-cc-pvtz basis sets can be found in the
electronic supplementary material, the average deviation in
bond lengths and angles is on the order of 0.01 A and 1°,
respectively.

I. Structure descriptions and NBO analyses

FH---SH —(H,S) structures. Isomers I-1II display the same
structural motif as for the 1 : 1 cluster, i.e. a FH---SH™ core.
For isomer I the additional H,S ligand forms two H-bonds,
one with the sulfur of the SH™ anion and a second with the
fluoride of the HF moiety. For isomers II and III, the second
H,S forms an H-bond with the fluorine atom and points
towards the SH™, in one case H-bonding to the sulfur and in
the other pointing towards the hydrogen of the SH™. The
nature of the cluster bonding is described below in terms of
NBO analyses. Isomer I is the only minimum found for this
cluster size. Isomers II and III are transition states, each with
one imaginary frequency corresponding to rocking of the
hydrogens of the SH™ and H,S, towards the minimum. The

Table 2 Selected data for the stationary points of the F~—(H,S), clusters at the MP2/aug-cc-pvtz level, r in Aand 0in degrees. Also provided are
zpe (in kcal mol™"), MP2 energies (Eyps in hartree), number of imaginary frequencies (img. freq.), BSSE and zpe corrected energy differences

(AEgssg/corr in keal mol "), and for the minimum the ligand association enthalpy change at 298 K (AH _,»

298 K in keal mol™"). Subscripts ‘b’ and ‘t’

refer to H-bonded or terminal hydrogens. Subscripts ‘S’ and ‘F’ refer to groups with H-bonds to sulfur and fluoride, respectively

I 11 111 v A%
r(F-Hy) 0.981 0.997 1.009 1.355 1.365
r(Hp: - -S) 1.980 1.921 1.884 1.477 1.471
r(S-Hy) 1.340 1.339 1.340 1.337 1.337
O(F —Hp-S) 176.7 174.1 178.8 179.0 178.4
r(S-Hg)* 1.382 1.344
r(S-Hg)* 1.338 1.341 1.350
O(H-S-H)* 90.4 90.5 91.0 93.2 93.3
zpe 22.5 22.1 21.9 19.1 19.1
img. freq. 0 1 1 2 3
Empa —897.65303 —897.64851 —897.64751 —897.64129 —897.64074
AEBSSE/Corr 0.0 2.3 2.7 4.3 4.6
AH, K -10.2

“ Data for intact solvating H,S ligands.
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magnitudes of the imaginary frequencies are 207/ and 159i
cm~! for isomers I and II, respectively.

For the minimum (isomer I) the FH---SH™ core is altered
only slightly from the 1 : 1 complex. The F-H bond length is
contracted (Ar(F-Hyp) = —0.005 A; Table 2), while the inter-
molecular bond length is lengthened (Ar(Hp: --S) = 0.012 A).
Both of these changes indicate a reduction in the H-bond
strength of the FH---SH™ core, confirmed by the NBO analy-
sis. The F-H o* orbital occupancy is 113 me, compared with
118 me for the dimer. The stabilisation energies are 60 and 66
kcal mol™' for trimer and dimer, respectively. The NBO
analysis also reveals that the interaction between the solvating
H,S and the FH---SH™ core is indeed H-bonding. There is
electron density transfer from both the S and F lone pairs to
the respective antibonding orbitals of the H,S, where the
former one is by far more important (74 compared with 2 me).

The solvating H,S molecule is distorted in the cluster
compared with the bare molecule. The S-H bond length
r(S-Hg) associated with the HSH---SH™ hydrogen bond is
elongated by 0.046 A from that of bare H,S (see Tables 1 and
2), while the S-H bond length associated with the HSH- - -FH
H-bond is also elongated slightly by 0.002 A. The H-S-H bond
angle is decreased in the cluster by around 2°.

F~—(H,S), structures. The two symmetry constrained F—
(H,S), structures (labelled IV and V in Fig. 3b) are higher
order stationary points possessing more than one imaginary
frequency. Internal coordinates as well as energy separations
between these isomers and the minimum are provided in Table
2. The two structures differ in the displacement of the H,S
ligands about the fluoride anion.

The largest effect of cluster formation on the H,S ligands is
observed in the H-bonded S-H bond length, which increases by
Ar(Hy=S) = 0.141 and 0.135 A for isomers IV and V, respec-
tively. The terminal S-H bond lengths also increase slightly by
Ar(S-H;) = 0.001 A. The H-S-H angles increase by approxi-
mately 1° for each structure.

Stationary points IV and V lie 4.3 and 4.6 kcal mol ! above
the C; minimum, and have 2 and 3 imaginary frequencies,
respectively. We were unable to locate minima with the F—
(H,S), form. When a H,S-H,S H-bonded structure, similar to
that predicted for halide—(H,0), clusters!#6:6%61 was used as
starting geometry it converged to the C; minimum shown
in Fig. 3a.

II. Predicted infrared spectrum of FH-:--SH —(H,S). Cal-
culated harmonic vibrational frequencies for the five trimer
structures are provided in the electronic supplementary mate-
rial. Results for the C; minimum are shown as a stick spectrum
in Fig. 4. Again it should be emphasised that these frequencies
are based on the harmonic approximation. The intermolecular
bending and stretching modes and the intramolecular H,S
bending modes appear to lower wavenumber (50-1200
cm’l). To higher wavenumber, above 2000 cm ™!, lie the F-H
and S—H stretching vibrations.

The most intense band at 2921 cm™' (intensity = 2397 km
mol™") corresponds to the F-H stretching motion (labelled
wyr in Fig. 4). This band has blue shifted by approximately 90
cm ™' from the analogous band in the dimer complex, due to
the weakening of the FH- - -SH™ H-bond from perturbation by
the solvating H,S. A second intense band at 2214 cm”!
(intensity = 1709 km mol~") arises from the solvating H,S
ligand and corresponds to motion of the hydrogen involved in
the H-bond to the sulfur of the SH™ (labelled wsyp in Fig. 4).
This band has shifted some 570 cm ™' to the red of the centroid
of the symmetric and antisymmetric S—H stretches of bare H,S
(2783 cm ™' from the MP2/aug-cc-pvtz calculations in Table 1).

It is hoped that the predicted spectrum will be valuable for
the interpretation of experimental studies. Unfortunately, as
with the 1 : 1 complex, predissociation spectroscopy cannot be

This journal is © The Owner Societies 2005 |
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Fig. 4 Calculated infrared spectrum of the FH---SH —(H,S) mini-
mum at the MP2/aug-cc-pvtz level. The insets are expanded plots of the
low intensity bands. Frequencies, intensities, and band symmetries are
provided in the electronic supplementary material.f

applied to the trimer cluster. The predicted binding energy of
around 3570 cm™' for the H,S ligand to the FH.--SH™ core
exceeds the energy imparted to the molecule following absorp-
tion of a single infrared photon. It may be possible to probe the
trimer cluster via argon predissociation or multiphoton spec-
troscopies.

C. F—(H;S);

The F —(H,S); ‘tetramer’ clusters were studied at the MP2
level of theory with both aug-cc-pvdz and aug-cc-pvtz basis
sets. The difference in the structures and relative energies of the
isomers for the two levels is small (refer to the data given in the
electronic supplementary materialt), leading us to believe that
although the MP2/aug-cc-pvtz is more sophisticated, the lower
aug-cc-pvdz basis set should still give a satisfactory representa-
tion of the bonding in this case.

I. Structure descriptions and NBO analyses. Eight station-
ary points, shown in Fig. 5, were located for the F™—(H,S);3
cluster at the MP2/aug-cc-pvtz level of theory. Calculated data
and harmonic vibrational frequencies at the MP2 level with
aug-cc-pvdz and aug-cc-pvtz basis sets are provided in the
electronic supplementary material.{ Selected data for the mini-
ma are provided in Table 3.

Five minima were located, one with Cs symmetry (isomer I),
three with C; symmetry (isomers II-1V) and one with C;
symmetry (isomer V). The C; and three C; symmetry minima
feature the FH---SH™ core predicted for the dimer complex
solvated by two perturbed H,S ligands. In contrast, the C;
isomer features a pyramid of H,S ligands bound to a F~ core
anion. This is the first occurrence of a minimum with a
‘solvated F™’ cluster structure, as for the dimer and trimer
we found only higher order stationary points with this struc-
tural motif.

Three higher order stationary points were also found, and
are shown in Fig. 5b (isomers VI and VII with Cg symmetry
and isomer VIII with Cs, symmetry). Similar to the isomer I,
isomer VI features a FH---SH™ core solvated by perturbed
H,S ligands. The Cg symmetry structure (labelled isomer VII)
features a central F~ anion surrounded by non-equivalent
intact H,S ligands. Finally, the C;, symmetry isomer VIII
features three equivalent H,S ligands surrounding the F~ core.
The following discussion will concentrate solely on the minima.

FH---SH —(H,S), minima. For isomer I, the FH---SH™
core is only slightly affected by the presence of the additional
H,S ligands. Compared with the trimer cluster the F-H bond
length decreases slightly (Ar(F-Hp) = —0.001 A), and the
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Fig. 5 Eight predicted stationary points for the 1 : 3 F —(H,S);
clusters at the MP2/aug-cc-pvtz level of theory. (a) Corresponds to
the minima, while (b) are higher order stationary points. The Cg
symmetry isomer I is the lowest energy structure. Selected internal
coordinates for the minima are in Table 3.

intermolecular bond length, r(Hy- - -S), is slightly shorter by
0.002 A. The effect of cluster formation on the two ‘intact’ H,S
ligands is seen in the elongation of the S-H bonds, with
Ar(S—-H) = +0.002 and +0.032 A for the hydrogens pointing
towards the fluorine and sulfur, respectively (refer to supple-
mentary material for full data seti). The increased bond
lengths are consistent with H-bonding, and are confirmed by
an NBO analysis for this structure. The o* orbital occupancies
for the two S—H bonds are 2 and 52 me, respectively, while the
stabilisation energies for the electron density transfer are 0.5
and 20.9 kcal mol™!, respectively. One can see that the
HS™---HSH H-bond is much stronger than the corresponding
HF---HSH interaction.

The FH---SH™ core is perturbed more in isomer II than in
isomer I. Comparing the core with the trimer cluster, the F-H,,
bond length reduces by Ar(F-Hy,) = —0.008 A, and the H-bond
length increases by Ar(S- - -Hp) = +0.029 A. The NBO analysis
for this structure reveals that the interaction is weaker than for

the trimer cluster, with the orbital occupancy and stabilisation
energy being 97 me and 53.8 kcal mol~! compared with 113 me
and 60 kcal mol™!. The intact H,S ligands are bound to the
core via H-bonds. For the H,S ligand bound to the HF and
SH™ moieties, the orbital occupancies and stabilisation ener-
gies are 3 and 61 me and 0.3 and 25.8 kcal mol ™, respectively.
The other H»S ligand is H-bonded to the SH™ moiety and the
other intact H,S. The corresponding orbital occupancies and
stabil{sation energies are 61 and 3 me and 25.8 and 0.5 kcal
mol ™.

Interestingly, for isomers III and IV the F-H bond is
lengthened, and the S---H, H-bond is shortened, when com-
pared with the dimer and trimer clusters. For example, for
isomer III the F—H bond length is (F—Hy) = 0.988 A, while for
the trimer and dimer the values are r(F-Hy,) = 0.981 and 0.986
A, respectively. The NBO analysis reveals that the orbital
occupancy of the o* antibonding orbital of the F-H fragment
is 128 me, while the corresponding values for the trimer and
dimer are 113 and 118 me, respectively. The density is trans-
ferred predominantly from the sulfur of the SH™ moiety (core,
lone pair, and bonding orbital transfer). The Hy,- - -SH™ hydro-
gen bond length is shorter in the tetramer compared with the
trimer and dimer (r(Hp—S) = 1.940, 1.980, 1.968 A for tetramer,
trimer, and dimer, respectively). Both of these results indicate
that the H-bond of the FH---SH™ core is stronger than in the
dimer or trimer clusters. The strengthened H-bond may be
attributed to the effect of the H,S ligands drawing the HF and
SH™ moieties closer together, as the ring is formed, leading to
greater electron density transfer from the HS™ to HF.

Adding weight to this argument is the fact that the H-bonds
of the H,S ligands forming the ring are stronger than for the
minimum of the trimer clusters. Firstly, for the doubly bonded
H>S, the orbital occupancies are 10 and 11 me, respectively, for
the S—H bonds pointing towards F and H,S. For the other H,S
forming the H-bond with the sulfur of SH™, the orbital
occupancy is 102 me. For comparison, in the trimer structure
the orbital occupancies of the two S—H groups are 74 and 2 me
for H-bonds to SH™ and F-H respectively. The increased
strength results from the H-bonds being closer to linearity in
the tetramer compared with the trimer as can be clearly seen
in Figs. 3 and 5.

F™—(H,S); minimum. For the C; symmetry F —(H,S);3
cluster (isomer V), distortions of the hydrogen sulfide ligands
are evident from association with the fluoride anion, however
the ligands are generally less perturbed than in the analogous
F~—(H,S), trimer cluster. The H-bonded S—H bond lengths are
elongated relative to the calculated structure of bare H,S, with
r(S-Hyp) = 1.571 A compared with r(S-H) = 1.336 A (aug-cc-
pvtz results for H,S, refer to Table 1). The intramolecular H,S
angle is less than the one in the bare molecule, 6(H-S-H) =
91.5° and O(H-S-H) = 92.2°, respectively. The F~---HSH

Table 3 Selected data for the minima of the F~—(H,S); clusters at the MP2/aug-cc-pvtz level of theory, r in Aand 0in degrees. Also provided are
zpe in kcal mol™!, MP2 energies (Evp, in hartree), energy differences corrected for BSSE and zpe (AEgssg/corr in keal mol™"), and incremental

ligand association enthalpy change for the C; symmetry lowest energy structure (AH, _, 3

or terminal hydrogens, e.g. F-Hy

298 K in keal mol ™). Subscripts ‘b’ and ‘t” refer to H-bonded

I 11 I v \Y%
#(F—Hy) 0.980 0.973 0.988 0.986 1.571
#(Hy: - -S) 1.978 2.009 1.940 1.946 1.400
#(S—Hy) 1.340 1.340 1.339 1.339 1.338
O(F—Hy - -S) 179.8 177.1 176.5 176.7 174.0
6(H,~S-H) 92.8 91.7 95.8 95.8 91.5
zpe 33.4 33.4 33.2 33.1 31.9
Enpa —1296.57849 —1296.57841 —1296.57660 —1296.57616 —1296.56906
AEgssg/Corr 0.0 0.1 1.2 1.3 4.6
AH,_ %K —-8.6
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H-bonds are further from linearity compared with the
F~—(H,S), clusters.

The NBO analysis for this isomer revealed that there are
very weak H,S---HSH H-bonds formed in the cluster. The c*
orbital occupancies of the H-bonded S—H groups are increased
by approximately 2 me, while the stabilisation energy is around
0.18 kcal mol™'. These bonds are quite weak when compared
with the F~-.--HSH H-bonds, where the S-H o* orbital
occupancies are increased by 62 me and the stabilisation
energies are on the order of 36 kcal mol™!.

II. Cluster energies. After BSSE and zero point energy
difference corrections are made, isomer I lies only 0.1 kcal
mol~" below isomer II, and 1.2 and 1.3 kcal mol™" below
isomers [T and IV, respectively. The C; symmetry isomer V lies
4.6 kcal mol™' above isomer I. These results indicate that the
FH---SH —(H,S), cluster form should be the dominant ar-
rangement formed in experimental studies, however with such
a small energy difference between isomers I and II one cannot
state conclusively which is the global minimum. The energy
separations between isomer I and the higher order stationary
points are greater than 2.7 kcal mol ™.

III. Predicted infrared spectra. Calculated harmonic fre-
quencies for all stationary points are provided in the supple-
mentary material,T while stick spectra for the five minima are
shown in Fig. 6. As for the trimer and dimer clusters, the
vibrations can be separated into the low frequency intermole-
cular motions and H,S intramolecular bends (below 1500
em™Y), and the hydrogen stretching vibrations (above 1500
cm ). As the intermolecular and H,S bending vibrations are
quite weak (see the electronic supplementary information),
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Fig. 6 Calculated infrared spectra of 1 : 3 F"—(H,S); clusters at the
MP2/aug-cc-pvtz level. Vibrations with similar forms are linked by
dotted lines. See text for the band notation. Predicted frequencies,
infrared intensities, and band symmetries are provided in the electronic
supplementary material.
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the following discussion will concentrate on the hydrogen
stretching modes. These modes are most affected by complex
formation, specifically by cluster hydrogen bonding. Looking
to the stick spectra in Fig. 6 one can see that, apart from
isomers III and IV, differences exist between the spectra that
should prove useful in discriminating which isomers are ob-
served experimentally.

Isomers I and II. For both isomers I and II, the band to
highest wavenumber corresponds to the F—H stretch, labelled
oyr in Fig. 6. The isomer II band lies higher than the
corresponding isomer I reflecting the weaker FH---SH™
H-bond as highlighted in the discussion of the structures and
NBO analyses. Two bands appear around 2300 cm ™', and
correspond to the concerted antisymmetric and symmetric
stretches of the S—-H groups H-bonded to S(H)", labelled
w";lgb The other SH stretches have predicted infrared inten-
sities below 12 km mol™".

Isomers III and IV. For both isomers III and IV, two bands
appear above 2600 cm ™ '. The band to highest wavenumber is
predominantly the F—H stretch, however also involves some
motion of the H-bonded hydrogen of the intact H,S (forming
the bond with the fluorine). This motion is a symmetric type
stretch. The weaker band is the antisymmetric counterpart of
this stretching motion, and in this case involves predominantly
motion of the SH, with some motion of the HF. These bands
are labelled as wis/ur and ofsur, respectively, in Fig. 6.

The most intense bands in both spectra are the stretching
motion of the S—H group of the intact H,S forming the H-bond
to the SH™.

Isomer V. Finally, looking to the C; symmetry isomer V, the
highest wavenumber band corresponds to the concerted sym-
metric stretch of the three H-bonded hydrogens, labelled o’syy, -
The intense band is the doubly degenerate antisymmetric
stretch, labelled ®®sy,. The symmetric and antisymmetric
stretches of the terminal hydrogens have predicted infrared
intensities below 1 km mol™".

C. F—-(HxS)

Calculations for the 1 : 4 ‘pentamer’ cluster were performed
using the aug-cc-pvdz basis set, as using the larger aug-cc-pvtz
set would require more computation time than is currently
feasible. We believe, following our investigations of the smaller
clusters, that the differences between aug-cc-pvdz and -pvtz sets
should not be large.

The key issue of this cluster size is whether the ‘solvated F—’
cluster structures dominate. Many starting geometries were
trialled to sample the largest part of the potential energy
surface possible. In total, we found nine minima and two
higher order stationary points. The nine minima are shown
in Fig. 7, while a complete data set for all the structures
(including the higher order stationary points) can be found in
the electronic supplementary material.¥ Selected data for the
minima are given in Table 4. Of the nine minima, five have a
FH---SH™—(H,S); form, while the remaining four displayed
the ‘solvated F~ structure (F~—(H,S),). The two higher order
stationary points that we located have Cy, and C, symmetry
(refer to the electronic supplementary material).¥ Both corre-
spond to ‘solvated F~’ structures.

I. Structure descriptions and NBO analyses

FH---SH —(H,S); structures. The isomers shown in Fig. 7a
build on the Cg symmetry minimum of the tetramer cluster
(isomer I), while those in Fig. 7b follow from the tetramer
isomers II-IV.

The lowest energy structures correspond to those built on
the C tetramer lowest energy structure (Isomers I-III in Fig.
7a). These isomers differ in the placement of the H,S ligand
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(@ analysis predicts significant electron density transfer from the

o R S & & e go\,_ lone_ pair orbitals of the H-bond acceptor to the antlbondlng
0.8 3:—;_8 O & % orbitals of the H-bond donpr. H,S-- -HSH. and HSH---SH

e o },. o °.. 8.0 hydrogen bonds are formed in both of these isomers. For the V

1C, (0.0) !g 1 C, (0.2) 11 C, (1.0) isomer, there is also evidence for a HF- - -HSH hydrogen bond.

------- ! ! R The cluster H-bonding is reflected in lengthened S—-H bonds

®) oy compared to bare H,S (refer to electronic supplementary
#0-0. material, aug-cc-pvdz results). T
? 8049

IV C, (1.3) VC, (24) _ L .
,,,,,,, - F~—(H,S), structures. The four remaining isomers shown in
() )(Q Q Fig. 7c have the ‘solvated F~ form with intact H,S ligands

] o arranged around a F~ ani Three of the i displ:

x g A arranged around a F— anion core. Three of the isomers display
d:" a, a:E 9« C, symmetry (VI, VII, and IX), while the foprth has C,
y symmetry with two sets of equivalent H,S ligands (isomer VIII).
VIC,(1.3) VII C, (1.4) The main structural change of H,S ligands is an increase in
8‘» P the H-bonded S-H bond length. The calculated bare H,S bond
. d:’)j ______ %‘% length of r(SH) = 1.350 A (MP2/aug-cc-pvdz calculations,
: lp Table 1) increases to 1.387-1.430 A. The terminal SH bonds

> do not increase markedly.

VIIC, (2.2) XC,(34) The NBO analyses for these isomers reveal H-bonding
Fig. 7 Predicted minima for the F~—(H,S), clusters at the MP2/aug- between the HoS constituents. The strongest case 1s seen m
cc-pvdz level of theory. Sections (a) and (b) correspond to minima with isomer IX, for the H,S bound to two other H,S ligands. The
a FH---SH™ core, while (c) are structures with a F~ core. Isomer I is stabilisation energy for the lone pair — c* electron density
the lowest energy structure, numbers in parentheses are BSSE and zpe transfer is around 8-9 kcal mol~' for each H-bond. This is
corrected energy separations from the lowest energy structure. Selected expected as these H-bonds hold the H,S in place. The stabilisa-

internal coordinates appear in Table 4. tion energies for the other isomers are much smaller (on

average 0.5 kcal mol™') indicating that the H,S-HSH H-

around the tetramer structure (Fig. 5a). NBO analyses con- ~ bonds, while present, are quite weak. For comparison, in
firmed that in each case the satellite H,S ligand is attached via ~ isomer VI the F~---HSH bonds have stabilisation energies
H-bonding. For isomer I, the H,S ligand is bound to the SH™ on the order of 32-42 kcal mol ™" and o* orbital occupancies of

moiety and one of the other H,S ligands. The o* orbital  around 43-56 me.

occupancies and stabilisation energies are 47 me and 3.2 kcal

mol~! for the H-bond to SH™ and 4 me and 1.0 kcal mol~" for

the H-bond to H,S. For isomer II, the satellite H,S is also II. Cluster energies. After BSSE and zero point energy
bound to the SH™, and weakly to another H,S. In this case, the difference corrections, we find that isomer I is the lowest energy
NBO predicts orbital occupancies and stabilisation energies of structure. The energy difference between isomers I and II is
48 and 3 me and 6.2 and 0.7 kcal mol™!, respectively. Finally, however only 0.2 kcal mol~'. With such a small energy

for isomer III the H,S binds to both the HF and to one of the difference it is impossible to state conclusively which isomer
H,S ligands in contact with the FH---SH™ core. The orbital is actually the global minimum as significant error is intro-
occupancies and stabilisation energies are 12 me and 6.8 kcal duced by using harmonic frequencies to calculate zero point
mol ™" for the HSH- - -FH H-bond, and 11 me and 4 kcal mol™" energies. What we can say, however, is that both isomers I and
for the HSH- - -SH H-bond. IT having the FH---SH™—(H,S); form lie more than 1 kcal

Looking now to isomer IV, the H,S ligands interact exclu- mol~! lower than the F~—(H,S), cluster forms, and hence may
sively with the SH™ moiety, while in the V isomer, one of the be favoured in experimental cluster studies. Of the F"—(H,S),
H,S ligands interacts with the HF moiety. NBO analyses cluster forms, isomers VI and VII are the lowest energy forms,
performed for the two structures reveal that the interactions while the remaining two isomers VIII and IX lie to higher

between the cluster constituents are indeed H-bonds. The energy by around 1-2 kcal mol .

Table 4 Selected data for minima of F~—(H,S), at the MP2/aug-cc-pvdz level of theory, r in Aand 0in degrees. For the FH- - -SH™—(H,S); cluster
forms (isomers I-V) the data correspond to the FH- - -SH™ core, while for the F~—(H,S), clusters a range of values is provided for the solvating H,S
ligands (isomers VI-IX). Also provided are zero point energies (zpe in kcal mol™!), MP2 energies (Eyp, in hartree), energy differences between
isomers corrected for BSSE and zpe (AEgssg/corr in keal mol ™), and incremental ligand association enthalpy change for the C; symmetry lowest

energy structure (AH5_, 4> ¥ in kcal mol™"). Subscripts ‘b’ and “t’ refer to H-bonded or terminal hydrogens, e.g. F-H,,

1 11 11 v v VI VII vIIr? X
r(F-Hy) 0.976 0.976 0.997 0.967 0.985 1.630-1.693 1.660-1.681 1.684 t/b 1.501-1.666

1.680 Ir

r(Hy- - -S) 2.013 2.018 1.932 2.061 1.973 1.387-1-399 1.390-1.392 1.389/1.390 1.392-1.430
r(S-Hy) 1.353 1.354 1.354 1.353 1.354 1.350-1.351 1.350-1.351 1.351 1.350-1.351
0(F—Hy-S) 178.8 179.1 177.5 179.6 174.0 172.3-175.7 171.6-173.5 176.6/173.1 174.1-179.3
0(H-S-H) 96.4 91.8 92.1 96.1 88.5 91.6-92.4 91.4-92-0 91.8/91.9 91.9-93.0
zpe 44.0 44.0 43.8 443 442 43.1 433 433 42.7
Enpa —1695.198223 —1695.197936 —1695.196611 —1695.197605 —1695.195754 —1695.194551 —1695.195068 —1695.193520 —1695.191589
AEBSsE/Corr 0.0 0.2 1.0 1.3 2.4 1.3 1.4 2.2 34
AH, 298 K _6.7¢

“ This value is calculated using MP2/aug-cc-pvdz results for the tetramer minimum given in the electronic supplementary material. ® ¢/ and I/r refer to the top/bottom
and left/right H,S ligands for this isomer (see Fig. 7(c)). Where two values are given, the first corresponds to #/b and the second to //r.
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Fig. 8 Predicted infrared spectra for the F™—(H,)4 1 : 4 clusters over the 1500-3500 cm ™"

range from MP2/aug-cc-pvdz calculations. The spectra

are ordered from top left to bottom right in order of cluster stability. The full set of vibrational frequencies can be found in the electronic

supplementary material.t See text for the definition of the band notation.

III. Predicted infrared spectra. The predicted vibrational
frequencies for each isomer, along with associated symmetries
and infrared intensities, can be found in the electronic supple-
mentary material.i Stick spectra for the nine minima are
shown in Fig. 8. The most intense bands correspond to the
hydrogen stretching vibrations, and lie above 1600 cm™'. The
intramolecular H,S bending and intramolecular stretching and
bending modes lie below 1600 cm ™' (not shown in Fig. 8). The
bands are labelled using the same notation used previously,
with wyr the F-H stretch, wﬂé/np an antisymmetric or sym-
metric concerted S-H/F-H stretching mode, and wil/sb an
antisymmetric or symmetric stretching mode of H-bonded
S-H groups. For isomers III and IX, the band labelled

a/s . . .
OFHsatell, corresponds to the antisymmetric and symmetric

S—H stretches of the satellite H,S fragment.

In general, the bands with largest predicted intensities
correspond to stretching modes of the H-bonded S—-H groups,
and the F-H stretch. Bands corresponding to ‘free’ S-H
stretching modes have very low predicted intensities, and
would be difficult to observe experimentally. Aside from iso-
mers I and II and isomers VII and VIII, there are marked
differences between the spectra which should aid in assigning
experimental spectra when produced. Again, it should be
emphasised that the predicted spectra shown here are based
on the harmonic approximation.

D. F —(H,S)s

As for the 1 : 4 clusters, calculations for 1 : 5 ‘hexamer’ cluster
F~—(H,S);5 were performed with the aug-cc-pvdz basis set, as
using the larger aug-cc-pvtz set would require more computa-
tion time than is practical. We believe that this level should be
adequate for obtaining good estimates for the structures and
infrared spectra. Eight minima were found for this cluster size,
and are shown in Fig. 9, with selected data given in Table 5.
The structures are separated into three subsets. Set (a) features
‘solvated F~ structural motifs, isomers in set (b) are built on
the C isomer I of the tetramer clusters, while those in set (c) are

This journal is © The Owner Societies 2005

based on the C; symmetry structures of the tetramer (isomers
II-1V). Sets (b) and (c) have the form of a FH---SH™ anion
core solvated by H,S ligands.

(a)

Pro. ‘%fw

€y &'

1C,(0.0) uqm@
® o gag ) S

1 C, (0.1) IV C, (0.7) V C,(0.9)

o JQ‘

.8
T L O B
(c)

..g ’lg o o
po® o 3.5%
VII C, (0.6) VIIL C, (1.6)

Fig. 9 Predicted minima for the F~—(H,S)s clusters at the MP2/aug-
cc-pvdz level of theory. Section (a) corresponds to minima with a F~
core, while (b) and (c) are structures with a FH- - -SH™ core. Isomer I is
the lowest energy structure, numbers in parentheses are BSSE and zpe
corrected energy separations from this isomer. Selected internal co-
ordinates appear in Table 4. Isomer III is of C; symmetry, the rest are
of C| symmetry.
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Table 5 Selected data for minima of the F~—(H,S)s clusters at the MP2/aug-cc-pvdz level of theory, r in Aand 6in degrees. For the FH---SH™—
(H»,S),4 cluster forms the data correspond to the FH---SH™ core, while for the F™—(H,S)s5 cluster forms a range of values is given for the solvated
ligands. Also provided are zpe in kcal mol~', MP2 energies (Eyps in hartrees), energy differences between isomers corrected for BSSE and zpe
(AEgssg/corr in keal mol ™), and incremental association enthalpy change for the C; symmetry lowest energy structure (AH,_, 52> ¥ in kcal mol™").
Subscripts ‘b’ and ‘t’ refer to H-bonded or terminal hydrogens, e.g. F-H,,

1 II II1 v A% VI VII VIII
r(F-Hy) 1.732-1.790 1.722-1.785 0.971 0.988 0.988 0.997 0.983 0.977
r(Hy: - -S) 1.376-1.383 1.376-1.383 2.031 1.955 1.954 1.927 1.979 2.000
r(S-Hy) 1.351-1.352 1.351-1.351 1.353 1.354 1.354 1.354 1.353 1.354
O(F —Hp-S) 169.6-172.3 169.6-174.7 178.1 177.7 177.6 177.5 178.2 174.0
0(H-S-H) 91.2-91.6 91.0-92.1 98.8 94.0 94.3 93.9 95.1 91.1
zpe 54.4 54.5 55.0 54.8 54.9 54.8 54.8 55.1
Enpa —2094.065047 —2094.064488 —2094.065521 —2094.064547 —2094.064435 —2094.063572 —2094.064185 —2094.064374
AEgsst corr 0.0 0.4 0.1 0.7 0.9 1.9 0.6 1.6
AH44,5298 K _7.54

¢ Calculated with respect to the most stable ‘solvated F~ pentamer structure at MP2/aug-cc-pvdz.

I. Structure descriptions and NBO analyses

F~—(H,S)s structures. The two isomers in Fig. 9a are each
of C, symmetry (labelled I and II). These isomers differ subtly
in the arrangement of the H,S ligands around the F~ anion
core. Each isomer displays multiple H,S---HSH H-bonds,
predicted from the NBO analysis and shown as dotted lines
between the ligands in Fig. 9a. The average stabilisation energy
for the H,S---HSH H-bonds is only around 0.7 kcal mol~,
while the o* orbital occupancy is around 3 me for each
H-bond. For comparison, the F~---HSH H-bonds have stabi-
lisation energies of 20-26 kcal mol™! and the o* orbital
occupancies are 34-38 me. The larger H-bond strength for
the F~---HSH versus HSH---SH, bonds is reflected in the
corresponding S-H bond lengths, where the range of values
is r(Hy-S) = 1.376-1.383 A and r(S-H, = 1.351-1.352 A,
respectively (Table 4). For comparison, the calculated S-H
bond length of free H,S at MP2/aug-cc-pvdz is 1.350 A (see
Table 1).

The H,S ligands are less perturbed for this cluster size
compared to the those in the F —(H,S); clusters. The
H-bonded S-H bond lengths are smaller by around 0.01-0.1
A, which can be explained by the weakening of the intermo-
lecular F~- - -HSH bonds on addition of a further H,S ligand.
For example, the stabilisation energies and c* orbital occu-
pancies for isomer VI of the F™—(H,S), clusters are in the range
32-42 kcal mol™" and 43-56 me, respectively.

FH---SH —(H>S), structures. The four isomers shown in
Fig. 9b build on the C; isomer of the tetramer and differ in the
arrangement of the two additional H,S ligands. Isomer III
features both H,S ligands below the tetramer C, unit and is the
lowest energy isomer for this cluster set. Both ligands form H-
bonds to the SH™ moiety, and also to one of the H,S ligands in
contact with the FH---SH™ core. The stabilisation energies are
15.8 and 1.1 kcal mol~! for the HSH---SH™ and HSH- - -SH,
interactions, respectively. As a consequence of the stronger H-
bonds, the S-H bond lengths associated with the HSH- - -SH™
interaction are longer by 0.02 A compared with those asso-
ciated with the HSH- - -SH, H-bonds (refer to data supplied in
the electronic supplementary information).f

The additional H,S ligands of isomers IV and V are situated
above and below the Cg symmetry tetramer core cluster. The
difference in the structures is that for isomer IV the ligands are
to the same side, while for isomer V they are displaced. In both
isomers the top H,S forms a H-bond to both the HF moiety
and to another H,S, while the bottom H,S forms H-bonds to
both SH™ and H,S. For the top H,S of isomer IV, the H-bonds
to HF and H,S are of similar strength, as the stabilisation
energies are 5.9 and 4.3 kcal mol™', respectively. For the
bottom H,S however, the H-bond to the SH™ moiety is far
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stronger than HSH- - -SH, bond, with the stabilisation energies
being 18.1 and 1.1 kcal mol ™!, respectively. A similar situation
is predicted from NBO calculations for isomer V.

Isomer VI is the highest energy isomer of this subset and
features both ligands situated above a tetramer C, isomer unit.
The ligand to the right in Fig. 9b forms a H-bond with both the
HF moiety and with the lower H,S ligand. The stabilisation
energies for these interactions are 8.5 and 4.9 kcal mol ™!,
respectively. The ligand to the left forms H-bonds with the
lower left H,S, and also the top right H,S with similar
stabilisation energy of around 5.5 kcal mol~'. Again, these
interactions are shown in Fig. 9b by dashed lines.

We move now to the third subset of clusters with the
FH- - -SH™—(H,S)4 form shown in Fig 9c. Isomer VII features
a planar structure with only two hydrogens out of the plane.
The remaining hydrogens are involved in H-bonding between
the cluster constituents. The strongest intra-cluster H-bonds
are for H,S ligands to the SH™ moiety, with the strongest of
these having a stabilisation energy of 31.2 kcal mol™' for the
H.,S ligand with the hydrogen pointing out of the plane. Not
surprisingly, the predicted S™- - -HS H-bond angle is very close
to linearity at 177°, leading to very good lone pair and c*
orbital overlap. For comparison, the angles of the other
S™---HS H-bonds are less than 170°. The weakest of the
H-bonds is for one of the HF---HSH bonds, with a stabilisa-
tion energy of only 0.7 kcal mol ™.

Finally, a similar situation is predicted for isomer VIII, with
multiple intra-cluster H-bonds existing as shown in Fig. 9c.
Again, the strongest interactions are the HS™- - -HSH hydrogen
bonds with the stabilisation energies in the 12.5-23.3 kcal
mol~! range. The HF---HSH hydrogen bond is predicted to
be quite strong in this isomer, with a stabilisation energy of 6.8
kcal mol~!. The weakest H-bonds are for the HSH---SH,
interactions, where in this case the stabilisation energies are
1.9 to 4.6 kcal mol™".

II. Cluster energies. As the energy separation between the
lowest and highest energy isomer is only 1.9 kcal mol ™! at this
level of theory, one cannot state definitively which isomer
would be preferred. Significant error is also introduced by
using zero point energies calculated from purely harmonic
vibrational frequencies. From this study it appears that all of
the clusters could be produced, and hence the predicted infra-
red spectra will become important in rationalising experi-
mental spectra.

III. Predicted infrared spectra. The predicted vibrational
frequencies for each isomer, along with associated symmetries
and intensities, can be found in the electronic supplementary
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(H,S), minimum. For the F™—(H,S)4 and F™—(H,S)s cluster
sizes, the predicted energy separation between ‘solvated F™’
and ‘FH---SH™’ structures becomes much smaller.

The strength of the bonding interaction between the ligands
and the ion core decreases with increased cluster size. This
effect is observed in the ligand structural parameters, particu-
larly emphasised in the shortening of the S—H bonds of the
solvating H,S ligands.

It will be interesting to see if experimental studies, particu-
larly infrared spectroscopy, can provide support for the pre-
dicted proton transferred form of the dimer, and indeed
discriminate between the two cluster types of the larger species.
There are marked differences in the predicted infrared spectra
which should clarify this issue.
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Fig. 10 Predicted infrared spectra for 1 : 5 clusters from MP2/aug-cc-
pvdz calculations. The top two spectra correspond to the ‘solvated F—’
type structures, while the remaining are the FH- - -SH™—(H,S), isomers.
The full set of predicted vibrational frequencies can be found in the
electronic supplementary material.f

material.f Here we concentrate on the S—H and F-H stretching
regions shown as stick spectra in Fig. 10.

The most intense peaks are labelled in Fig. 10. The labels
take the same format as used previously, i.e. w¥s; describing
the mode as antisymmetric (a) or antisymmetric (s), and
whether it is principally a S-H or F-H stretch. For clarity, in
the predicted spectra of the FH- - -SH™—(H,S),4 type structures,
only the wyr stretch has been marked. The remaining bands
correspond to stretching motions of the H-bonded S-H
groups.

The predicted spectra should aid in determining whether
‘solvated F~” or ‘FH---SH™ type clusters are produced ex-
perimentally, as for the former the spectra are dominated by a
single broad feature composed of the various antisymmetric
stretching modes of the H-bonded S—H groups. More than one
intense band in the spectrum would constitute compelling
evidence that the FH- - -SH™—(H»S), cluster form is favoured.

Finally, it is worth noting the variation in the position of
common stretching vibrations between isomers, highlighting
the effect of the solvent environment. For example, the position
of the wyF stretching band differs significantly for the isomers
containing the FH---SH™ core, and for isomer VI this band
shifts below two of the higher wavenumber S-H stretching
bands.

4. Summary

Clusters formed between a fluoride anion and several H,S
ligands have been investigated via ab initio calculations. We
have provided structures and associated infrared spectra for
clusters with up to five H,S molecules interacting with a F~
anion. The major finding of this study is that for the smaller
clusters, the dominant form is one where a proton has trans-
ferred from one of the H,S ligands to form a FH---SH™ anion
core. The first occurrence of a ‘solvated F~ type structure is
for the n = 3 cluster size, however in this case the cluster form is
predicted to lie some 4.6 kcal mol™' above the FH---SH —
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