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Effect of Microhydration on the Atmospherically Important
Metastable Carbonyl Sulfide Anion: Structure, Energetic,

and Infrared Study

Saptarsi Mondal, Avula Uday Teja, and Prashant Chandra Singh*

Structure, energetics, and vibrational frequency of the micro-
hydrated carbonyl sulfide anion [OCS™—(H,0), (n = 1-6)] have
been explored by the systematic ab initio study to have a
comprehensive understanding about the hydration-induced
stabilization phenomenon of OCS™. Water binds with the
OCS ™ in single hydrogen-bonded (SHB) or double hydrogen-
bonded (DHB) fashion with O—H---S and O—H---O contacts.
Maximum five water molecules can stay in a cyclic water net-
work of these hydrated clusters forming interwater hydrogen
bonding (IHB) with each other and out of this, maximum of
two water molecules can bind directly to the OCS™ in (DHB)

Introduction

A detailed molecular level understanding of the ion-water
interaction, especially of anion-water, is important due to its
occurrence as an important reactive intermediate in many
chemical processes ranging from atmospheric, biological to
chemical reactions."? Hydration of anion modifies the
hydrogen-bonded network between water molecules and the
extent of modification depends on the nature of anions.®=®!
Various experimental and theoretical studies have been per-
formed to acquire the molecular level understanding about
the hydration of ions.”~'? Infrared (IR) photo-dissociation
spectroscopy of size-selected clusters along with mass spectro-
scopic techniques have been important experimental tools to
probe the structure of anions at various level of hydra-
tion.>72% Experimental and theoretical tools have been com-
bindely applied for the microhydration study of various
triatomic and more complex organic anions which feature a
triatomic binding site.3~>18-2%

Carbonyl sulfide (OCS) is the most abundant and stable
sulfur-containing triatomic gas in the atmosphere which plays
an important role in the aerosol formation.2%*"1 However, its
anionic form (OCS™) is a metastable species. Indeed, in one of
the mass spectroscopic studies, OCS™ was not observed on
the photodissociation of OCS which was attributed to its nega-
tive adiabatic electron affinity (AEA).**77 The energy differ-
ence between the optimized neutral and optimized anionic
state of a molecule is known as the AEA. A negative AEA
implies that the relaxed neutral species lies lower in energy
than the corresponding anion. In the same experimental study,
the hydrated cluster anions of OCS™, including in particular
monohydrated OCS™ as well as larger cluster ions were pro-
duced readily and in abundance.***® The existence of mono-
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arrangement. The stabilization energy values of OCS™—(H,0),
depict that ion-water interaction is significant up to four
water molecules and beyond that OCS™ is stabilized by IHB
between the water molecules. The CO stretching frequency of
OCS™ gets red shifted, whereas CS stretching frequency gets
blue shifted on hydration. Charge analysis of hydrated clusters
of OCS™ indicates that negative charge moves toward oxygen
from sulfur on hydration. © 2015 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24902

hydrated anion indicates that OCS  is stabilized by hydration.
One interesting feature of OCS™ is the existence of both oxy-
gen and sulfur atoms which can form O—H---O and O—H---S
hydrogen bonds, respectively, with water and thereby, stabilize
the OCS™. In this context, an obvious question that evokes is
that how water molecules bind with the OCS™ on sequential
hydration and how microhydration affects the stability of the
OCS™. However, there is a dearth of literature on systematic
experimental/theoretical studies, wherein the structure, stabili-
zation energy, and IR spectrum of microhydrated OCS™ have
been reported.

In this article, we have performed a theoretical study on the
microhydration of OCS™ to understand the effect of hydration
on the structure, energetics, and vibrational frequency of met-
astable OCS™. Our results show that for n =1, 2 clusters, water
binds with OCS™ by O—H---S and O—H---O hydrogen bonds
either single hydrogen-bonded (SHB) or double hydrogen-
bonded (DHB) fashion, and the stability of DHB water is found
to be higher compared with its singly bonded analogue. It is
found that a maximum of two water molecules can directly
bind with OCS™ in DHB arrangement. Most of the minimum
energy configurations in OCS™—(H,0),, clusters show surface
structure in which OCS™ resides at the surface of water net-
work. Stabilization energies of OCS™—(H,0), clusters depict
that each water molecule stabilizes the OCS™ by 12.7 kcal/mol.
This clearly substantiates that sequential addition of water
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lowers the energy of the anion relative to the neutral state
and hence, provides the stability to the hydrated clusters. IR
spectra of the microhydrated OCS™ show that the number of
overlapping bands in the OH stretching region of water mole-
cule increases with increase in the number of water molecules
revealing that the stretching modes of water are very strongly
coupled with each other for higher order of clusters. The CO
and CS stretching frequencies of OCS™ moiety in the hydrated
clusters have been explored to understand the effect of micro-
hydration on the OCS™. It is found that the CO stretching fre-
quency of OCS™ gets red shifted, whereas CS stretching
frequency gets blue shifted on the hydration.

Methodology

All the structures of microhydrated OCS™ have been optimized
at the MP2 level of theory with 6-311++G(d, p) basis set. To
confirm the nature of stationary points, subsequent harmonic
frequency calculations have been performed for the corre-
sponding optimized structures. To get the accurate energetics,
we have performed single point calculation at the CCSD (T)/6-
311+ +G(d, p) level of theory for all the structures up to four
water clusters of OCS™, optimized at the MP2/6-311++G(d, p)
level. The energetic value calculated at the CCSD (T) level of
theory provides similar value as to the MP2 level of calcula-
tion, which shows that the MP2/6-311+ +G(d, p) level of calcu-
lation is indeed a reliable method for the structure and energy
calculation of OCS™—(H,0),, clusters. Unrestricted optimization
method has been used for the anions, whereas neutral sys-
tems have been optimized with restricted approach. The val-
ues of the spin contamination <S>> are found to be ~0.768
which is quite close to the acceptable value of 0.75 for the
pure doublet system. All the above calculations have been
performed with frozen core approximation and optimization
has been done with standard convergence criteria. Energies
have been corrected for the basis set superposition error
(BSSE) by the counterpoise method. Charge on the different
atoms of monomer and hydrated OCS™ has been calculated
by the CHELPG scheme.

Several initial structures have been designed based on the
chemical intuitions and optimization of these structures has
been performed to find the minimum energy structure. The
most important concern in this process is to guess a good ini-
tial structure which can easily converge to a local or global
minimum. Different initial guess structures were designed
based on the possible three-dimensional arrangements of
water molecules around the OCS™. Initial guess structures
have been first optimized with the HF/6-31+G(d) level of
theory and then, the optimized structure of this calculation
has been used as an initial structure for the MP2/6-311+ +G(d,
p) level of optimization. The initial guess structures for the
monohydrate cluster of OCS™ were prepared by keeping the
water first on the oxygen, followed by the sulfur-binding site
in single as well as in DHB mode. The guess structures were
also prepared by changing the plane of hydrogen bonding,
that is, in-plane or out-of-plane of OCS™. Four minimum
energy structures were found for the monohydrated cluster of
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Figure 1. The stable structures of the OCS (A) and OCS™ (B) at the MP2/
6-311++G(d, p) level of theory. HOMO of OCS and OCS’ have been
shown in (C) and (D) respectively, at the MP2/6-311++G(d, p) level of
theory. Oxygen, hydrogen, and sulfur atoms are depicted in red, black, and
yellow, respectively.

OCS™. The number of minimum energy conformers is
expected to be high for a larger size of hydrated clusters. The
initial structures for large size clusters were prepared with the
bottom-up approach based on the structures of smaller clus-
ters. For example, to find maximum number of possible mini-
mum energy structures of the dihydrated OCS™, we have first
taken the most stable structure of monohydrated OCS™ fol-
lowed by the addition of subsequent water to the entire pos-
sible binding sites and the same procedure has been followed
with other stable structures of the monohydrated OCS™. How-
ever, by this approach, it cannot be claimed that all the possi-
ble stable conformers of any particular size of cluster have
been achieved and there is always possibility that some stable
structures may be missed during this calculation.

The number of minimum energy structures within close
energy range increases with increase in the number of water
molecules, hence, it is meaningful to calculate the weighted
average molecular properties. Molecular properties such as
vibrational frequency, interaction energy, and solvent stabiliza-
tion energy have been calculated in terms of weighted aver-
age values. The weight factor is calculated based on the
computed free energy change (AG) which provides the relative
population for each of the conformers of different sizes of
hydrated clusters. All the above calculations have been per-
formed by the Gaussian 09 suites of program.”*®

Results and DiscussionStructure

Figure 1 shows the most stable structures of OCS and OCS™
along with their corresponding highest occupied molecular
orbital (HOMO) calculated at the MP2/6-311++G(d, p) level of
theory. The important geometrical parameters, electronic
energy, and charges on different atoms of OCS and OCS™ cal-
culated at the MP2/6-311++G(d, p) level of theory have been
shown in Table 1. OCS is a linear molecule with double bond
character of CO and CS bonds.®*! In contrast, OCS™ is bent
with more elongated CO and CS bonds. AEA for the OCS is
calculated at the MP2 and CCSD(T) level of theories and found
to be —0.59 and —0.34 eV, respectively. Calculated AEA values
of OCS at the both level of theories are higher as compared
with the earlier reported AEA value for OCS (—0.059 eV) by
Sanov and coworkers.®>>! Hence, we have also calculated the
AEA at the G3 level and the value was found to be —0.059 eV
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Table 1. The Electronic energy (atomic unit), CO, CS distance (A), OCS
angle (degree), and charges (atomic unit) on the oxygen, carbon, and sul
fur atom of OCS as well as OCS™ calculated at the MP2/6-311+ +G(d, p)
level of calculation.

Electronic energy CO CS  0OCS q° q© q
OCS  —510.7721826 117 156 180.0 —0.241 0.343 —0.102
(—510.7981783)
OCS™ —510.7506822 122 169 1353 —0.386 0.018 —0.631
(—510.7856101)

q°, g5, and g° represent the charges on the oxygen, carbon and sulfur
atom, respectively calculated by the CHELPG scheme. The calculated
value of electronic energies at the G3 level of theory for OCS and OCS™
are —511.346644 and —511.344473, respectively.

which is in accordance to the earlier reported value of AEA.B!

Charge analysis points out that the addition of electron to
OCS increases the negative charge more on the sulfur which is
also evident from the HOMO of OCS and OCS™.

Figure 2 shows the most stable structure along with all
other minimum energy conformers of OCS™—(H,0), clusters
calculated at the MP2/6-311++G(d, p) level of theory. The
absolute and their relative energy (energy difference between
that specific structure with the most stable structure for a par-
ticular size of cluster) of all the conformers of OCS —(H,0),
calculated at the MP2/6-311++G(d, p) level of theory have
been provided in the Supporting Information (Table S1). Four
stable minimum energy structures have been found for the
monohydrated cluster of OCS™ as shown in Figure 2 (A1 to
A4). The most stable structure (A1) of monohydrated OCS™
has an asymmetric DHB arrangement of water in which both
OH group of water molecule is donor and hydrogen bonded
to oxygen and sulfur of OCS™. The O—H---O and O—H- - -S dis-
tances for A1 are 2.12 and 2.49 A, respectively. The CO and CS
bond distances are 1.22 and 1.69 A, respectively. Structure A2
consists of SHB water molecule with O—H- - -S hydrogen bond
arrangement and the O—H- - S, CO, and CS distances are 2.34,
121, and 1.70 A, respectively. Structure A3 is in-plane
O—H- - -0 hydrogen-bonded complex in which O—H---O, CO,
and CS distances are 1.86, 1.23, and 1.68 A, respectively. Struc-
ture A4 is out-of-plane O—H---O hydrogen-bonded complex
where O—H- --O distance is 1.91 A and CO, CS distances are
1.22, 1.68 A, respectively. The O—H---O distances for A3 and
A4 are lower in comparison to A1, but their relative energies
are less by ~2-4 kcal/mol in comparison to A1. Similarly,
O—H- - -S distance for A2 is lower compared with A1, also the
relative energy is slightly less (1 kcal/mol) in comparison to A1.
The higher stability of DHB structure (A1) of monohydrated
OCS™ is due to fact that the bent OCS™ has proper O- - S dis-
tance (2.70 A) to accommodate the water in DHB arrange-
ment, similar to the case of water trimer.*® We have also
calculated the electronic energies for A1 and A2 at the G3
level of theory and the energy difference between these two
structures is found to be 1.9 kcal/mol, which is quite close to
the calculated value at the MP2 (1.42 kcal/mol) and CCSD(T)
(1.75 kcal/mol) level of theories. One of the earlier calculations
for the monohydrated OCS™ performed at the CCSD/6-
311+ +G(d, p) level of theory found identical stable structures
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as of our present calculations which illustrates that the MP2/6-
311++G(d, p) level of calculation is appropriate for further
structure and energy calculations.®

Seven minimum energy structures have been found for the
dihydrated OCS™ cluster as shown in Figure 2 (B1 to B7). Two
different trends of structures have been observed for the dihy-
drated OCS™. In the first trend, first water is asymmetrically
DHB to OCS™ (similar to A1) and subsequent water is found to
interact in three different ways. In the first mode, second
water is bonded to first water by interwater hydrogen bond-
ing (IHB) and also interacts with the sulfur terminal of OCS™
(B1). In other modes, either second water is only IHB to first
water (B2) or interacts to OCS™ in DHB fashion (B5). In the sec-
ond trend, two water molecules are connected by IHB and
also interact with OCS™ in SHB fashion (B3, B4, B6, and B7). B1
and B2 are almost isoenergetic and most stable structures.
Other structures are energetically close with a relative energy
difference of ~3 kcal/mol. In general, the O—H---O and
O—H- - -S distances for dihydrated complexes are less as com-
pared with monohydrated complexes and maximum and mini-
mum values of O—H---O, O—H---S distances are 2.75, 1.78,
2.63, and 2.23 A, respectively.

For the preparation of initial structures of the trihydrated
OCS™, water has been added to the entire possible binding
configurations of the most stable structure of dihydrated
OCS™ and same procedure has been followed with other sta-
ble structures of dihydrated OCS™. Total 16 stable minimum
energy structures have been found for the trihydrated OCS™,
out of which, 10 lowest minimum energy structures have been
shown in Figure 2 (C1-C10). Structures of all the stable con-
formers have been shown in the Supporting Information (Fig.
S1[C1-C16)). In the first trend, one or two water molecules are
DHB with OCS™ and rest of the water molecules are IHB with
each other. These IHB water molecules are either only interact-
ing with DHB water molecules or with oxygen/ sulfur termini
of OCS™ (C1, C5, C6, C8, C9, C11, C12, C14, and C16). For
example, two water molecules of C1 structure have DHB with
OCS™ and third water is IHB with these two water molecules,
whereas for C5, one water molecule has DHB with OCS™ and
remaining two water molecules have IHB as well as hydrogen
bonded with first water molecule. In other structures, all water
molecules are IHB with each other and also hydrogen bonded
with either oxygen or sulfur terminal of OCS™ in SHB fashion
(C2, C3, C4). C1 and C2 are the most stable structures with
similar energy. The energies of other conformers are within
~n~6 kcal/mol relative to the most stable conformer.

Optimization of OCS™ —(H,0), yields total 32 stable struc-
tures, out of which, 10 most stable structures have been
depicted in Figure 2 (D1-D10). Full list of the stable structures
have been shown in the Supporting Information (Fig. S1 [D1-
D32]). Most stable structure of OCS —(H,0); (D1) has one
DHB water with OCS™ and rest four water molecules are IHB
with each other. The least stable structure (D32) comprises
two different sets of water dimers attached with oxygen and
sulfur termini of OCS™, respectively. Among other most stable
structures, most prominent are those in which water is hydro-
gen bonded with each other in cyclic fashion and two/three
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Figure 2. Optimized minimum energy structures of OCS —H,0 (A1-A4), OCS —2H,0 (B1-B7), OCS —3H,0 (C1-C10), OCS —4H,0 (D1-D10),
OCS —5H,0 (E1-E10), and OCS —6H,0 (F1-F10), respectively at the MP2/6-311++G(d, p) level of theory. Oxygen, hydrogen, carbon, and sulfur
atoms are depicted in red, white, black, and yellow, respectively.
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water molecules are interacting with the OCS™ in SHB/DHB
fashion (D2-D9). The energy difference between two most sta-
ble structures (D1, D2) is 0.5 kcal/mol. Other structures are
close in energy to the most stable structure with a maximum
difference of ~7 kcal/mol.

The optimization of OCS™—(H,0)s provides 27 stable struc-
tures, out of which, 10 most stable structures have been
shown in Figure 2 (E1-E10) and full list of structures have
been depicted in the Supporting Information (Fig. S1[ET1-E27]).
E1 and E2 are almost isoenergetic and most stable ones. E1
has one water molecule interacting with OCS™ in DHB manner
and rest four water molecules are in cyclic hydrogen-bonded
network. E2 has one cyclic five water network forming IHB
with each other and three water molecules in this cyclic net-
work are hydrogen bonded with OCS™ moiety. The least stable
structure has a chain like network of water containing two
DHB and SHB as well as water molecules are IHB with each
other. The energy difference between the most stable and
least stable energy conformer is ~~6 kcal/mol. One interesting
observation is that maximum stable structures keep the solute
anion at the interface and growth of the solvent involves
hydrogen bonding with oxygen and sulfur of OCS™.

Full optimization of OCS™—(H,0)s yields total 25 stable
structures, of which, 10 most stable structures have been
depicted in Figure 2 (F1-F10) and complete list of the stable
structures has been reported in the Supporting Information
(Fig. S1[F1-F25]). The most stable structure F1 has five water
hydrogen bonded with each other in IHB fashion and the
remaining water is DHB to the OCS™. Different arrangements
of IHB between water molecules have been found for different
structures, however, solute is always at the surface and the for-
mation of hydrogen-bonded water network takes place at the
top/bottom/side excepting for F17, F19, and F21. OCS™ is
trapped inside the hydrogen-bonded water network for F17,
F19, and F21. Nevertheless, their relative stability is less (~5-6
kcal/mol) as compared with the surface structure. The energy
difference between the most stable and least stable energy
conformer is ~8 kcal/mol. The stability of higher OCS™—(H,0),
(n >3) complexes depend on the subtle balance between the
IHB of water molecules and their interaction with the OCS™.

The CO and CS distances are in the range of 1.21-1.23 and
1.67-1.70 A, respectively, for all the stable structures of
OCS™—(H,0),. Hydrogen bonding distances for O—H---O and
O—H---S are in the range of 1.78-2.10 and 2.25-2.73 A,
respectively, for all the hydrated clusters. The average IHB
between the water molecules for all the microsolvated clusters
is in between 1.8 and 2.1 A. In general, the calculated SHB dis-
tances are shorter than that of DHB distances for all the stable
structures. Cyclic IHB network between the water molecules is
more stable over other structures for a particular size of
hydrated clusters. For small water clusters, water binds with
OCS by O—H---O and O—H---S hydrogen bonds. Maximum
five water molecules can stay in the cyclic water network of
these hydrated clusters forming IHB with each other and out
of this, maximum of two water molecules can bind directly to
OCS™ in double hydrogen bonding arrangement. Most of the
minimum energy configurations in OCS —(H,0), clusters
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show surface structure in which the OCS™ resides at the sur-
face of the water network. In some structures of large water
clusters, OCS™ resides in the interior of the water network,
rendering lesser stability.

Solvent stabilization and interaction energy

Solvent stabilization (E°) and interaction (™) energies are
two important parameters which have been frequently used
to understand the stabilization of solute by solvents in discrete
solvent model.2>#1421 oV measures the total interaction
energy of the solute with n water molecules in the microhy-
drated cluster of size n, whereas interaction energy denotes
the net interaction of the solute and solvent water molecules
eliminating the contribution of IHB. The solvent stabilization
energy is the energy which is induced by the water molecule
for the OCS™ (H,0), clusters and has been calculated by the
following equation

Esolv:E(OCS—[sbond]nHZO)i [E(OCS—) +nE<H20)],
where fO7H20) (O™ (H20) rapracent the total energy of
the cluster OCS™—(H,0),, energy of the OCS™ and water
monomer, respectively. Interaction energy corresponds to the
net interaction of solute OCS™ with solvent water molecule in
the absence of IHB between the water molecules and is calcu-
lated by the following relation

Eint :E(Ocsf[sbond]nH2O)_ [E<ocs—)s +E(H20)n]’

where EC<7™20) rapresent the total energy of the cluster
0CS —nH,0. EM?9" has been obtained from a single point
calculation for the (H,0), after removing the OCS™ from the
optimized geometry of particular cluster. Similarly, <75 is
obtained from a single point energy calculation of the OCS™
after removing the (H,0), from the optimized geometry of
that particular cluster.

Table 2 shows the solvent stabilization energies for all the
structures of OCS — (H,0), calculated at the MP2 and
CCSD(T) level of methods with 6-311++G(d, p) basis set. It
has been observed that the solvent stabilization energy
increases with the addition of water molecules. The values of
solvent stabilization energy calculated at the CCSD(T) level of
theory (Table 2) are very close to MP2 results. It is not possible
to discuss distinctly about the stability provided to each con-
former by the addition of successive water molecules due to
the existence of several near energy conformers. Hence, we
have calculated the weighted average solvent stabilization
energy for OCS™—(H,0), at the MP2/6-311+ +G(d, p) level of
theory and the values are shown in Table 3. The value of
weighted average solvent stabilization energy indicates that
the addition of one water molecule stabilizes the OCS™ by
~13 kcal/mol. Figure 3 shows the change in the weighted
average solvent stabilization energy of OCS™—(H,0), with
respect to the number of water molecules in the particular
cluster. It is clearly observed that the weighted average solvent
stabilization energy varies linearly with the number of water
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Table 2. Calculated energy parameters of OCS™—(H,0), (n = 1-6) clusters.
Interaction energy Solvent stabilization Interaction Solvent stabilization
(kcal/mol) energy (kcal/mol) energy (kcal/mol) energy (kcal/mol)
System MP2/6-311++G (d, p) CCSD(T)/6-311++G(d, p)
1w
A1 15.6 (12.9) 15.2 (12.5) 15.7 (12.7) 15.5 (12.5)
A2 142 (11.8) 13.8 (11.3) 13.8 (11.2) 13.7 (11.1)
A3 13.2 (11.6) 12.8 (11.1) 13.3 (11.5) 13.0 (11.1)
A4 11.7 (10.0) 11.4 (9.7) 11.9 (10.2) 11.7 (9.9)
2w
B1 26.9 (22.3) 28.3 (22.5) 26.8 (21.9) 289 (22.7)
B2 22.7 (19.2) 27.4 (22.0) 22.8 (19.0) 27.8 (22.2)
B3 23.9 (20.1) 27.3 (22.1) 23.8 (19.7) 27.7 (22.1)
B4 25.8 (21.3) 27.1 (21.4) 25.1 (20.4) 27.2 (21.2)
B5 28.6 (23.6) 26.5 (21.1) 28.6 (23.3) 27.1 (21.4)
B6 24.1 (19.7) 255 (19.8) 23.5(18.8) 25.6 (19.7)
B7 23.8 (20.9) 24.9 (20.8) 23.9 (20.8) 25.5(21.2)
3w
(&) 33.3 (27.8) 42.0 (33.2) 33.1 (27.3) 42.8 (33.6)
c2 37.2 (31.6) 41.7 (33.0) 37.1 (31.1) 425 (33.4)
c 34.1 (28.7) 41.5 (32.9) 33.2 (27.5) 41.8 (32.8)
c4 324 (27.5) 41.0 (32.8) 32.5(27.3) 42.0 (33.4)
cs5 30.6 (26.4) 39.9 (31.6) 30.6 (26.0) 40.5 (31.9)
[« 37.7 (28.3) 39.6 (31.6) 37.2 (30.5) 39.9 (30.7)
c7 35.0 (31.4) 39.6 (31.9) 34.8 (29.1) 40.3 (31.8)
cs8 38.7 (25.9) 394 (31.4) 384 (31.7) 40.0 (31.2)
< 33.6 (29.6) 39.3 (31.2) 32.7 (27.2) 39.5 (31.5)
c10 385 (32.4) 39.0 (31.9) 384 (32.1) 39.7 (32.1)
4w
D1 41.6 (35.1) 55.6 (43.7) 41.7 (34.8) 56.8 (44.4)
D2 34.4 (28.5) 55.0 (42.7) 34.2 (28.0) 55.8 (43.0)
D3 35.0 (29.4) 54.2 (42.2) 34.2 (28.2) 54.5 (42.0)
D4 33.2 (27.6) 54.2 (42.1) 33.1 (27.1) 55.0 (42.4)
D5 32.9 (27.4) 54.0 (42.0) 32.8 (26.9) 54.9 (42.2)
D6 33.6 (28.4) 53.8 (42.2) 33.8 (28.3) 54.9 (42.7)
D7 41.2 (35.2) 529 (41.7) 40.1 (33.8) 53.2 (41.5)
D8 44.4 (33.5) 52.6 (41.6) 43.9 (36.6) 53.5 (41.5)
D9 39.1 (37.5) 524 (42.3) 383 (32.5) 52.8 (41.9)
D10 47.0 (33.6) 52.3 (41.6) 46.7 (39.4) 53.4 (42.7)
5w
E1 42.1 (35.5) 68.5 (53.0)
E2 41.1 (34.7) 68.5 (53.1)
E3 44.7 (39.2) 67.6 (53.7)
E4 443 (37.9) 67.2 (52.8)
E5 39.7 (33.2) 67.2 (51.4)
E6 42.0 (35.3) 66.0 (51.3)
E7 44.3 (35.4) 65.9 (51.3)
E8 46.6 (37.0) 65.8 (51.1)
E9 52.6 (39.4) 65.8 (52.1)
E10 51.0 (44.4) 65.7 (52.2)
6w
F1 45.2 (38.4) 79.8 (61.7)
F2 44.9 (37.8) 794 (61.2)
F3 44.5 (41.0) 79.2 (61.2)
F4 50.2 (42.4) 78.8 (61.1)
F5 46.4 (39.3) 78.8 (60.9)
Fé6 49.5 (43.2) 78.7 (61.5)
F7 46.1 (39.0) 78.3 (60.5)
F8 45.6 (38.4) 78.2 (60.6)
F9 55.5 (47.7) 78.1 (60.9)
F10 424 (36.2) 77.6 (60.4)
Interaction energy (kcal/mol) and solvent stabilization energy (kcal/mol) have been calculated at the MP2 and CCSD(T) methods with 6-311++G (d, p)
basis set. BSSE corrected energies at the respective level of theories have been depicted in brackets.
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Table 3. Weighted average solvent stabilization and interaction energy
(kcal/mol) for the OCS™—(H,0),, (n = 1-6) clusters calculated at the MP2/
6-311++ G(d, p) level of theory.

Weighted average energies (kcal/mol)

Solvent stabilization Interaction
energy energy

0OCS™—H,0 14.6 (12.0) 15.0 (12.3)
0OCS™—2H,0 27.4 (21.9) 24.6 (20.6)
OCS™—3H,0 39.6 (31.6) 36.2 (30.5)
0CS™—4H,0 51.1(40.8) 44.9 (38.1)
OCS™—5H,0 65.0 (51.0) 47.0 (40.1)
0OCS™—6H,0 78.2 (60.7) 47.6 (42.0)

The values shown in the bracket correspond to the BSSE corrected
energies.

molecules and the plot can nicely be fitted with the equation
y=12.7n + 1.78, where y is weighted average solvent stabiliza-
tion energy (kcal/mol) and n is the number of water mole-
cules. The slope of line indicates that the average solvent
stabilization energy increases by 12.7 kcal/mol with the addi-
tion of successive water molecules. This implies that each
additional hydrogen bond provides energy of 6.35 kcal/mol,
assuming that each water molecule increases the number of
hydrogen bonds by two. The electronic energy of OCS™ is
found to be 13 kcal/mol higher in comparison to the neutral
OCS molecule at the MP2 level of theory. Addition of single
water molecule provides a stability of 12.7 kcal/mol to the
OCS™ and the energy becomes almost equal to the neutral

OCS molecule. Successive water addition makes the
OCS —(H,0),, clusters more stable as compared with
0Cs B39,

Table 2 shows the values of interaction energies for each
structure of OCS™ —(H,0), clusters calculated at the MP2/6-
311+ +G(d, p) level of theory and the values of weighted aver-
age interaction energies are depicted in Table 3. The interac-
tion energies values calculated at CCSD(T) level of theory for
OCS —(H,0),, clusters up to four water molecules (Table 2)
are found to be similar to the MP2 level of theory. The varia-
tion of the weighted average interaction energy with the num-
ber of water molecules are depicted in Figure 3. Weighted
average interaction and solvent stabilization energies are
found to be approximately same for monohydrated complexes
of OCS™, whereas weighted average solvent stabilization
energy is slightly higher as compared with weighted average
interaction energy for n=2, 3 clusters. The trend of data for
weighted average solvent stabilization and interaction energy
indicates that the IHB has small contribution for n =2, 3 clus-
ter. The important feature of the weighted average interaction
energy is that it increases up to four water molecules and gets
saturated beyond that. This suggests that interaction of OCS™
with water molecules is prominent up to four water molecules
implying that the first half solvation shell of OCS™ contains up
to four water molecules. Half solvation shell is assumed
because OCS™ is at the interface and growth of water network
takes place in one direction. Weighted average solvent stabili-
zation energy increases linearly with the number of water mol-
ecules due to the fact that solvent stabilization energy

Wiley Online Library

includes the ion-solvent interaction along with IHB hence,
does not get saturated and remains favorable to attach addi-
tional water molecules in the existing hydrogen-bonded water
network. BSSE-corrected values of energies (Tables 3 and 4)
clearly show that BSSE correction does not change the trend
albeit only decrease the values by ~5-10%as depicted in Fig-
ure 3.

Vibrational frequency

OCS —(H,0),, clusters are stabilized by the O—H.---O and
O—H---S hydrogen bonding along with IHB between the
water molecules. It is well known that vibrational spectroscopy
of donor groups are very sensitive to hydrogen-bonded struc-
tures and show characteristic frequency shifts on hydrogen
bonding.”®! It is expected that different structures for the
same or different hydration levels shall change the bending
and stretching frequencies of water differently as compared
with free water. The vibrational frequencies of OCS™—(H,0),
clusters along with monomers have been calculated at the
MP2/6-311++G(d, p) level of theory to understand the effect
of hydration on the stretching and bending of water molecule.
To get the microscopic picture of vibrational frequency,
weighted average IR spectra have been calculated for the
OCS™—(H,0), clusters as the number of close energy conform-
ers are considerably high.

The calculated harmonic OH stretching frequencies
(Usymmetric = 3885 €M™, Vasymmetric = 4003 cm™ ') are higher as
compared with their experimental values
(Vsymmetric = 3657 €M™, Dasymmetric = 3756 cm ™ ') hence, a scal-
ing factor of 0.94 has been used to account for the

— Solvent stabilization energy
= BSSE corrected solvent stabilization Energy
70 = =&~ Interaction Energy
=4~ BSSE corrected interaction Energy
60 -
3
E 50
©
3]
=
> 40 =
2
[
c
w 30
20
10F ] 1 1 I 1
1 2 3 4 5 6
Number of water molecules (n)
Figure 3. Plot of the weighted average solvent stabilization (black

square) and interaction energy (red triangle) with respect to the number of
water molecules (n) in the OCS™—(H,0),, clusters calculated at the MP2/6-
311++G(d, p) level of theory. BSSE-corrected solvent stabilization and
interaction energy are depicted in black circle and red inverted triangle,
respectively. The black line represents the linear fit with equation
y=12.7n+1.78 where y is weighted average solvent stabilization energy
(kcal/mol) and n is the number of water molecule. The value of correlation
coefficient was found to be 0.9996 which reflects high reliability of the fit-
ting. The red line is only an eye guide line for the interaction energy (kcal/
mol) change with respect to the number of water molecule.
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Figure 4.

Scaled IR spectra for the H,O (A) and OCS™ (B) monomer at the MP2/6-311++G(d, p) level of calculation. The scaled IR spectra for the most

stable structures of OCS™—H,0 (C), OCS™—2H,0 (E), OCS™—3H,0 (G), OCS™—4H,0 (I), OCS™—5H,0 (K), and OCS™—6H,0 (M), respectively calculated at
the MP2/6-311++G (d, p) level of theory. The scaled weighted average IR spectra for the OCS™—H,0 (D), OCS™—2H,0 (F), OCS™—3H,0 (H), OCS™—4H,0
(J), OCS™—5H,0 (L), and OCS™—6H,0 (N), respectively, at the same level of theory. The scaling factor of 0.94 has been used to account the anharmonicity

for the OH stretching vibration of water molecule.

anharmonic nature of OH stretching vibrations. The scaling
factor is calculated on the basis of average difference between
the calculated symmetric and asymmetric stretching vibration
frequencies to the experimental one. Same scaling factor has
been used for the calculation of other vibrational modes for
all the structures of OCS™—(H,0),,. Table 4 depicts the scaled
OH stretching frequencies of water monomer as well as water
in the most stable structures of OCS —(H,0), clusters
obtained at the MP2/6-311++G(d,p) level of theory. The
scaled IR spectrum of the most stable structures along with
the weighted average IR spectrum of OCS™—(H,0), clusters
(from 400 to 4000 cm™ ' covering the OH stretching, bending,
CO and CS stretching frequencies) are shown in Figure 4. The
scaled CO and CS stretching frequencies of OCS™ are 1567
and 727cm™ ', respectively, and spectral feature at ~600 cm™'
belongs to the OCS bending as depicted in Figure 4a. The
scaled symmetric, asymmetric and bending frequency values
for water monomer are 3652, 3763, and 1531 cm ™', respec-

International Journal of Quantum Chemistry 2015, 115, 785-795

tively, as shown in Figure 4b. The symmetric, asymmetric
stretching, and bending frequencies of water in the conformer
A1 of the OCS —H,O cluster are at 3520, 3600, and
1613 cm ™', respectively, (Table 4, Fig. 4c). The stretching fre-
quencies of  water in Al are red shifted
(AVsymmetric = =132 €M™, Avagymmetric = —163 cm '), whereas
bending is blue shifted (Avpending = +82cm™ ") as compared
with the water monomer. It has been shown for many systems
that hydrogen bonding causes red shift in the stretching fre-
quency and blue shift to the bending of water®” The
observed shift of water stretching and bending frequency for
conformer A2 are Avsymmetric = —245 cm
Avasymmetric = =75 €M, Abpending = 76 cm™ ', respectively.
The shift of Avgymmetric is higher for A2 as compared with the
A1, whereas the Av,symmteric for Al is higher compared with
the free OH of A2. These vibrational features for A1 and A2
nicely manifest their respective structures. In A1, water is DHB
with OCS™ due to which both OH stretching of water gets
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Table 4. Scaled OH stretching frequencies (cm ') of water as well as scaled CO, CS stretching frequencies and bending frequencies (cm™ ") of OCS™ in
the OCS™—(H,0), (n = 1-6) clusters at the MP2/6-311++ G(d, p) level of theory.

OCS™—6H,0 (F1)

System O—H stretching frequency

H,O 3652, 3763

OCS™—H,0 (A1) 3520, 3600

OCS™—2H,0 (B1) 3465, 3591, 3562, 3624

OCS™—3H,0 (C1) 3481, 3495, 3547, 3599, 3643, 3646
OCS—4H,0 (D1) 3455, 3470, 3498, 3511, 3569, 3577,3584,3618
OCS—5H,0 (ET) 3237, 3383, 3424, 3460, 3507, 3527, 3553, 3564, 3606, 3719

3320, 3413, 3428, 3454, 3468, 3498, 3516, 3542, 3578, 3588, 3610, 3718

CO stretching CS stretching OCS bending q° q q©
Oocs™ 1567 727 476 —0.386 —0.631 0.018
OCS™—H,0 (A1) 1556 740 487 —0.449 —0.625 0.067
OCS —2H,0 (B1) 1560 731 488 —0.432 —0.621 0.081
OCS —3H,0 (C1) 1550 744 487 —0.435 —0.569 0.060
OCS™—4H,0 (D1) 1545 753 486 —0.410 —0.556 0.051
OCS —5H,0 (E1) 1543 761 489 —0418 —0.551 0.047
OCS™—6H,0 (F1) 1542 761 488 —0.412 —0.547 0.042

atoms, respectively calculated using the CHELPG scheme.

Charges (atomic unit) on the oxygen, carbon, and sulfur atom of OCS™ in the OCS™—(H,0),, (n = 1-6) clusters calculated at the MP2/6-311++G(d, p)
level of theory. The scaling factor of 0.94 has been used to account the anharmonicity for the OH stretching vibration of water molecule. Same scaling
factor has been used for the CO, CS stretching, and OCS bending frequency. q°, g5, and g° represent the charges on the oxygen, carbon, and sulfur

substantially red shifted as compared with free water, whereas
A2 has one SHB of water for which Avgymmetric is comparatively
high and Avasymmetic is less because of the absence of any
hydrogen bonding. The weighted average IR spectrum of
monohydrated OCS™ (Fig. 4d) shows the dominance of A1 and
A2 structures in the ratio of 60 and 28%. The weighted aver-
age spectrum for the OH stretching region has two intense
peaks at 3520 and 3407 cm™'. The experimental IR spectrum
measured by Johnson and coworkers in the OH stretching fre-
quency region of monohydrated OCS™ exhibits two peaks at
3486 cm™ ' (symmetric stretching frequency) and 3550 cm™'
(asymmetric stretching frequency), respectively. The intensity
of the symmetric stretching frequency is approximately three
times higher than the asymmetric stretching frequency.”® The
experimental spectral feature of the OH stretching frequency
of the monohydrate OCS™ is qualitatively close to the calcu-
lated spectral feature of the most stable structure A1 (Fig. 4c).
The band position for the calculated IR spectrum in this study
is at the higher side as compared with the experimental value,
which was also observed in their calculation performed at the
B3LYP level of theory. The CO stretching frequency of the
OCS™ is close to the water bending region and hence, there is
congestion in that region of the IR spectrum. The spectral fea-
tures at 1556 and 1586 cm™ ' in the weighted average spec-
trum belong to the CO stretching of OCS™ core in the
monohydrated environment, whereas feature at 1610 cm™'
belongs to the water bending region. The peaks between 700
and 800 cm ™' belong to the CS stretching frequency of OCS™
core in the monohydrated cluster and the spectral feature
around 500-600 cm™ ' belongs to the OCS bending and wag-
ging of hydrogen atoms of water molecule. Structure A1
shows the red shift in CO stretching and blue shift in CS
stretching, whereas opposite trend has been found for struc-
ture A2. The shift in CO and CS stretching modes of OCS™

Wiley Online Library

depends on the manner in which water is hydrogen bonded
to OCS™.

The IR spectrum of most stable and the weighted average
IR spectrum of dihydrated OCS™ have been depicted in Fig-
ures 4e and 4f. Dihydrated clusters of OCS™ consist of IHB
between the water molecules along with the SHB and DHB
with OCS™ moiety. The frequency of the IHB water molecules
depends on their three dimensional arrangement. For exam-
ple, the IHB in B1 is out of plane and frequency is 3624 cm™'
(Fig. 4e), whereas for B2, IHB is in plane and frequency for this
arrangement is 3400 cm™ . The maximum red shifted IR band
in the O—H stretching region is observed at 3282 cm ™' which
corresponds to water molecule which has one SHB with sulfur
terminal of OCS™ and other OH mode is free. The SHB O—H
stretching mode of second water is observed at ~3400 cm™ ',
whereas the DHB O—H stretching mode of second water is
observed in the range of 3525-3650 cm™'. The OH stretching
frequency shift for the first water of dihydrated clusters is
higher in general as compared with the monohydrated ones
which shows the cooperativity of hydrogen bonding. The
spectral feature in the range of the 1620-1670 cm ™' belongs
to the water bending of dihydrated clusters which is blue
shifted compared with the water monomer. However, addition
of water does not change water bending frequency signifi-
cantly as compared with the monohydrated clusters and only
broadening of the band takes place because of the presence
of many conformers. The spectral features around 1500-
1580 cm™ ' and 700-800 cm™ ' correspond to the CO and CS
stretching of the OCS™ core in dihydrated clusters.

The stable structures for the OCS™—3H,0 cluster have three
IHB water molecules of which, either all three or at least two
IHB hydrogen-bonded water are interacting with the OCS™
moiety in SHB or DHB fashion. The weighted average IR spec-
trum of the OCS —3H,O cluster (Fig. 4h) shows many
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overlapping bands in the range of 3300-3700 cm™' due to
the presence of many different hydrogen-bonded conformers.
The weighted average IR spectrum as well as the IR spectrum
for the most stable structure of OCS™—(H,0),, (n = 4-6) shows
many overlapping bands in the range of 3300-3700 cm ™', and
the number of such overlapping bands increases with increase
in the number of water molecules as depicted in Figures 4i-
4n. Normal mode analysis reveals that OH stretching modes of
water are very strongly coupled with each other and their cou-
pling increases with increase in the number of water
molecules.

To understand the effect of hydration on the OCS™ moiety,
scaled CO and CS stretching frequency along with OCS bend-
ing frequency of OCS™ have been calculated for the most sta-
ble structure of OCS —(H,0), at the MP2/6-311++G(d, p)
level of theory and the values are depicted in Table 4. The CO
stretching frequency of the OCS™ moiety in the most stable
structure of OCS™—(H,0), clusters gets red shifted as com-
pared with the CO stretching frequency of the bare OCS™,
whereas CS stretching frequency gets blue shifted. The effect
of hydration on the OCS™ moiety has been further explored
by the calculation of the charge on the each atom of the
hydrated OCS™ calculated at the MP2/6-311++G(d, p) level of
theory (Table 4). The negative charge on the oxygen of OCS™
in the OCS™—(H,0), clusters increases, while, it decreases on
the sulfur. The trend of change in charge on CO and CS mole-
cule of OCS™ moiety indicates that negative charge is moved
toward oxygen from sulfur atom on hydration. Other impor-
tant observation is that the sum of negative charge on the
OCS™ moiety is negative even after the hydration up to six
water molecules which indicates that the excess electron is
intact with OCS™ moiety and hydration only moves the nega-
tive charge toward the oxygen from sulfur. The OCS bending
frequency of the OCS™ moiety changes significantly for mono-
hydrated cluster and become constant for higher hydrated
clusters. The significant change in OCS bending for monohy-
drated cluster could be due to direct in-plane DHB of first
water molecule to OCS™ moiety.

Conclusions

A systematic ab initio study of the structure, vibrational fre-
quency, and energetics of OCS™—(H,0), [n = 1-6] have been
performed to have an in depth understanding of the hydration
induced stabilization phenomenon of OCS™. For small water
clusters, water binds with OCS™ by O—H---S and O—H---O
hydrogen bonding. It is found that maximum two water mole-
cules can directly bind with OCS™ in DHB arrangement. Most
of the minimum energy configurations in OCS™—(H,0),, cluster
show surface structure in which the OCS™ resides at the sur-
face of the water network. In some structures of large water
clusters, OCS™ resides in the interior of the water network and
their stabilization energy is less. The stability of the particular
complex depends on the balance between the IHB of water
molecules as well as its interaction with the OCS™. Weighted
average solvent stabilization energy increases with the addi-
tion of water molecules, whereas weighted average interaction
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energy gets saturated after four water molecules. Weighted
average solvent stabilization energy values depict that each
water molecule stabilizes the OCS™ by 12.7 kcal/mol which
show that addition of successive water molecules lower the
energy of OCS™ relative to its neutral state, and hence, pro-
vides stability to hydrated clusters. The CO stretching fre-
quency of OCS™ gets red shifted, whereas CS stretching
frequency gets blue shifted on hydration. Charge analysis on
hydrated clusters of OCS™ indicates that hydration moves the
negative charge away from sulfur to oxygen atom of OCS™.
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