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ABSTRACT: Carbonyl sulfide (OCS) is the most abundant and
stable sulfur-containing triatomic gas present in the atmosphere
that plays an important role in aerosol formation. Structure,
energetics, and photoelectron spectral properties of the micro-
hydrated OCS in its neutral and anionic forms have been studied
by using the BP86, B3LYP, and MP2 methods. OCS is linear in
the neutral state but bent in the anionic state. Water binds with
the OCS through a single hydrogen bond (O−H···O) in the
OCS-(H2O)n [n = 1−6], whereas binding of OCS− with water
takes place through single as well as double hydrogen bonds (O−
H···S and O−H···O). Energy decomposition analysis shows that
electrostatic and exchange energies are the main contributors to
the stabilization energy of the microhydrated OCS and OCS−

clusters. Detachment as well as solvation energies are calculated
with different levels of theory and compared with the existing experimental values. Finally, an analytical expression has been used
to obtain the bulk value of the detachment and solvation energies from the existing information on the finite size clusters. The
present study reveals that hydration increases the detachment energy of the OCS− by 3.2 eV. In the absence of experimental bulk
values of the detachment and solvation energies for this system, the values obtained by the solvent-number-dependent theoretical
expression will definitely reduce this gap and may be used for the modeling of the OCS in the atmosphere.

■ INTRODUCTION

Carbonyl sulfide (OCS), an efficient greenhouse gas, is the
most abundant and stable sulfur-containing triatomic gas in the
atmosphere and plays a significant role in the global sulfur
cycle.1 OCS is nearly chemically inert in the troposphere, and
most of it is transported into the stratosphere where it plays an
important role in the formation of the aerosol through various
chemical processes.1−3 The aerosol formation affects the earth’s
radiation balance and its climate. Various experimental and
theoretical studies have been performed to decipher the
chemistry of OCS in atmospheric conditions.2−4 OCS produces
sulfur-containing compounds in the stratosphere either by
photolysis or reaction with OH and O radicals, which further
assist in the aerosol formation. It has been shown that the
hydrolysis of OCS depends on the water content and relative
humidity, which suggests that the water clusters of OCS play an
important role in the aerosol formation.5,6 The structure and
energetic aspect of hydrated OCS up to four water molecules
has been discussed in the literature by various groups.4,6−8

In contrast to the OCS neutral molecule, its anion (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 nonexistent adiabatic electron

affinity.9 However, in the same experimental study, the
hydrated cluster of OCS−, including, in particular, monohy-
drated OCS− along with larger cluster ions, was produced
readily and in abundance.10,11 The existence of mono and other
higher hydrated anions indicates that OCS− is stabilized by
hydration. The photoelectron study of the OCS− provided the
vertical detachment energy (VDE) of the mono and dihydrated
clusters, which infers about the nature of hydrogen bonding
between the water and OCS−.10 Stepwise hydration of a
particular system provides insight information about the nature
of intermolecular interaction between the solute and water
molecules.12−22 The main structural difference between the two
states of the OCS is that it is linear in the neutral form but bent
in its anionic state. It will be interesting to understand the
nature of intermolecular interaction, energetics, solvation, and
detachment energies of the OCS in neutral and anionic forms
with water during the stepwise hydration.
In this paper, we have performed a detailed and systematic

theoretical study on the structure and energetics of the
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microhydrated OCS (up to six water molecules) in its neutral
and anionic forms. All of the structures have been optimized at
the B3LYP, BP86, and MP2 methods with the 6-311++G(d,p)
basis set. Further, we have calculated the detachment and
solvation energies of the microhydrated OCS−, and the values
obtained are compared with the existing experimental values.
The computational cost for the calculation of solvation and
detachment energies of OCS− increases tremendously with the
increase of the water molecules, and it becomes almost an
impossible task to calculate the bulk solvation and detachment
energies by using the same method. In this work, solvent-
number-dependent analytical expressions have been used to
obtained the bulk solvation and detachment energies of the
OCS−.

■ METHODOLOGY

All of the structures of the neutral and anionic OCS monomer
along with its hydrated clusters have been obtained by the
optimization at the BP86, B3LYP, and MP2 levels of theory
with the 6-311++G(d,p) basis set. Several initial structures have
been designed based on the chemical intuitions, and the
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 initial structure that can easily
converge to a local or global minimum. Initial guess structures
have been first optimized with the HF/6-31+G(d) level of
theory, and the optimized structures obtained from this
calculation have been used as an initial structure for the
optimization at the BP86, B3LYP, and MP2 methods. The
initial structures for larger size clusters were prepared with the
bottoms-up approach based on the structures of smaller
clusters. For example, in order to find the possibility of the
maximum number of minimum-energy structures of the
dihydrated OCS, we have first taken the most stable structure
of monohydrated OCS followed by the addition of subsequent
water to all possible binding sites, and the same procedure was
followed with the other stable structures of the monohydrated
OCS. However, by this approach, there is a chance that the
most stable structure can be missed on the potential energy
surface. Hence, a few initial structures were also designed
systematically following by a top-down approach to determine
the most stable one. Neutral clusters have been optimized with
the restricted approach, whereas the unrestricted optimization
method was applied for the anionic clusters. Harmonic
frequency calculation was performed for all of the structures
in order to confirm the nature of the optimized structures. The

positive frequencies were obtained for all of the hydrated
clusters of both neutral and anionic OCS along with its
monomer, confirming that a particular structure is a minimum-
energy structure. The values of the spin contamination ⟨S2⟩
were found to be ∼0.768 for the unrestricted calculation of the
OCS− and its hydrated clusters, which are quite close to the
acceptable value of 0.75 for the pure doublet system. The
stabilization energy of the system has been corrected for the
basis set superposition position error (BSSE) and the zero-
point vibrational energy (ZPE) correction. BSSE calculation has
been performed by the counterpoise correction method. All of
the above calculations have been performed by the Gaussian 09
suite of programs.23 Furthermore, the stabilization energy of
the microhydrated OCS and OCS− clusters has been
decomposed into electrostatic, exchange, polarization, dis-
persion, and repulsion energies by using the energy
decomposition scheme local molecular orbital energy decom-
position analysis (LMOEDA) incorporated into the GAMESS
software.24

■ RESULT AND DISCUSSION

(a). Structure and Energetics. A number of stable
minimum-energy structures of microhydrated neutral OCS as
well as its anion were obtained by the optimization process
using the BP86, B3LYP, and MP2 methods with the 6-311+
+G(d,p) basis set. Figure 1 depicts the minimum-energy
structures of the microhydrated OCS (Anu−Fnu) and OCS−

(Aan−Fan) clusters along with their respective monomers
obtained at the MP2/6-311++G(d,p) level of theory. BP86
and B3LYP levels of theory provide the same structures of the
microhydrated OCS and OCS−. OCS is a linear molecule,
whereas OCS− has a bent structure. For monohydrated OCS,
water interacts with the sulfur of the OCS moiety (O−H····S).
The reported structure of the monohydrated OCS is in
accordance with the experimentally obtained structure by
Tatamitani and Ogata.6−8 For higher-order clusters of micro-
hydrated OCS, the first water molecule forms a hydrogen bond
with the oxygen of the OCS moiety, and other water molecules
form an intermolecular hydrogen bond (IHB) with the first
water molecule [Bnu−Fnu]. In contrast to the monohydrated
OCS, its monohydrated anion has an asymmetric double
hydrogen-bonded (DHB) arrangement of water in which both
of the OH groups of the water molecule are donors and
hydrogen-bonded to oxygen (O−H···O) and sulfur (O−H···S)
of the OCS−. An asymmetric DHB structure of the
monohydrated OCS− has also been obtained experimentally

Figure 1. (a) Optimized minimum-energy structures of OCS neutral and OCS-(H2O)n [n = 1−6] (Anu−Fnu), (b) optimized minimum-energy
structures of OCS− and OCS−-(H2O)n [n = 1−6] (Aan−Fan) obtained 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. A−F denote the structures with an increasing number of water molecules
starting from one to six.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.5b01638
J. Phys. Chem. A 2015, 119, 3644−3652

3645

http://dx.doi.org/10.1021/acs.jpca.5b01638


by Johnson and co-workers.16 Dihydrated OCS− (Ban) has one
water that is DHB to OCS−, and the other water molecule is
intermolecular hydrogen bonded to the first water molecule as
well as being hydrogen-bonded to the sulfur terminal of the
OCS−. The most stable structures of other higher hydrated
clusters of the OCS− (Can−Fan) depict that OCS− is always at
the surface and that growth of a water network takes place
either at the top or bottom. Growth of the water network
around the OCS− comprises both an IHB as well as ion−water
hydrogen bonding. It has been observed that a maximum of
four water molecules can directly interact with the OCS−

through a single or double hydrogen bond, which indicates
that the primary solvation shell of the OCS− may have four
water molecules.
Table 1 depicts the value of stabilization energy of

microhydrated OCS and OCS− clusters calculated at the
BP86, B3LYP, and MP2 levels of theory with the 6-311+
+G(d,p) basis set. The value of the stabilization energy for the
microhydrated OCS and OCS− clusters increases with an
increase of the number of water molecules. The trend of the
stabilization energy obtained from all levels of theory is the
same for microhydrated OCS and OCS−. Figure 2 shows the
change in the stabilization energy of microhydrated OCS and
OCS− clusters with respect to the number of water molecules
in the particular cluster at the MP2 level of calculation. It is
clearly observed that the stabilization energy varies linearly with

the number of water molecules for both systems. However, the
stabilization energy for the microhydrated OCS− clusters is
higher as compared to the neutral OCS. A similar trend of data
has been found for the B3LYP and BP86 levels of calculation.
The stabilization energy data for microhydrated OCS and
OCS− (Figure 2) has been fitted with a linear equation, and the
slopes of the lines have been found to be 9.5 and 12.6 for the
microhydrated neutral and anion OCS clusters, respectively.
The slope of the line indicates that the average stabilization
energy increases by 9.5 kcal/mol for microhydrated neutral
OCS clusters, whereas it increases by 12.6 kcal/mol for
microhydrated OCS− with the addition of successive water
molecules. Table 1 also shows the BSSE- and ZPE-corrected
stabilization energy at the respective levels of theory, which
depicts that these corrections only decrease the complexation
energy but do not change the trend. The amount of BSSE for
the MP2 level of theory is higher as compared to that for the
BP86 and B3LYP methods.
In order to get insight on the stabilization energy of the

microhydrated OCS and OCS−, it was further decomposed into
electrostatic, exchange, polarization, dispersion, and repulsion
energies by using the energy decomposition scheme LMOEDA
incorporated in the GAMESS.24 Table 2 shows the
contribution of different energy components of the micro-
hydrated OCS and OCS− obtained at the MP2 and B3LYP
levels of theory. Energy components at the MP2 and B3LYP
levels of theory follow the similar trend however; absolute
values of the exchange and dispersion energies are compara-
tively higher for the MP2 level of theory. The values of the
electrostatic and exchange energies for the microhydrated
OCS− are higher compared to those for the microhydrated
OCS due to which net stabilization energy is higher for the
microhydrated OCS−. It can be seen that the electrostatic and
exchange energies are the main contributors to the stabilization
energy of the microhydrated OCS and OCS− clusters. The
stabilization energy contributed by the electrostatic, exchange,
polarization, and dispersion energies outweighs the destabiliza-
tion energy provided by the repulsion energy.
The total and incremental association energies of the

hydrated clusters are other important energy parameters that
have been used to discuss the energetics of many hydrated
anionic and neutral systems.25−28 The total association energy
depicts the available energy on the binding of the molecules to
the water cluster, whereas the incremental association energy
provides the energetics of the loss of a water molecule from a
given cluster to form the (n − 1) clusters.

Table 1. Stabilization Energy (kcal/mol) of OCS-(H2O)n and OCS−-(H2O)n [n = 1−6] Calculated at the BP86, B3LYP, and
MP2 Methods with the 6-311++G (d,p) Basis Seta

OCS-(H2O)n=1−6

Anu Bnu Cnu Dnu Enu Fnu

BP86 1.3, 0.8, (0.2) 7.4, 6.1, (3.0) 16.4, 14.9, (10.7) 25.4, 22.1, (14.2) 38.4, 33.1, (22.0) 46.5, 40.3, (26.8)
B3LYP 1.5, 1.1, (0.4) 8.6, 7.4, (4.2) 18.9, 16.7, (11.2) 24.3, 21.1, (16.6) 39.7, 35.0, (23.2) 48.9, 40.5, (26.8)
MP2 2.2, 1.3, (0.5) 10.7, 7.1, (3.8) 21.7, 14.8, (10.1) 29.9, 21.5, (13.6) 43.6, 30.2, (19.2) 51.0, 37.8, (24.1)

OCS−-(H2O)n=1−6

Aan Ban Can Dan Ean Fan

BP86 14.2, 13.3, (11.3) 26.6, 24.5, (20.3) 37.6, 34.6, (28.2) 51.9, 47.6, (37.5) 64.6, 58.7, (46.2) 74.8, 68.0, (54.1)
B3LYP 14.0, 13.2, (11.0) 26.0, 24.2, (19.8) 37.5, 34.8, (27.1) 51.0, 47.2, (36.8) 63.3, 58.1, (45.0) 73.6, 67.6, (51.5)
MP2 15.2, 12.5, (10.4) 28.3, 22.5, (17.9) 42.0, 33.2, (25.5) 55.6, 43.7, (33.3) 68.5, 53.0, (40.6) 79.8, 61.7, (45.9)

aBSSE-corrected energies (kcal/mol) are depicted in italics, and the values shown in the parentheses (kcal/mol) correspond to the BSSE as well as
ZPE-corrected values at the respective levels of theory.

Figure 2. Plot of the stabilization energy with respect to the number of
water molecules (n) in the OCS-(H2O)n (red circle) and OCS−-
(H2O)n (blue square) clusters calculated at the MP2/6-311++G(d,p)
level of theory. The red and blue lines represent the linear fit for the
OCS-(H2O)n and OCS−-(H2O)n systems, respectively. The value of
the correlation coefficient was found to be 0.99, which reflects high
reliability of the fitting.
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+ + →− −OCS (H O) e OCS (H O)n n2 2 (1)

+ →−
−

−OCS (H O) H O OCS (H O)n n2 1 2 2 (2)

The total association energy has been calculated by using the
energy values of the species shown in eq 1, whereas the
incremental association energy has been calculated by using eq
2. The values of the total and incremental association energies
for n = 2−6 clusters have been calculated by using the BP86,
B3LYP, and MP2 methods, and the values are shown in Table
3. The values of the total association energy obtained at the
MP2 level of theory are less as compared to those for B3LYP
and BP86. The total association energy increases up to the four
water molecules and then becomes almost constant for all of
the levels of calculation. This may be attributed to the
completion of the first hydration shell of the OCS− with four
water molecules. The incremental association energy depicts
that the addition of each water molecule increases the

stabilization energy by ∼10 kcal/mol. BSSE- and ZPE-corrected
values of the total and incremental association energies are also
listed in Table 3, which depicts that these corrections only
decrease the values of the total and incremental association
energy, and the trend of the data remains the same. The BSSE
corrections with the B3LYP and BP86 methods are much
smaller than the ones at the MP2 level for the total association
energy, and a similar trend is also followed for the incremental
association energy.

(b). Vertical and Adiabatic Detachment Energies. The
VDE accounts for the energy required to remove the electron
when the structure of the neutral species is fixed at the
equilibrium geometry of its anion, whereas the adiabatic
electron affinity (ADE) describes the minimum energy required
to remove an electron when the neutral species relaxes to its
equilibrium geometry. The ADE [EADE(n)] and VDE [EVDE(n)]
of the OCS−-(H2O)n clusters have been calculated in the
following way

Table 2. Decomposition of the Total Stabilization Energy into the Electrostatic (Eelec), Exchange (Eexc), Polarization (Epol),
Dispersion (Edisp), and Repulsion (Erep) in kcal/mol for the OCS-(H2O)n as Well as OCS−-(H2O)n [n = 1−6], Respectively
Calculated at the MP2 and B3LYP Methods with the 6-311++G(d,p) Basis Seta

Eelec Eexc Epol Edisp Erep

OCS-(H2O)n=1−6

Anu −2.7 (−2.4) −2.8 (−0.8) −0.7 (−0.9) −0.2 (−1.3) 5.0 (4.0)
Bnu −15.0 (−14.1) −16.8 (−5.78) −4.2 (−5.46) −0.7 (−5.27) 29.6 (23.1)
Cnu −30.9 (−31.6) −36.8 (−14.9) −9.6 (−13.9) −2.6 (−6.4) 65.5 (52.8)
Dnu −40.3 (−39.9) −46.1 (−18.2) −12.3 (−17.1) −3.1 (−12.3) 82.4 (66.1)
Enu −66.2 (−65.8) −81.9 (−33.9) −25.5 (−34.3) −5.5 (−18.5) 147.8 (117.9)
Fnu −76.8 (−77.0) −91.7 (−38.6) −28.5 (−37.0) −5.8 (−23.8) 165.8 (137.2)

OCS‑-(H2O)n=1−6
Aan −20.9 (−19.6) −17.8 (−7.7) −4.5 (−5.4) −0.2 (−4.2) 30.8 (23.2)
Ban −38.8 (−36.9) −35.7 (−16.3) −9.0 (−14.8) −1.1 (−8.1) 61.7 (51.2)
Can −60.0 (−60.1) −58.9 (−27.6) −15.2 (−20.6) −2.0 (−14.1) 102.8 (85.5)
Dan −77.8 (−77.1) −76.1 (−34.0) −20.7 (−27.5) −3.3 (−18.9) 133.8 (109.4)
Ean −96.3 (−96.8) −101.0 (−46.2) −30.6 (−40.6) −4.9 (−23.7) 179.0 (147.8)
Fan −113.3 (−114.0) −119.6 (−53.4) −37.0 (−48.3) −5.9 (−29.3) 213.1 (175.7)

aThe values depicted in parentheses correspond to the B3LYP level of calculation.

Table 3. Total and Incremental Association Energy (kcal/mol) for the OCS−-(H2O)n [n = 1−6] Calculated at the BP86, B3LYP,
and MP2 Methods with the 6-311++G(d,p) Basis Seta

total association energy incremental association energy

methods ΔEe ΔE0 ΔEe ΔE0
2w BP86 24.9 (23.7) 24.1 (22.9) 12.4 (11.2) 10.2 (9.1)

B3LYP 24.1 (23.1) 23.5 (22.5) 12.0 (10.9) 9.8 (8.8)
MP2 8.9 (4.7) 8.1 (3.9) 12.2 (9.9) 10.5 (7.3)

3w BP86 27.1 (26.4) 26.4 (25.7) 13.1 (12.2) 9.7 (8.8)
B3LYP 26.2 (25.4) 25.4 (24.6) 12.7 (12.0) 9.4 (8.6)
MP2 11.7 (6.9) 10.7 (6.0) 14.5 (10.6) 11.1 (8.3)

4w BP86 34.0 (32.6) 33.1 (31.7) 12.1 (10.9) 9.5 (8.3)
B3LYP 32.7 (31.6) 31.8 (30.7) 12.2 (11.0) 9.5 (8.4)
MP2 13.6 (8.8) 12.9 (8.1) 13.6 (8.5) 10.9 (6.9)

5w BP86 34.1 (32.7) 33.5 (32.6) 12.3 (11.1) 9.9 (8.6)
B3LYP 33.3 (32.3) 32.3 (31.4) 12.1 (10.9) 9.5 (8.2)
MP2 19.3 (13.1) 17.5 (11.5) 13.8 (11.4) 9.8 (7.4)

6w BP86 34.9 (33.9) 34.3 (33.2) 10.5 (9.3) 7.6 (6.4)
B3LYP 33.9 (32.9) 32.5 (31.6) 10.5 (9.8) 7.5 (6.5)
MP2 20.7 (14.5) 19.2 (13.1) 11.2 (8.0) 8.8 (5.6)

aΔEe corresponds to the electronic energy values, and the values given in the parentheses for this column depict the BSSE-corrected values. ΔE0
shows the ZPE-corrected values, and the values given in the parentheses for this column correspond to the BSSE- as well as ZPE-corrected values of
the energies.
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= ‐ − ‐−E n E n E n( ) [ (OCS H O) (OCS H O)]VDE s 2 2

= ‐ − ‐−E n E n E n( ) [ (OCS H O) (OCS H O)]ADE 2 2

where E(OCS−-nH2O) represents the energy of the fully
optimized OCS−−(H2O)n clusters, E(OCS-nH2O) corresponds
to the energy of the fully optimized neutral hydrated cluster of
the OCS, and Es(OCS-nH2O) is the single-point energy of the
neutral hydrated cluster at the equilibrium geometry of the
hydrated anionic OCS cluster. Table 4 shows the values of VDE
and ADE calculated at the B3LYP, BP86, MP2, as well as
CCSD(T) methods with the 6-311++G(d,p) basis set. It is
important to note that the VDE and ADE values calculated at
the MP2 level of theory are less as compared to the other
methods. VDEs of the mono- and dihydrated OCS− have been
estimated experimentally and found to be 2.07 ± 0.07 and 2.53
± 0.07 eV, respectively. The VDE values of the mono- and
dihydrated OCS− obtained by the B3LYP and BP86 methods
are closer to the experimental value. Surprisingly, VDE values
for the mono- and dihydrated OCS− calculated at the MP2 and
CCSD(T) levels of theory underestimate it by 25 and 12%,
respectively, as compared to the experimental value. The
calculated ADE value of the monohydrated OCS− at the MP2
level of calculation is negative, which is not possible because of
its high abundance in experiment. This states that the MP2
level of theory underestimates the value of ADE. Nevertheless,
the qualitative trend of the detachment energies is similar for all
levels of calculations used in this study. Noticeably, the
calculated value of the ADE is less than the VDE at all levels of
theory due to the fact that the addition of the electron on the
OCS molecule destabilizes it by 13 kcal. Figure 3a represents
the change in the detachment energy of the microhydrated
OCS− with respect to the number of water molecules at the
BP86/6-311++G(d,p) level of calculation. It can be clearly seen
that the value of the detachment energy increases linearly up to
the four water molecules, and beyond that, the value is almost
constant. This trend of the detachment energy could be either

of the core switching of the electron from the OCS moiety to
the water network or the completion of the primary solvation
shell of the OCS−.

(c). Vertical and Adiabatic Solvation Energies. The
electron detachment process from the anionic clusters includes
three steps (Figure 4): (1) the desolvation of anionic species

having −1 charge (Ei
DS), (2) electron detachment of the ion in

the gas phase (Ii
DE), and (3) solvation of neutral species (Ei

S).
Hence, the sum of all of these energy values equals the
detachment energy (ΔEiDE).

Δ = + −

= + Δ

E n I E E

I E n

[ ( )]

[ ( )]

i
DE

i
DE

i
S

i
DS

i
DE

i
SE

ΔEi
SE(n) represents the size-dependent solvation energy, and i

stand for the vertical or adiabatic. Both the vertical solvation
energy (VDSE) and adiabatic solvation energy (ADSE) for the
microhydrated OCS− are calculated at the BP86, B3LYP, MP2,
and CCSD(T) levels of theory, and the values are shown in
Table 5. The calculated values of the VDSE and ADSE are close
to each other and follow a similar trend at all levels of theory.
Figure 3b shows the variation of VDSE and ADSE with respect
to the number of water molecules of the microhydrated clusters
at the BP86/6-311++G(d,p) level of calculation It is evident

Table 4. VDE and ADE (eV) for the OCS−-(H2O)n [n = 1−6] Calculated at the BP86, B3LYP, MP2, and CCSD(T) Methods
with the 6-311++G(d,p) Basis Set

VDE (eV) ADE (eV)

BP86 B3LYP MP2 CCSD(T) Exp BP86 B3LYP MP2 CCSD(T)

Aan 2.26 2.33 1.56 1.72 2.07 ± 0.07 0.73 0.69 −0.02 0.21
Ban 2.66 2.69 2.03 2.18 2.53 ± 0.07 1.01 0.92 0.18 0.41
Can 2.94 2.99 2.26 2.41 1.15 1.08 0.34 0.58
Dan 3.31 3.34 2.59 2.75 1.40 1.32 0.62 0.86
Ean 3.35 3.37 2.64 2.78 1.37 1.27 0.56 0.74
Fan 3.44 3.46 2.74 2.89 1.44 1.37 0.66 0.91

Figure 3. Plots of the VDE (red) and ADE (blue) (a) and (b) solvation energies with respect to the number of the water molecules, respectively,
obtained at the BP86/6-311++G(d,p) level of calculation. Red and blue lines in both plots are eye guide lines for the change of the respective data.

Figure 4. Schematic of the various steps involved in the electron
detachment process of the OCS−-(H2O)n clusters.
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from the plot that the VDSE and ADSE values increase up to
four water molecules and then become constant, similar to the
change of the ADE and VDE values.
The trend of the change of detachment (ADE, VDE) and

solvation (ADSE, VDSE) energy values with respect to the
number of water molecules could be because of either the core
switching of the electron from the OCS moiety to the water
network or completion of the primary solvation shell of the
OCS−. Figure 5 shows the highest occupied molecular orbital
(HOMO) of the OCS− monomer along with its hydrated
cluster of the OCS− calculated at the BP86/6-311++G (d,p)

level of theory. The HOMO for the OCS− is similar to that of
the hydrated OCS−, clearly demonstrating that the excess
electron is intact with OCS− and that there is no core switching
of the electron from the OCS− to the water cluster. Further
weakening of the above logic appears from the comparison of
the current VDE data to the data obtained from (H2O)n

−. If the
excess electron is bound to the water network, then the VDE of
the system can be calculated by adding the VDE of (H2O)n

−

and the solvent binding energy of a neutral OCS to a negatively
charged cluster. It has been shown that VDE values of the
higher (H2O)n

− are ∼0.5 eV, 17 and the solvent binding energy

Table 5. VDSE and ADSE (eV) for the OCS−-(H2O)n [n = 1−6] Calculated at the BP86, B3LYP, MP2, and CCSD(T) Methods
with the 6-311++G(d,p) Basis Seta

VDSE ADSE

BP86 B3LYP MP2 CCSD(T) BP86 B3LYP MP2 CCSD(T)

OCS− 1.58 1.67 0.90 1.07 0.17 0.16 −0.57 −0.34
Aan 0.68 0.66 0.66 0.65 0.56 0.53 0.55 0.55
Ban 1.08 1.02 1.13 1.11 0.84 0.76 0.75 0.75
Can 1.36 1.32 1.36 1.34 0.98 0.94 0.91 0.92
Dan 1.73 1.67 1.69 1.68 1.23 1.16 1.19 1.2
Ean 1.77 1.70 1.74 1.71 1.20 1.11 1.13 1.08
Fan 1.86 1.79 1.84 1.82 1.27 1.21 1.23 1.25

aThe VDE and ADE of the OCS− have been depicted at different levels of theory in row one of this table.

Figure 5. HOMO of the OCS− monomer as well as its hydrated clusters OCS−-(H2O)n (n = 1−6) calculated at the BP86/6-311++G(d,p) level of
theory.

Figure 6. Plot of ΔE(ADE) (a), ΔE(VDE) (b), ΔE(ADSE) (c), and ΔE(VDSE) (d) with respect to the (n + 2.7)−1 for the OCS−-(H2O)n [n = 1−
6] obtained at the BP86/6-311++(d,p) level of calculation. The correlation coefficient for all of the plots is in the range of 0.98−0.99, indicating the
reliability of the data.
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of a neutral OCS is a maximum of ∼0.5 eV. Hence, the
predicted value of VDE for the microhydrated OCS− should be
∼1 eV, which is much less as compared to the earlier observed
experimental and presently calculated values of VDEs. The
energetic and HOMO data suggest that the electrons are intact
with the OCS, and there is no core switching upon hydration
until six water molecules. A similar conclusion has been drawn
for the CO2

−, which is also metastable in the anionic form and
gets stabilized by the hydration.17 On the basis of this
argument, we believe that the trend observed in the dissociation
and solvation energies is due to the closing of the primary
solvation shell of the OCS−.
(d). Extrapolation to Bulk. Physical properties such as

solvation energy and the detachment energy of the small size
hydrated clusters of molecules can be accurately achieved by ab
initio calculations; however, they cannot be applied for the
larger hydrated clusters due to the demand of the high
computational cost. In order to bridge this gap, efforts by
various groups have been made to develop a general method by
using the existing information on the finite size clusters that can
be extrapolated to the infinite size (bulk) clusters. Recently,
Pathak et al. developed a generalized microscopic theory to
extract the properties of the infinite size clusters including the
bulk from the knowledge of the same for finite size clusters.29,30

The expression of the general equation was given as

σ σ
Δ = Δ ∞ +
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Here, ΔE(n) represents the energy value of the physical
parameters like ADE, VDE, and so forth of the hydrated
clusters of size n, and ΔE(∞) represents the energy for the
bulk. A and B are coefficients that are related to the solvent
density. The parameter σ is calculated by σ = qVR, where q
represents the charge and VR corresponds to the solute to
solvent volume ratio. In this expression, σ is introduced to
avoid the convergence problem as σ is a positive number and
greater than unity, which makes 1/(n + σ) quite smaller than
unity even for small size clusters. This method has been
successively used to calculate the accurate bulk values of the
VDE and ADE of many anionic systems.29−31

Figure 6 shows the variation of the detachment [ADE, VDE
(Figure 6a and b)] and solvation [ADSE, VDSE (Figure 6c and
d)] energies of the hydrated OCS− (black points) calculated at
the BP86/6-311++G(d,p) level of theory with respect to the (n
+ σ)−1, where the σ value for the OCS− has been found to be
2.7. The data have been fitted to an appropriate equation to
find out the optimum values of A and B (red line in Figure 6)
and extrapolated to get the bulk values of the detachment and
solvation energies. The best fit expression for the ADE, VDE,
ADSE, and VDSE are found to be the following
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The bulk values of the ADE, VDE, ADSE, and VDSE were
estimated to be 2.13, 4.74, 1.96, and 3.16 eV, respectively, at the
BP86 level of theory by extrapolation using the above-
mentioned equations. It is important to mention that the
correlation coefficients for all of the plots are in the range of
0.98−0.99, indicating the robustness of the equation used. The
same approach has been adopted to obtain the bulk values of
ADE, VDE, ADSE, and VDSE at the B3LYP, MP2, and
CCSD(T) levels of theory, and the respective values are shown
in Table 6. The obtained values of the bulk detachment

energies for the B3LYP and BP86 are close and higher than
those of the MP2 and CCSD(T) levels of theory. This is
because of the fact that MP2 and CCSD(T) levels of theory
underestimate the value of detachment energies of small size
hydrated clusters of OCS−. The predicted bulk value data for
the OCS− could not be validated due to lack of experimental
data. However, we believe that the values obtained for the
detachment and solvation energies at the BP86 and B3LYP
levels of theory are reliable due to the closeness of the VDE
data obtained at that level of theory with the experimental data
as well as very good correlation coefficients of the fitting. This
study depicts that the bulk values of VDE and ADE of the
hydrated OCS− have been increased by the 3.2 and 1.8 eV as
compared to the bare OCS−. In the absence of experimental
bulk values of the detachment and solvation energies for this
system, the values obtained in this paper may be used in the
future for simulation of OCS in the atmosphere.

■ CONCLUSION
The effect of microhydration on the neutral and anionic OCS
has been studied by the B3LYP, BP86, and MP2 methods with
the 6-311++G(d,p) basis set. The structure, energetics, and
photoelectron spectral properties of the microhydrated OCS as
well as OCS− have been investigated up to six water molecules
by using the different levels of methods. OCS is linear in the
neutral state, whereas it is bent in the anionic state. Water binds
with the OCS through the single hydrogen bond (O−H···O or
O−H···S) in the OCS-(H2O)n [n = 1−6], whereas a double
hydrogen bond (O−H···S and O−H···O) along with a single
hydrogen bond stabilizes it to the microhydrated OCS−. The
average stabilization energy increases by 9.5 kcal/mol for
microhydrated OCS clusters, whereas it increases by 12.6 kcal/
mol for microhydrated OCS− with successive addition of water.
Energy decomposition analysis shows that the electrostatic and
the exchange energies are the main contributors to the total
stabilization energy of the microhydrated OCS and OCS−

clusters. Both ADE and VDE along with the solvation energies
have been calculated at the different levels of theory. It has been
observed that B3LYP and BP86 levels of calculations provide
ADE and VDE values closer to the experimental one. It has
been also observed that the values of the ADE, VDE, ADSE,
and VDSE increase up to the fourth water molecule and then

Table 6. Bulk Values of the ADE and VDE (eV) as well as
ADSE and VDSE (eV) Calculated at the BP86, B3LYP, MP2,
and CCSD(T) Methods with the 6-311++G(d,p) Basis Set

ADE VDE ADSE VDSE

BP86 2.13 4.74 1.96 3.16
B3LYP 2.18 4.80 1.97 3.13
MP2 2.03 3.61 2.30 2.14
CCSD(T) 1.73 3.80 2.36 2.74
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become constant. This trend of detachment and solvation
energies has been assigned to the completion of the first
solvation shell of the OCS− with four water molecules. Finally,
an analytical expression has been used to get the bulk value of
the detachment and solvation energies from the existing
information on the finite size clusters. The present study reveals
that hydration increases the detachment energy of the OCS− by
∼3.2 eV.
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