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Ab initio molecular orbital and hybrid density functional methods have been employed to characterize the
structure and bonding of (H2O-H2S)+, an asymmetrical dimer radical cation system. A comparison has been
made between the two-center three-electron (2c-3e) hemi-bonded system and the proton-transferred hydrogen-
bonded systems of (H2O-H2S)+. Geometry optimization of these systems was carried out using unrestricted
Hartree Fock (HF), density functional theory with different functionals, and second-order Møller-Plesset
perturbation (MP2) methods with 6-311++G(d,p) basis set. Hessian calculations have been done at the same
level to check the nature of the equilibrium geometry. Energy data were further improved by calculating
basis set superposition error for the structures optimized through MP2/6-311++G(d,p) calculations. The
calculated results show that the dimer radical cation structure with H2O as proton acceptor is more stable
than those structures in which H2O acts as a proton donor or the 2c-3e hemi-bonded (H2O∴SH2)+ system.
This stability trend has been further confirmed by more accurate G3, G3B3, and CCSD(T) methods. On the
basis of the present calculated results, the structure of H4OS+ can best be described as a hydrogen-bonded
complex of H3O+ and SH with H2O as a proton acceptor. It is in contrast to the structure of neutral (H2O‚
‚‚H2S) dimer where H2O acts as a proton donor. The present work has been able to resolve the ambiguity in
the nature of bonding between H2O and H2S in (H2O-H2S)+ asymmetrical dimer radical cation.

1. Introduction

Structural investigation of hydrogen-bonded complexes is of
great theoretical and experimental interest due to their impor-
tance in many chemical and biological systems and processes.1

The strength of a hydrogen bond depends on the proton donating
and proton accepting ability of the donor and the acceptor,
respectively. Sometimes, the type of interaction involved in the
hydrogen bond is also controversial.2 The asymmetrical dimer
system (H2O-H2S) is an interesting example in this context.
H2O has good proton donating as well as accepting ability
whereas H2S is neither a good proton donor nor a good proton
acceptor. There are various reports on the detailed theoretical
investigation of neutral asymmetrical dimer system (H2O-H2S)
suggesting an almost linear intermolecular hydrogen bond
between H2O and H2S.3-7 However, the results obtained from
different studies are not mutually consistent. For example, in
some studies H2O has been found to act as a proton donor,3,4

whereas in others it has been found to act as a proton
acceptor.5-7 In recent years, hydrogen-bonded systems with an
excess proton (H+ ion) or OH- ion have attracted considerable
attention8-17 both from experimentalists and theoreticians due
to their fundamental importance and anomalous behavior.
Among these species H5O2

+ and H3O2
- are the two prototype

examples, which have been investigated extensively. Both these

species can be obtained through addition/removal of a proton
to/from the hydrogen-bonded neutral water dimer system.
However, comparatively less attention has been devoted to the
ionized hydrogen-bonded systems obtained through removal/
addition of an electron from/to the neutral system. It is to be
noted that ionized hydrogen-bonded systems exhibit a very rich
and varied chemistry. The ionized hydrogen-bonded systems
can evolve via different chemical reactions such as electron
transfer, proton transfer, or molecular rearrangement.

Among various ionized hydrogen-bonded systems, dimer
radical cation/anion species have fascinated researchers because
of their ambiguous structures. These dimer radical cation
(H2X)2

+ or anion (H2X)2
- species are formed by intermolecular

interaction between a neutral molecule and molecular cation or
anion, respectively. Here, X is an atom from first or second
row of periodic table. It has been shown that generally hydrogen-
bonded systems are preferred for all the first-row systems
whereas 2c-3e hemi-bond is preferred for the second-row
systems. However, both kind of systems have similar energies
for (H3P)2+ species.18 For second-row (H2X)2

+ systems, un-
paired electron in the p-orbital of heteroatom gets stabilized by
coordination with a free p-electron pair on another neutral
heteroatom, making a 2c-3e hemi-bond which is not the case
with the first row dimer radical cations. For example, proton
transferred structure (H3O+‚‚‚OH) is known to be favored for
(H2O)2+ system,18-21 but the 2c-3e hemi-bonded structure
(H2S∴SH2)+ is known to be preferred for the (H2S)2+

system.18,21-23

In the present study, the asymmetrical dimer radical cation
system (H2O-H2S)+ has been selected, which has hetero atoms
(oxygen and sulfur) of both first and second row each.
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Ionization-induced changes in the structure and nature of
bonding of such asymmetrical dimer (H2O-H2S) are of interest,
which is in between the dimer radical cation systems (H2O)2+

and (H2S)2+. However, the (H2O-H2S)+ system has not been
studied in detail. Moreover, there are contradictory reports in
the literature on the structure of (H2O-H2S)+ system. Clark
has reported that (H2O-H2S)+ has hemi-bonded structure in
Cs symmetry.23 On the other hand, a later study suggested
against a hemi-bonded structure for (H2O-H2S)+ system24 based
on the absence of any orbital overlapping. Consequently, proton
transferred structure may be considered as another alternative
for (H2O-H2S)+. However, there is no systematic report on
the proton transferred or hydrogen-bonded structure of (H2O-
H2S)+. Moreover, this system (H4OS+) might be considered in
between the protonated and the deprotonated species mentioned
above, and may serve as a prototype example of the ionized
hydrogen-bonded systems involving hetero atoms. Therefore,
three different possible structures have been considered for
geometry optimization of (H2O-H2S)+ (see Chart 1): (1)
structure I, H2O can act as proton donor (PD) producing (HO‚
‚‚+SH3); (2) structure II, H2O can act as proton acceptor (PA)
producing (H3O+‚‚‚SH); or (3) structure III, a 2c-3e hemi-
bonded (H2O∴SH2)+. Among these, structures I and II seem
to be more probable because water can act both as a proton
acceptor and a proton donor.

In the ab initio calculations of such dimer radical cation/anion
system the importance of electron correlation and need for larger
basis set is well-known.21 Further, symmetry restrictions are
known to affect the optimization of such species. Therefore, it
is also interesting to compare the stability of the hemi-bonded
structure with the proton-transferred structures of (H2O-H2S)+

using correlated methods with large basis sets.
It is to be noted that selection of different methods and

functional leads to different structure and energy in the
theoretical calculations of (H2O)2+.18-21,25-27 The calculations
based on post-HF, DFT with 50% exact HF exchange (BHH-
LYP functional), and modified coupled pair functional (MCPF)
methods have predicted proton-transferred (HO‚‚‚+OH3) struc-
ture to be a minimum.18,20 On the other hand, DFT with a few
gradient-corrected functionals (such as BLYP, B3LYP, etc.) has
predicted hemi-bonded as the minimum-energy structure.25-27

However, both DFT and post-HF calculations for (H2S)2+ lead
to the same result predicting hemi-bonded structure as the lower-
energy isomer, although the energy difference between the
proton transferred and the hemi-bonded structure varies from
one method to another.18,21-23 These studies indicate that DFT-
predicted results depend on the selection of functionals.
Therefore, it is interesting to compare the results for (H2O∴SH2)+

system obtained using different functionals as well as different
computational methods.

To the best of our knowledge, thorough study of various
possible structures of this system and their comparison has not
been performed. In the present study, pure density functional
method has not been used since it fails to predict the correct
structure of weakly bonded dimer radical species. Pure density
functional method also fails to predict the relative stability of
different structures as compared to post-HF based methods.
Thus, in this work our objective is to find the global minimum
structure of (H2O-H2S)+ system using density functional

method with various hybrid functionals and also by MP2
method. The MP2 optimized structures have been further
investigated using G3, G3B3 and CCSD(T) methods to improve
the results obtained by DFT and MP2 methods.

2. Computational Methods

The three different possible structures I-III (shown in Chart
1) have been used for (H2O-H2S)+ system. The proton-
transferred structures (I and II) have been compared with hemi-
bonded structure III. Ab initio molecular orbital methods have
been used to get the energy of the optimized (H2O-H2S)+

system and its possible constituents H2O, H2S, H2O+, H2S+,
H3O+, H3S+, OH, and SH. Unrestricted Hartree-Fock (HF),
density functional theory with B3LYP, BHHLYP and HLYP
functionals, and second-order Møller-Plesset perturbation (MP2)
methods have been used for the geometry optimization. The ab
initio calculations have been performed using the GAMESS28

electronic structure program with 6-311++G(d,p) basis set for
hydrogen, oxygen, and sulfur atoms. Stable structures were
characterized using vibrational analysis. Binding energy (BE)
has been calculated by subtracting the total energy of the
structure from the total energy of the constituent species.

Quantum chemical calculations for structures I-III have been
also performed with Gaussian0329 program using G3 and G3B3
methods.30 G3 theory (Gaussian-3) is one of the most accurate
methods for calculating energies of molecules containing atoms
of the first and second row of the periodic table. G3 theory
uses geometries from second-order perturbation theory [MP2-
(FU)/6-31G(d)] and scaled zero-point energies from Hartree-
Fock theory [HF/6-31G(d)] followed by a series of single-point
energy calculations at MP2 level, fourth-order Møller-Plesset
(MP4), and quadratic configuration interaction [QCISD(T)]
levels of theory. The MP4 calculations are carried out with the
6-31G(d) basis set and several basis set extensions. The QCISD-
(T) calculation is done with the 6-31G(d) basis set. The MP2
calculation is performed with a new basis set, referred to as G3
large, and includes core correlation. The other single-point
energy calculations are done with a frozen core approximation.
G3 theory is effectively at the QCISD(T,FU)/G3 large level and
makes certain assumptions about additivity of the calculations.
It also includes a spin-orbit correction, and a higher-level
correction. G3B3 method is a variant of G3 method and uses
the B3LYP density functional method for geometries and zero-
point energies in place of the MP2/6-31G(d) geometries and
scaled HF/6-31G(d) zero-point energies, respectively. The G3B3
results are known to be slightly improved compared to G3 for
inorganic hydrides and radicals.30 Further, G3 energy is expected
to be more precise than G3B3 energy for asymmetrical (H2O-
H2S)+ system due to the use of density functional in G3B3
method. To further ascertain the stability order of the three
structures, their geometries and energies have been calculated
using more accurate CCSD/cc-pVTZ method followed by single
point energy calculation using CCSD(T)/aug-cc-pVTZ level of
theory.

3. Results and Discussion

DFT and MP2 Calculations. Three possible structures for
(H2O-H2S)+ systems (Chart 1) have been considered to
investigate the structure, energy, and nature of bonding of this
system. The stability of the proton-transferred systems has also
been compared with the hemi-bonded system. The geometries
of structures I-III have been fully optimized without any
symmetry restriction using HF, DFT with different functionals,
and MP2 methods. The structures optimized with MP2 method

CHART 1: Structures of (H 2O-H2S)+ System
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are shown in Figure 1. The bond lengths and bond orders for
all the structures are given in Table 1. Structure II with H2O as
PA and H2S as PD has been found to be more stable as
compared to the hemi-bonded structure III and proton transferred
structure I (H2O as PD) by HF, DFT with different functionals,
and MP2 method. Total energy of structures I-III follows an
order I (-474.732813 au)> III ( -474.791081 au)> II
(-474.794045 au) as calculated by MP2 method. However, it
is in contrast to the structure of neutral (H2O-H2S) system
where H2O acts as a proton donor. In an earlier study, another
asymmetrical system (H2O∴NH3)+ has not been found to have
a hemi-bonded structure as the global minimum.20 Further, Clark
has also reported that the strongest 2c-3e hemi-bond is expected
between the fragments of similar ionization potentials only.23

The calculation of ionization potential of H2O and H2S in the
present study has also suggested that it is easier to ionize H2S
than H2O. Since ionization of the species increases its acidity,
H2S+ should donate a proton to H2O to produce (H3O+‚‚‚SH),
i.e., structure II. Considering the better spin localization on larger
sulfur atom as compared to that on oxygen atom, this is quite
expected.

The energy of structures I and III with respect to structure II
is given in Table 2. Table 2 also lists the zero-point energy
corrected relative energies of the structures I and III with respect
to structure II as calculated using different methods. It has been
observed that both HF and DFT methods underestimate the
energy difference for structure I. However, for structure III there
is no regular trend in the relative energies. To understand the
distribution of unpaired electron on asymmetrical dimer radical
cation (H2O-H2S)+ system, Mulliken atomic spin population,
free valence, and Mulliken charges have been calculated (Table
3) for the structures optimized by MP2 method. The bond
lengths between the two fragments of (H2O-H2S)+ (both
hydrogen-bonded and hemi-bonded) as calculated using different
methods are shown in Table 4. The length of the weakest bond
between the two fragments for structures I, II, and III has been
calculated to be 1.819, 1.753, and 2.467 Å, respectively, by
MP2 method. For structure I, the O(1)-H(4) bond (1.819 Å)

has become almost double of O(1)-H(3) bond (0.973 Å for
H2O). The corresponding bond order is reduced by∼7 times.
Bond order of O(1)-H(4) has been calculated to be 0.126,
whereas for all other bonds it isg0.8 for structure I. This
suggests that proton (H4) is transferred from H2O to H2S and
the fragments H3S+ and OH are held together by hydrogen bond
in structure I (Figure 1). The calculated Mulliken atomic spin
population (reported in Table 3) is also the highest on the oxygen
atom (O(1)), thereby suggesting the formation of OH in
agreement with the structure H3S+‚‚‚OH.

Similarly for structure II the S(1)-H(4) bond (1.753 Å) of
H2S has been stretched to 1.3 times of S(1)-H(3) bond (1.343
Å), and the corresponding bond order is reduced. S(1)-H(4)
bond order (0.750) for structure II has been calculated to be
∼6 times as compared to O(1)-H(4) of structure I (0.126). Also,
the bond order of O(2)-H(4) for structure II (0.446) has been
calculated to be nearly half of that of S(2)-H(4) for structure
I (0.819). This suggests that the extent of proton transfer is more
in structure I as compared to that in structure II. In other words,
the most stable structure (II) has a partial proton transfer from
H2S to H2O as compared to that for structure I. The calculated
Mulliken atomic spin population is highest on the sulfur atom
for structure II (S(1)), suggesting the formation of SH is in
agreement with the structure H3O+‚‚‚SH. The results indicate
that there is a proton transfer from H2S to H2O in structure II,
and the fragments H3O+ and SH are held together through a
hydrogen bond. Dihedral angle∠6241 for the structures I and
II are 27.52° and 115.96°, respectively. The bond angle∠413
for structures I and II are 142.26° and 96.21°, respectively.

The optimized structure III has been associated with a larger
distance (2.467 Å) between S(1) of H2S and O(2) of H2O,
suggesting against a bond between H2S and H2O. This value is
also close to the average (∼2.4 Å) of the hemi bond in (H2O)2+

and (H2S)2+ reported earlier.18,21,24Even the corresponding bond
order is calculated to be low enough (0.086) to make a bond
between H2S and H2O. All other bonds for structure III have
bond order values>0.8. The calculated spin density is highest
on S(1) atom, indicating ionization of the constituent of lower
ionization potential, H2S. Total energy, bond length, and bond
order values calculated for structure III agree well with those
reported earlier.23,24

A small bond order (0.086) and large bond length (2.467 Å)
between the constituents of structure III suggest that the 2c-3e
hemi-bond is weak enough to exist. Bond lengths and bond
orders for the structures I and II indicate that they have proton-
transferred hydrogen-bonded system. The bond length (1.753
Å) and bond order (0.750) values of the most stable structure
(II) suggest a partially proton-transferred hydrogen-bonded
system for (H2O-H2S)+. The study suggests that ionization
produces a drastic change in the geometry of (H2O-H2S) dimer
system. This is clearly evident from the structures of the neutral
dimer (H2O as proton donor)3 as compared to the ionized dimer
(H2O as proton acceptor). It is to be noted that ionization
changes the structure from hydrogen-bonded to proton-
transferred hydrogen-bonded structure for (H2O)2, whereas the
structure changes from hydrogen-bonded to hemi-bonded struc-
ture for (H2S)2.18-22,24,27,31

A comparison of relative energies calculated for the three
different structures (Table 2) shows structure II as the most
stable one followed by structures III and I. Zero-point-energy-
corrected energy values also follow the same order of stability:
II (H2O as PA)> III (hemi-bonded)> I. (H2O as PD). This
trend agrees well with the presumption that the fragment of
lower ionization potential (H2S) should ionize first and the

Figure 1. Optimized geometrical structures of (H2O-H2S)+ by MP2
method.
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increased acidity of H2S+ results in transfer of a proton to H2O.
This is also in agreement with the better stabilization of spin
(unpaired electron) on fragment with more diffuse 3p orbitals
of the sulfur atom. It must be noted that the relative energy of
(H2O-H2S)+ system calculated by B3LYP method is closest
to that obtained by MP2 method (Table 2). Further, the energy
of structure III (hemi-bonded) is a little more (1.9 kcal/mol),
but that of structure I (H2O as PD) is very high (38.4 kcal/mol)
as compared to that of structure II (H2O as PA). This suggests
that for the asymmetrical dimer radical cation system, the
proton-transferred structure with transfer of proton from the
fragment of lower ionization potential is the most stable one.

The calculated Mulliken atomic spin population and free
valence have been found to be highest (g1.0) on O(1), S(1),
and S(1) for structures I, II, and III, respectively. Mulliken
charge on oxygen atom for structures I, II, and III are calculated
to be-0.24,-0.22, and-0.59, respectively. Similarly, Mul-

liken charges on sulfur atom for structures I, II and III are
calculated to be 0.35, 0.33, and 0.55, respectively. These values
suggest that there is more charge separation in hemi-bonded
structure III as compared to that in proton-transferred structures
I and II. There is a large difference of Mulliken charges on
atoms H(3) (0.31) and H(4) (0.17) of proton donor H2O, but it
is the same (∼0.2) on atoms H(5) and H(6) of proton acceptor
H2S for structure I. Similarly, Mulliken charge on atoms H(3),
H(4), H(5), and H(6) is 0.11, 0.05, 0.36, and 0.36, respectively,
for structure II. However, Mulliken charges on hydrogen atoms
of H2O and H2S for hemi-bonded structure III are∼0.33 and
∼0.17, respectively.

On the basis of Mulliken atomic spin populations, Mulliken
charge and free valence values of the optimized structures, it
has been considered that constituents of structure I are OH and
+SH3 and those for structure II are SH and+OH3. Since
Mulliken atomic spin population is highest on S(1) of H2S for
structure III, it is assumed that constituents of structure III are
H2O and H2S+. Binding energies of structures I-III have also
been calculated with respect to their above-mentioned constitu-
ents using HF, DFT with different functionals, and MP2
methods. A comparison of binding energies of the structures
I-III (Table 3) shows that the stability of these structures against
dissociation into the assumed fragments is high and follows the
order II (22.7) kcal/mol)> III (21.0) kcal/mol)> I (12.8 kcal/
mol). It is interesting to note that the binding energy of the
structures I-III follows the same trend as that of the total
energy.

It has been often argued that binding energy of weakly bonded
system is overestimated due to basis set superposition error
(BSSE).32,33 BSSE arises due to the fact that finite size basis
sets are used and the basis set on one unit lowers the calculated
energy of the other unit at the nuclear configurations of the
two subsystems at equilibrium geometry and vice versa. To
avoid this problem, BSSE has been estimated for the structures
optimized by MP2 method (Table 3). The BSSE corrected
interaction energy (∆EBSSE) values have been found to be very
close to the corresponding uncorrected values and also follow
the same order, i.e., II (20.2 kcal/mol)> III (19.0 kcal/mol)>
I (11.6 kcal/mol).∆EBSSE values have been calculated to be
lower bye2.5 kcal/mol only as compared to their corresponding
uncorrected values by MP2 method. BSSE corrected energies
also suggest that structure II (H2O as PA) is the most stable
structure on ionization of (H2O-H2S) dimer.

The calculated bond length connecting the two fragments of
(H2O-H2S)+ are given in Table 4. The MP2 calculated distance
between the two fragments for these structures follows the order
III (2.47 Å) > I (1.82 Å) > II (1.75 Å). It has been observed
that HF overestimates the weak bond (length) between the two
constituents in the hydrogen-bonded structures I-II as well as
in the hemi-bonded structure III. The weak bond (O(1)-H(4))
in structure I has been calculated to be 1.73-1.83,∼1.97, and
∼1.82 Å by DFT with different functional and HF and MP2
methods, respectively. Similarly, the weak bond (S(1)-H(4))
in structure II has been calculated to be 1.81-1.95,∼2.05, and
∼1.75 Å by DFT with different functional and HF and MP2

TABLE 1: Optimized Geometrical Parameters of (H2O-H2S)+ by MP2 Method

structure I (HO‚‚‚+SH3) structureΙI (HS‚‚‚+OH3) structureΙΙI (H2O∴SH2)+

bond length (Å) bond order bond length (Å) bond order bond length (Å) bond order

O(1)-H(3) ) 0.973 O(1)-H(3) ) 0.872 O(2)-H(4) ) 1.129 O(2)-H(4) ) 0.446 O(2)-H(4) ) 0.965 O(2)-H(4) ) 0.856
O(1)-H(4) ) 1.819 O(1)-H(4) ) 0.126 O(2)-H(5) ) 0.971 O(2)-H(5) ) 0.835 O(2)-H(6) ) 0.965 O(2)-H(6) ) 0.863
S(2)-H(5) ) 1.345 S(2)-H(5) ) 0.913 O(2)-H(6) ) 0.971 O(2)-H(6) ) 0.835 S(1)-H(3) ) 1.344 S(1)-H(3) ) 0.914
S(2)-H(6) ) 1.345 S(2)-H(6) ) 0.916 S(1)-H(3) ) 1.343 S(1)-H(3) ) 0.930 S(1)-H(5) )1.344 S(1)-H(5) ) 0.914
S(2)-H(4) ) 1.369 S(2)-H(4) ) 0.819 S(1)-H(4) ) 1.753 S(1)-H(4) ) 0.750 S(1)-O(2) ) 2.467 S(1)-O(2) ) 0.086

TABLE 2: Relative Energy (∆E, kcal/mol) of Various
Optimized Geometrical Structures of (H2O-H2S)+ with
Respect to Structure II (HS‚‚‚+OH3)

structure I (HO‚‚‚+SH3) structureΙΙI H2O∴SH2)+

method ∆E ∆EZPE
a ∆E ∆EZPE

a

HF 23.8 20.0 4.4 2.8
B3LYP 35.5 32.9 0.3 0.7
BHHLYP 32.7 29.8 3.0 2.8
HLYP 28.9 25.6 4.5 3.5
MP2 38.4 36.8 1.9 2.3

a Zero-point energy corrected relative energy.

TABLE 3: Binding Energy (BE, kcal/mol) a and Other
Parameters of Various Structures of (H2O-H2S)+

structureΙ
(HO‚‚‚+SH3)

structureΙI
(HS‚‚‚+OH3)

structureΙΙI
(H2O∴SH2)+

mximum spin density O(1) (1.04) S(1) (1.13) S(1) (1.01)
mximum free valence O(1) (1.22) S(1) (1.25) S(1) (1.13)
charge O(1)-0.24 O(2)-0.22 O(2)-0.59

S(2)+0.35 S(1)+0.33 S(1)+0.55
BE (HF) 11.3 15.9 18.2
BE (B3LYP) 13.8 23.1 26.6
BE (BHHLYP) 13.4 21.0 23.5
BE (HLYP) 14.0 19.7 23.0
BE (MP2) 12.8 22.7 21.0
BE (MP2)BSSE

b 11.6 20.2 19.0

a The constituents considered are HO and+SH3 for structure I, HS
and +OH3 for structure II and H2O and H2S+ for structure III.bBasis
set superposition error corrected binding energy.

TABLE 4: Distance (Å) between the Fragments for Various
Structures of (H2O-H2S)+

method
structure I

(HO‚‚‚+SH3)
structureΙI

(HS‚‚‚+OH3)
structureΙΙI
(H2O∴SH2)+

HF 1.966 2.055 2.610
B3LYP 1.729 1.811 2.464
BHHLYP 1.790 1.885 2.426
HLYP 1.826 1.947 2.441
MP2 1.819 1.753 2.467
G3 1.785 1.933 2.389
CCSD 1.826 1.903 2.418
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methods, respectively. Hemi-bond distance in structure III has
been calculated to be close to 2.6 Å by HF and 2.4 Å by DFT
with different functionals and MP2 method. Earlier, hemi-
bonded and proton-transferred structures of symmetrical dimer
radical cations (H2O)2+ and (H2S)2+ have been studied using
various methods and functionals.21 The average value of the
hemi-bonds for (H2O)2+ and (H2S)2+ structures, as calculated
earlier by different methods, is close to that calculated for
(H2O-H2S)+ in the present work. But the average value of the
proton transferred hydrogen bond for (H2O)2+ and (H2S)2+

structures, as calculated earlier by different methods, is 3-8%
more than that calculated for structure II and((1-3)% for
structure I.

G3, G3B3 and CCSD(T) Calculations. In the present work,
geometry optimization and energy calculation of an asym-
metrical dimer radical cation system involving a weak interac-
tion has been studied using DFT with different hybrid func-
tionals and MP2 methods. However, DFT as well as MP2
methods have been subjected to criticism for the investigations
of asymmetrical cation radical systems.34-36 Further, the most
stable structure II is only 2.3 kcal/mol lower in energy than the
hemi-bonded structure III as predicted by MP2 method. In view
of this, the structures and energetics of (H2O-H2S)+ is further
studied with advanced methods of calculation. The G3 procedure
is renowned for predicting accurate energy and energy differ-
ences for such systems.37 Therefore, (H2O-H2S)+ has also been
studied using G3, G3B3, and CCSD(T) methods. It is to be
noted that the length of the weakest bond between the two
fragments for structures I, II, and III has been calculated to be
1.785, 1.933, and 2.389 Å, respectively, by the G3 method
(reported in Table 4). The corresponding values using the CCSD
method (reported in the same Table) are found to be 1.826,
1.903, and 2.418 Å for the structures I, II, and III, respectively.
Thus, the length of the weakest bond is found to be almost the
same for structure I; however, for structure II the corresponding
MP2 calculated value is the smallest one among all the predicted
values reported here. For structure III, the MP2-calculated
weakest bond length is found to be close to the corresponding
B3LYP predicted value. Therefore, no regular trend has been
found as far as different computational methods are concerned
for the prediction of the weakest bond length in the three
different structures of (H2O-H2S)+ system.

The calculated energy trend (Table 5) for structures I-III
using G3 and G3B3 methods supports the result of MP2
calculations. Structure II has been calculated to be the most
stable, with an energy difference of 1.0 and 3.4 kcal/mol in
comparison to structure III, as calculated by G3 and G3B3
methods, respectively. The energy of these structures as
calculated by G3 and G3B3 method follows the order I> III
> II (Table 5). CCSD(T) calculations have also been performed
for the structures I, II and III (Table 5). The CCSD(T) calculated
energy values also show that stability of these structures follow
the order II> III > I. Structure II has been calculated to be the
most stable one with 4.5 and 3.4 kcal/mol more stable than

structure III, as calculated by CCSD/cc-pVTZ and CCSD(T)/
aug-cc-pVTZ methods, respectively (Table 5).

Vibrational frequencies as calculated by DFT-B3LYP method
for the three structures are given in Table 6. These calculated
IR frequencies suggest that the three structures should have
absorption at different positions, which need experimental
investigation. Though 2c-3e hemi-bond has been considered
between H2O and H2S for structure III initially, its geometry
optimization has produced H2O and H2S+ as two separate
fragments. In a recent study, however, the onset of symmetry
breaking in 2c-3e symmetrical dimer radical cation for (H2O)2+

and (H2S)2+ structures has been found at 2.14 and 3.38 Å
between the two fragments.36 This suggests that symmetry
breaking in asymmetrical dimer radical cation takes place at
shorter distances as compared to that in symmetrical radical
cation.

4. Concluding Remarks

Ab initio calculations using HF, DFT with different func-
tionals, and MP2, G3, G3B3, and CCSD(T) methods have been
performed to characterize the structure and bonding of (H2O-
H2S)+, an asymmetrical dimer radical cation system. A com-
parison has been made between the two-center three-electron
(2c-3e) hemi-bonded system and the proton-transferred hydrogen-
bonded systems of (H2O-H2S)+. The dimer radical cation
structure with H2O as proton acceptor is found to be more stable
than those structures in which H2O acts as a proton donor or
the 2c-3e hemi-bonded (H2O∴SH2)+ system. This stability trend
has been predicted through DFT with hybrid functionals, MP2,
G3, G3B3, and CCSD(T) methods. On the basis of the present
calculated results, the structure of H4OS+ can best be described
as a hydrogen-bonded complex of H3O+ and SH with high
Mulliken atomic spin on sulfur atom. It is in contrast to the
structure of neutral (H2O‚‚‚H2S) dimer, where H2O acts as a
proton donor. The present study suggests that on ionization there
is a partial proton transfer from the constituent of lower
ionization potential to the other one in the case of (H2X-YH2)+

system. The present work has been able to resolve the ambiguity
in the nature of bonding between H2O and H2S in (H2O-H2S)+

asymmetrical dimer radical cation.
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