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Ab initio molecular orbital and hybrid density functional methods have been employed to characterize the
structure and bonding of @g@—H,S)*, 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 @@—H,S)". Geometry optimization of these systems was carried out using unrestricted
Hartree Fock (HF), density functional theory with different functionals, and second-order MBlesset
perturbation (MP2) methods with 6-3+#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 MP2/643&({d,p) calculations. The
calculated results show that the dimer radical cation structure with &b proton acceptor is more stable
than those structures in which,@® acts as a proton donor or the 2c-3e hemi-bonde®(HsH,)™ 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,06{3H can best be described as a hydrogen-bonded
complex of HO* and SH with HO as a proton acceptor. It is in contrast to the structure of neuted-(H
--H,S) dimer where KO acts as a proton donor. The present work has been able to resolve the ambiguity in
the nature of bonding between®l and BS in (H,O—H,S)" asymmetrical dimer radical cation.

1. Introduction 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
%hoted 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 (HX),~ 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 (HsP)" species? For second-row (pX),™ systems, un-
paired electron in the p-orbital of heteroatom gets stabilized by
coordination with a free p-electron pair on another neutral

to their fundamental importance and anomalous behavior. heteroatom, making a 2¢-3e hemi-bond which is not the case
) H - , ; _
Among these speciessB,” and HO," are the two prototype & "o tirct row dimer radical cations. For example, proton

examples, which have been investigated extensively. Both thesetransferred structure g@*+--OH) is known to be favored for

“ T . (H0)t systemi®2! put the 2c-3e hemi-bonded structure

o whom correspondence should be addressed. E-mail: I T

tapang@barc.gov.in. (H2SOSHy)* is known to be preferred for the (8)
Radiation and Photochemistry Division, Bhabha Atomic Research systemt82+23

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 procésses.
The strength of a hydrogen bond depends on the proton donatin
and proton accepting ability of the donor and the acceptor,
respectively. Sometimes, the type of interaction involved in the
hydrogen bond is also controverstarhe asymmetrical dimer
system (HO—H,S) is an interesting example in this context.
H,O has good proton donating as well as accepting ability
whereas HS is neither a good proton donor nor a good proton
acceptor. There are various reports on the detailed theoretical
investigation of neutral asymmetrical dimer systera@HH,S)
suggesting an almost linear intermolecular hydrogen bond
between HO and HS3~7 However, the results obtained from
different studies are not mutually consistent. For example, in
some studies pO has been found to act as a proton dotor,
whereas in others it has been found to act as a proton
accepto® 7 In recent years, hydrogen-bonded systems with an
excess proton (Hion) or OH™ ion have attracted considerable
attentior$~17 both from experimentalists and theoreticians due

Center. ; i ; ;
* Theoretical Chemistry Section, Bhabha Atomic Research Center. In the present SthUdy’ the asymmetrical .dlmer radical cation
8 eibniz Institute of Surface Modification. system (HO—H,S)" has been selt_ected, which has hetero atoms
' Chemistry Group, Bhabha Atomic Research Center. (oxygen and sulfur) of both first and second row each.
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CHART 1: Structures of (H,O—H,S)" System method with various hybrid functionals and also by MP2
(HO-*SHy) (HS--*OHs) (H:0.SHy)" method. The MP2 optimized structures have been further
investigated using G3, G3B3 and CCSD(T) methods to improve
I il 1| the results obtained by DFT and MP2 methods.
H,0 as proton donor H,0 as proton acceptor Hemi-bonded system

2. Computational Methods
lonization-induced changes in the structure and nature of
bonding of such asymmetrical dimer{BH,S) are of interest,
which is in between the dimer radical cation systemsQz"
and (HS)". However, the (HO—H,S)" system has not been
studied in detail. Moreover, there are contradictory reports in
the literature on the structure of §8—H,S)" system. Clark
has reported that (#0—H,S)" has hemi-bonded structure in
Cs symmetry?® On the other hand, a later study suggested . . .
against a hemi-bonded structure fop@+H,S)* systerd? based ]Ejens_lty functional theory with B3LYP, BHHLYP and_HLYP
on the absence of any orbital overlapping. Consequently, proton unctionals, and second-order Mgller-Plesset perturbation (MP2)

transferred structure may be considered as another alternativén.e.thods ha"? been used for the geometry optimization. The ab
for (H,0—H,S)*. However, there is no systematic report on initio calculations have been performed using the GAMBESS

the proton transferred or hydrogen-bonded structure gD¢H electronic structure program with 6-3t%#G(d,p) basis set for
H.S)*. Moreover, this system (S*) might be considered in hydrogen, oxygen, and sulfur atoms. Stable structures were

between the protonated and the deprotonated species mentioneﬁqar?fte”zecjl usllntg (;/ltératlonbazl ar:glys[[sh. B,'[n?'?g energy (thli)
above, and may serve as a prototype example of the ionized as been calculated by sublracting the lotal energy of the

hydrogen-bonded systems involving hetero atoms. Therefore,StrUCture from the total energy of the constituent species.

three different possible structures have been considered for Quantum chemical calcu!ations for structqrestll have been
geometry optimpization of (bD—H,S)" (see Chart 1): (1) also performed with Gaussiar3rogram using G3 and G3B3

structure 1, HO can act as proton donor (PD) producing (HO methods® G3 theory (Gaussian-3) is one of the most accurate
-+ SHy); (2’) structure 11, HO can act as proton acceptor (PA) methods for calculating energies of molecules containing atoms
produci,ng (HO*---SH)', or (3) structure Ill, a 2c-3e hemi- of the first and second row of the periodic table. G3 theory
bonded (HOU SHy)™. A’mong these, structu,res | and Il seem US€s geometries from second-orde_r perturb_ation theory [MP2-
to be more probable because water can act both as a protorf’ )/6-31G(d)] and scaled zero-point energies from Hartree
acceptor and a proton donor ock theory [HF/6-31G(d)] followed by a series of single-point
In the ab initio calculations of such dimer radical cation/anion EN€gy calculations at MP2 level, fourth-order Maller-Plesset

system the importance of electron correlation and need for Iarger(MP4)’ and quadratic conflguratl_on Interaction [QCISP(T)]
basis set is well-know®: Further, symmetry restrictions are levels of theory. The MP4 calculations are carried out with the

known to affect the optimization of such species. Therefore, it 6-31G(d) basis set and several basis set extensions. The QCISD-

is also interesting to compare the stability of the hemi-bonded (T) calculation is done with the 6-31G(d) basis set. The MP2

structure with the proton-transferred structures of@HH,S)* calculation is performed with a new basis set, referred to as G3
using correlated methods with large basis sets z large, and includes core correlation. The other single-point

It is to be noted that selection of different methods and €N€r9Y callculation.s are done with a frozen core approximation.
functional leads to different structure and energy in the G3 theory |s_effect|vely at the QCISD(T.".:L.J)/G?’ large level gnd
theoretical calculations of (),*.18-21.25-27 The calculations makes certain assumptions about additivity of the calculations.

h It also includes a spinorbit correction, and a higher-level
based on post-HF, DFT with 50% exact HF exchange (BHH- . . . ’
LYP functional), and modified coupled pair functional (MCPF) correction. G383 metho.d s a variant of G3 method and uses
methods have predicted proton-transferred {H@DH;) struc- the B3LYP density functional method for geometries and zero-
ture to be a minimun®2°0n the other hand, DFT with a few ~ POINt energies in place of the MP2/6-31G(d) geometries and
gradient-corrected functionals (such as BLYP, B3LYP, etc.) has scaled HF/6-31G(d) zero-point energies, respectively. The G3B3

. - o ) . results are known to be slightly improved compared to G3 for
predicted hemi-bonded as the minimum-energy stru ) inorganic hydrides and radicalsFurther, G3 energy is expected

However, both DFT and post-HF calculations for8}* lead - )
" . to be more precise than G3B3 energy for asymmetricaD(H
h I hemi- hel - ) , ;
to the same result predicting hemi-bonded structure as the lower H,S)* system due to the use of density functional in G3B3

energy isomer, although the energy difference between the ; 2
proton transferred and the hemi-bonded structure varies from method. To fulrther asceytam the stab.mty order of the three
structures, their geometries and energies have been calculated

h hé#.2-23Th ies indi hat DFT- . ;
one method (o anothé ese studies indicate that using more accurate CCSD/cc-pVTZ method followed by single

redicted results depend on the selection of functionals. =, ) .
'FI)'herefore it is interestiﬁg to compare the results faQHSH,) " point energy calculation using CCSD(T)/aug-cc-pVTZ level of
, theory.

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 DFT and MP2 Calculations. Three possible structures for
been performed. In the present study, pure density functional (H,O—H,S)" systems (Chart 1) have been considered to
method has not been used since it fails to predict the correctinvestigate the structure, energy, and nature of bonding of this
structure of weakly bonded dimer radical species. Pure density system. The stability of the proton-transferred systems has also
functional method also fails to predict the relative stability of been compared with the hemi-bonded system. The geometries
different structures as compared to post-HF based methods.of structures +IIl have been fully optimized without any
Thus, in this work our objective is to find the global minimum symmetry restriction using HF, DFT with different functionals,
structure of (HO—H,S)" system using density functional and MP2 methods. The structures optimized with MP2 method

The three different possible structuredll (shown in Chart
1) have been used for (@—H,S)" system. The proton-
transferred structures (I and 1) have been compared with hemi-
bonded structure Ill. Ab initio molecular orbital methods have
been used to get the energy of the optimizedQ@HH,S)"
system and its possible constituentsOil HS, HO', HoST,
H3O", H3St, OH, and SH. Unrestricted Hartre€ock (HF),

3. Results and Discussion
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has become almost double of O¢HI(3) bond (0.973 A for
H>0). The corresponding bond order is reduced~¥/times.
Bond order of O(1)yH(4) has been calculated to be 0.126,
whereas for all other bonds it i80.8 for structure I. This
suggests that proton (H4) is transferred frogOHo H,S and
Structure I the fragments k5" and OH are held together by hydrogen bond
in structure | (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 structures&i---OH.

Similarly for structure Il the S(EH(4) bond (1.753 A) of
H>,S has been stretched to 1.3 times of SH}3) bond (1.343
A), and the corresponding bond order is reduced. -SiI%)
bond order (0.750) for structure 1l has been calculated to be
Structure II ~6 times as compared to O(tH(4) of structure | (0.126). Also,
the bond order of O(2)H(4) for structure 1l (0.446) has been

calculated to be nearly half of that of S{2)(4) for structure
| (0.819). This suggests that the extent of proton transfer is more
2467 in structure | as compared to that in structure Il. In other words,

? the most stable structure () has a partial proton transfer from
w

H,S to HO as compared to that for structure |. The calculated
y Mulliken atomic spin population is highest on the sulfur atom
for structure 1l (S(1)), suggesting the formation of SH is in
Structure III agreement with the structures@&*---SH. The results indicate
Figure 1. Optimized geometrical structures of {B—H.S)" by MP2 that there is a proton transfer from$ito HO in structure I,
method. and the fragments 40" and SH are held together through a
hydrogen bond. Dihedral anglé6241 for the structures | and

are shown in Figure 1. The bond lengths and bond orders for are 27.52 and 115.96, respectively. The bond angle413
all the structures are given in Table 1. Structure Il witOHas for structures | and I ar’e 142.2@ind 96.21, respectively.

PA and HS as PD has been found to be more stable as Th timized structure 11l has b iated with a |
compared to the hemi-bonded structure Ill and proton transferred € oplimized structure as been assoclaled with a farger

P ; distance (2.467 A) between S(1) of,$ and O(2) of HO,
structure | (HO as PD) by HF, DFT with different functionals, . . . k
and MP2 method. Total energy of structuredll follows an suggesting against a bond betweesbtand HO. This value is

Iso close to the average2.4 A) of the hemi bond in (bD),"
order | (—474.732813 au)> Il (—474.791081 au)> Il a ) \
(—474.794045 au) as calculated by MP2 method. However, it and (HZS)Z+ reported earliet?2!2*Even the corresponding bond
is in contrast to the structure of neutral {B+H,S) system order is calculated to be low enough (0.086) to make a bond

where HO acts as a proton donor. In an earlier study, another between HS and HO. All other bonds for. structu.rellll have
asymmetrical system @@ NHz)* has not been found to have bond order valpes;o.s. The palqulated spin dengty is highest
a hemi-bonded structure as the global mininfSRurther, Clark on _S(l_) atom, |n(_j|cat|ng ionization of the constituent of lower
has also reported that the strongest 2c-3e hemi-bond is expecteéOnlzatlon potential, 5. Total energy, bond length, ar_ld bond
between the fragments of similar ionization potentials Galy. order values _ca3|czlilated for structure 1l agree well with those
The calculation of ionization potential of;® and HS in the reported earlief?
present study has also suggested that it is easier to ion@e H A small bond order (0.086) and large bond length (2.467 A)
than HO. Since ionization of the species increases its acidity, Petween the constituents of structure Ill suggest that the 2c-3e
H,S* should donate a proton to,8 to produce (HO*+++SH), hemi-bond is weak enough to exist. Bond lengths and bond
i.e., structure I. Considering the better spin localization on larger orders for the structures | and Il indicate that they have proton-
sulfur atom as compared to that on oxygen atom, this is quite transferred hydrogen-bonded system. The bond length (1.753
expected. A) and bond order (0.750) values of the most stable structure
The energy of structures | and 11l with respect to structure 11 (Il) suggest a partially proton-transferred hydrogen-bonded
is given in Table 2. Table 2 also lists the zero-point energy System for (HO—HS)". The study suggests that ionization
corrected relative energies of the structures | and 111 with respect Produces a drastic change in the geometry e(HH.S) dimer
to structure Il as calculated using different methods. It has beensSystem. This is clearly evident from the structures of the neutral
observed that both HF and DFT methods underestimate thedimer (HO as proton donofjas compared to the ionized dimer
energy difference for structure 1. However, for structure Il there (H20 as proton acceptor). It is to be noted that ionization
is no regular trend in the relative energies. To understand thechanges the structure from hydrogen-bonded to proton-
distribution of unpaired electron on asymmetrical dimer radical transferred hydrogen-bonded structure fos@%, whereas the
cation (HO—H.S)" system, Mulliken atomic spin population, ~ structure changes from hydrogen-bonded to hemi-bonded struc-
free valence, and Mulliken charges have been calculated (Tableture for (HpS),.18-22:24.27.31
3) for the structures optimized by MP2 method. The bond A comparison of relative energies calculated for the three
lengths between the two fragments of ,(+H,S)" (both different structures (Table 2) shows structure Il as the most
hydrogen-bonded and hemi-bonded) as calculated using differenistable one followed by structures Il and |. Zero-point-energy-
methods are shown in Table 4. The length of the weakest bondcorrected energy values also follow the same order of stability:
between the two fragments for structures I, Il, and 11l has been Il (H,0 as PA)> 1l (hemi-bonded)> I. (H,O as PD). This
calculated to be 1.819, 1.753, and 2.467 A, respectively, by trend agrees well with the presumption that the fragment of
MP2 method. For structure |, the O@M(4) bond (1.819 A) lower ionization potential (bB) should ionize first and the




Asymmetrical Dimer Radical Cation System®+H,S)*

J. Phys. Chem. A, Vol. 111, No. 12, 2007365

TABLE 1: Optimized Geometrical Parameters of (H,O—H,S)" by MP2 Method

structure | (HO--*SH)

structurell (HS+--"OHz)

structurelll (H,O0 SHy)*

bond length (A)

bond order

bond length (A)

bond order

bond length (A)

bond order

O(1)-H(3)=0.973
O(1)-H(4) = 1.819
S(2)-H(5) = 1.345
S(2)-H(6) = 1.345
S(2)-H(4) = 1.369

O(1)y-H(3) = 0.872
O(1)-H(4)=0.126
S(2)-H(5) = 0.913
S(2)-H(6) = 0.916
S(2)-H(4) = 0.819

O(2)-H(4) = 1.129
O(2)-H(5)=0.971
O(2)-H(6) = 0.971
S(1yH(3) = 1.343
S(1yH(4) = 1.753

O(2)-H(4) = 0.446
O(2)-H(5) = 0.835
O(2)-H(6) = 0.835
S(1)-H(3) = 0.930
S(1y-H(4) = 0.750

O(2)-H(4) = 0.965
O(2)-H(6) = 0.965
S(L¥H(3) = 1.344
S(1)}H(5) =1.344

S(110(2) = 2.467

O(2)-H(4) = 0.856
O(2)-H(6) = 0.863
S(1yH(3) = 0.914
S(1}-H(5) = 0.914
S(1}-0(2) = 0.086

TABLE 2: Relative Energy (AE, kcal/mol) of Various
Optimized Geometrical Structures of (H,O—H,S)" with
Respect to Structure Il (HS:--TOH3)

structure | (HO--*SH;)

structurelll H,00 SHy)™

method AE AEsza AE AEsza
HF 23.8 20.0 4.4 2.8
B3LYP 35.5 329 0.3 0.7
BHHLYP 32.7 29.8 3.0 2.8
HLYP 28.9 25.6 4.5 3.5
MP2 384 36.8 1.9 2.3

a Zero-point energy corrected relative energy.

TABLE 3: Binding Energy (BE, kcal/mol) 2 and Other
Parameters of Various Structures of (HO—H,S)*

structurel structurell structurelll
(HO-++*SH;) (HS--*OHz) (H,OOSH,)*
mximum spin density  O(1) (1.04)  S(1) (1.13) S(2) (1.01)
mximum free valence  O(1) (1.22)  S(1) (1.25) S(1) (1.13)
charge 0(1)-0.24 0O(2)-0.22 0O(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 21.0 235
BE (HLYP) 14.0 19.7 23.0
BE (MP2) 12.8 22.7 21.0
BE (MP2)ss? 11.6 20.2 19.0

aThe constituents considered are HO a&H; for structure |, HS
and *OH; for structure 1l and HO and BHS* for structure 1l1.PBasis
set superposition error corrected binding energy.

TABLE 4: Distance (A) between the Fragments for Various
Structures of (H,O—H,S)"

structure | structurell structurelll
method (HO:+-*SH) (HS*++"OHg) (H0OSHy)*
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

increased acidity of k8" results in transfer of a proton to,8.

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
(H,O0—H,S)t system calculated by B3LYP method is closest

liken charges on sulfur atom for structures I, Il and Il 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 Il as compared to that in proton-transferred structures
I and Il. There is a large difference of Mulliken charges on
atoms H(3) (0.31) and H(4) (0.17) of proton donaiH but it

is the same~0.2) on atoms H(5) and H(6) of proton acceptor
H,S 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 Il. However, Mulliken charges on hydrogen atoms
of H>O and HS for hemi-bonded structure Il are0.33 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 | are OH and
TSH; and those for structure Il are SH anHs. Since
Mulliken atomic spin population is highest on S(1) ofSHfor
structure 11, it is assumed that constituents of structure Il are
H,O and BHS*. Binding energies of structures-1ll 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
[—11I (Table 3) shows that the stability of these structures against
dissociation into the assumed fragments is high and follows the
order Il (22.7) kcal/moly> 11l (21.0) kcal/mol)> | (12.8 kcal/
mol). It is interesting to note that the binding energy of the
structures +11I 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/AEgssp values have been found to be very
close to the corresponding uncorrected values and also follow
the same order, i.e., Il (20.2 kcal/mat) 11l (19.0 kcal/mol) >
| (11.6 kcal/mol). AEgsse values have been calculated to be
lower by <2.5 kcal/mol only as compared to their corresponding
uncorrected values by MP2 method. BSSE corrected energies
also suggest that structure 1l {8l as PA) is the most stable
structure on ionization of (J0—H,S) dimer.

to that obtained by MP2 method (Table 2). Further, the energy  The calculated bond length connecting the two fragments of

of structure Il (hemi-bonded) is a little more (1.9 kcal/mol),
but that of structure | (kD as PD) is very high (38.4 kcal/mol)
as compared to that of structure Il {8l 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 highesti(0) on O(1), S(1),
and S(1) for structures I, Il, and lll, respectively. Mulliken
charge on oxygen atom for structures I, Il, and Ill are calculated
to be —0.24,—-0.22, and—0.59, respectively. Similarly, Mul-

(H0—H_,S)" are given in Table 4. The MP2 calculated distance
between the two fragments for these structures follows the order
N (2.47 A) > 1(1.82 A) > 1 (1.75 A). It has been observed
that HF overestimates the weak bond (length) between the two
constituents in the hydrogen-bonded structured &s well as

in the hemi-bonded structure Ill. The weak bond (G{H)4))

in structure | has been calculated to be +133,~1.97, and
~1.82 A by DFT with different functional and HF and MP2
methods, respectively. Similarly, the weak bond (S{}4))

in structure 1l has been calculated to be +8195,~2.05, and
~1.75 A by DFT with different functional and HF and MP2
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TABLE 5: Energy Values (au) of Structures I, Il, and Ill as TABLE 6: Vibrational (IR) Frequencies (cm ~1) with
Calculated by G3, G3B3, and CCSD(T) Methods Intensities (km/mol) for the Three Structures as Calculated
by B3LYP Method

structure | structurell  structurelll

method (HO:++*SH3) (HS*+**OHsz) (H00SH,)* structure | structure Il structure Il
G3 —475.211965—475.264451—475.262787 frequencies intensity frequencies intensity frequencies intensity
G3 (0K) —475.217884—-475.269659—-475.267616
G3B3 —475.214983—-475.269395—-475.264004 %(1)299 2233 :2%;; 117132 %gz% Igg
G3B3 (0 K) —475.220148—475.274244—475.268991 2787 7.8 4095 107.3 386.7 6.2

CCSD(T)/cc-pVTZ —474.872607—474.932381—-474.925127

324.8 41.9 522.1 193.7 427.1 41.8

CCSD(T)/aug-cc-pVTZ—474.883250—474.941546—474.936183 1566 110.6 5736 3.0 £36.3 83.9
] ) ) ) 1068.0 15.0 1028.1 105.6 588.2 78.3

methods, respectively. Hemi-bond distance in structure 11l has 1214.0 2.7 1358.9  2737.3 1187.0 0.6

been calculated to be close to 2.6 A by HF and 2.4 A by DFT %(Z)gg; 1485195 11571512% 15367609 12660169% 633é72
with different functionals and MP2 method. Earlier, hemi- : : : : : :
' 2614.6 431 2621.4 12.7 2633.4 42.3

bonded and proton-transferred structures of symmetrical dimer 5¢54' 56.8 3682.7 1617 3702.6 3113
radical cations (EO)* and (HS)" have been studied using 365200 1202 37779 3129 38042  180.8
various methods and function&ksThe average value of the

hemi-bonds for (HO)," and (H:S)* structures, as calculated  strycture 111, as calculated by CCSD/cc-pVTZ and CCSD(T)/
earlier by different methods, is close to that calculated for g,q-cc-pvTZ methods, respectively (Table 5).

(H20—H2S)" in the present work. But the average value of the  vjprational frequencies as calculated by DFT-B3LYP method

proton transferred hydrogen bond for A®);" and (HS)* for the three structures are given in Table 6. These calculated
structures, as calculated earlier by different methods;-i8%8 IR frequencies suggest that the three structures should have
more than that calculated for structure Il agq1—3)% for absorption at different positions, which need experimental

structure |. investigation. Though 2c-3e hemi-bond has been considered

G3, G3B3 and CCSD(T) CalculationsIn the present work, between HO and HS for structure Ill initially, its geometry
geometry optimization and energy calculation of an asym- optimization has produced @ and HS" as two separate
metrical dimer radical cation system involving a weak interac- fragments. In a recent study, however, the onset of symmetry
tion has been studied using DFT with different hybrid func- breaking in 2c-3e symmetrical dimer radical cation fop@hp"
tionals and MP2 methods. However, DFT as well as MP2 and (HS)* structures has been found at 2.14 and 3.38 A
methods have been subjected to criticism for the investigationsbetween the two fragment8.This suggests that symmetry
of asymmetrical cation radical systefifs*6 Further, the most  breaking in asymmetrical dimer radical cation takes place at
stable structure Il is only 2.3 kcal/mol lower in energy than the shorter distances as compared to that in symmetrical radical
hemi-bonded structure Il as predicted by MP2 method. In view cation.
of this, the structures and energetics of@HH,S)* is further
studied with advanced methods of calculation. The G3 procedure4. Concluding Remarks
is renowned for predicting accurate energy and energy differ-
ences for such systerd&Therefore, (HO—H,S)" 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 |, Il, and Ill has been calculated to be
1.785, 1.933, and 2.389 A, 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 A for the structures 1, I, and llI, respectively.
Thus, the length of the weakest bond is found to be almost the
same for structure |; however, for structure Il the corresponding
MP2 calculated value is the smallest one among all the predicted
values reported here. For structure lll, 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

fqr the prediction of the weakist bond length in the three proton donor. The present study suggests that on ionization there

different structures of (bD—H.S)" system. is a partial proton transfer from the constituent of lower
The calculated energy trend (Table 5) for structuresil| ionization potential to the other one in the case of{HYH)*

using G3 and G3B3 methods supports the result of MP2 gystem. The present work has been able to resolve the ambiguity

calculations. Structure Il has been calculated to be the mostjn the nature of bonding between® and HS in (H,O—H,S)*
stable, with an energy difference of 1.0 and 3.4 kcal/mol in asymmetrical dimer radical cation.

comparison to structure lIll, as calculated by G3 and G3B3

methods, respectively. The energy of these structures as Acknowledgment. We thank Dr. S. K. Ghosh and Dr. S.

calculated by G3 and G3B3 method follows the order IlI K. Sarkar for the encouragement during the course of this work.
> |l (Table 5). CCSD(T) calculations have also been performed
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