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High level ab initio calculations using a complete active space self-consistent field (CASSCF) and
multiconfigurational quasi-degenerate perturbation theory (MCQDPT2) methods as well as density functional
theory (DFT)-based calculations with different exchangerrelation energy density functionals have been
performed for predicting the relative stability of the proton-transferred vs hemi-bonded isomergO)f(H

and (HS)" species. For (kD),", DFT calculation using conventional exchang®rrelation functionals
predicts the hemi-bonded structure to be the ground state while use of full or half Hdftele exchange

and local correlation predicts a higher stability of the proton-transferred structure in agreement with ab initio
results. For the (EB)," system, all of the methods lead to the prediction of lower energy for the hemi-bonded
isomer. No regular trend of the exchangmrrelation energy component with the total energy difference is
however observed. Dynamical electron correlation effect incorporated through MCQDPT2 is found to be
much stronger in (kD)," as compared to (}3$).". An analysis of the nature of interactions involved in the
(H.O)," and (HS)" systems within the framework of Bader's topological theory of atoms in molecules is
also presented through the plots of the Laplaci&p of the electron density(r) and also other related
quantities at the bond critical points with the objective of rationalizing the relative stability of the two isomers
in both (HLO)," and (HS)™.

1. Introduction the structure of the ionized dinfet! have been controversial.
The ionized hydrogen-bonded systems such as this have been
known to exhibit a rich and varied chemistry due to the
associated processes such as proton transfer and molecular
rearrangements. Although theoretical studies on neutral water
dimer formed by a hydrogen bond have been quite extensive,
investigations on the electronic and molecular structures of the

In recent years, density functional theb(FT) has emerged
as one of the most powerful theoretical tools not only for a
guantitative prediction of the electronic structure and properties
of atoms, molecules, and solids but also for a rigorous
foundation to many widely used chemical concépbOne great
advantage of DFT is that the electron correlation effect is taken . ) .
into account here at a much less computational cost and thecorrespondlng_ radical cations have been much*ess.
predicted quantitative results are comparable to those obtained U_nderst_andlng _the nature of a_hydrosg_en bond has been the
from various post-HartreeFock (HF) methods involving supjept of Increasing research qcnvd?eé In recent years due
extensive computer time. However, one major drawback in the toits importance in many chemical and blqloglcal systems anpl
practical implementation of DFT is that the “exact” form of processes, as We_” as in the crystal packing of many organic
the exchangecorrelation (XC) energy density functional is not _and orga_nometalllc compounds. Even the nature of interactions
known for an inhomogeneous electron density distribution as MVOIved in an G-H:--O hydrogen bond sometimes appears to

present in atomic or molecular systems. For the homogeneousbe controversial®~17 The structures of neutral water dimer and
electron gas, however, a suitable ekpression for the XC the two isomers of its cation as obtained on ionization are shown

functional is known and it forms the basis of the so-called local " Figure 1. qu this system, calculations based+c>_n the post-HF
density approximation (LDA) corresponding to a locally ho- methods predict the protoq-transferreq (HB;0)™ isomer to
mogeneous approximation for an otherwise inhomogeneousbe the ground state and this structure is fme abogt 8.9
density distribution. However, because of poor performance of kcal/mol lower in energy than the corresponding hemi-bonded

LDA in predicting molecular properties, several other modified (H20~OH2) isomer at the MP4 level of theory, which is also

XC energy density fuctionals have been proposed from time to confirmgd by thfe quifie? CﬂUp:qu,fig fupﬁtiorflal metﬁ;jqd]e
time. Most of these functionals involve gradient corrections in recent density unc_t|ona calculad with a few gradient-
some form or the other, and few of them have been in use for corrected XC functionals (such as BP86, BLYP, B3LYP, etc.),

more than a decade with good performance. A crucial test of however,t pr?dlct t?ﬁ hﬂe;ml-bondeqﬂ:ssoorl}er as ttr;ﬁ: mm;]mum
an XC functional, however, depends on its predictive ability in e.neégl_}/HSL::’FC) ;lre,;{v Iel de sametW|h 0 eﬁ"?‘c exc ange
difficult or controversial situations. One such system of current (N B 0 unc 'OnaJ)r 0€s not show any discrepancy an
interest has been the singly ionized water dimer for which the predicts®the (HO-H3O)" proton-transferred isomer to be lower

nature of the bond between the two water molecules and hence" €N€"9Y- For an analogous systgm, namely3t, however,
oth post-HF and DFT calculations are found to lead to an

*To whom correspondence should be addressed. T.K.G.. E-mail: identical conclusiol19 predicting the hemi-bonded structure
tapang@apsara.barc.emet.in. S.K.G.: E-mail: skghosh@magnum.barc.emet.iras the lower energy one. It is thus clear that the DFT-predicted
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ence (for various functionals) of the two isomers.
Besides the energetic considerations, another tool that has
& been quite valuable in providing insight into the structure and

bonding in molecules involves the topological analfi$ of

the electron densityp(r), which has proved to be highly

of chemical binding and reactivity. Recently, this approach has
( ) bonding aspects in molecular systems. The studies reported so
far on (HO);" and (HS)," have however dealt with mainly
Rt the total energy quantities, and the information provided by the
topological features of the electron densitfy) has not been

(a) between the total energy difference and the XC energy differ-
been extensively uséd?8 for studies of interesting and unusual
R2

successful in the prediction and rationalization of various aspects
utilized. A study of the geometry change of the water dimer on
ionization has been reportédrecently through an in-depth
analysis of the associated energy barriers as well as variation
of different chemical reactivity indices such as hardness,
electronegativity, and polarizability during the proton transfer
process. A still better understanding of the interactions under-
lying the relative stabilities can be achieved through detailed
studies on the topological aspects of the electron distribution
of the isomers. We thus propose to employ the topological
theory of atoms in molecules (AIMF, 24 which has been known
Figure 1. Structures of (a) neutral, (b) proton-transferred cation, and to provide a rigorous procedure to partition a molecular system
(c) hemi-bonded cation (%= O for (H;0), and (HO),", and X= S into its atomic fragments defined by the gradient vector field
for (HzS) and (HS)"). Vp(r) and provide thereby an unambiguous definition of
chemical bonding through the bond path and bond critical point
(BCP) properties. The AIM framework makes a bridge between
the quantitative results obtained from quantum chemical cal-
. X X R culations and the traditional chemical concepts. The study
to the self-interaction error. In view of this discrepancy between presented here is thus intended not only to investigate the
the post-HF predictions and the density functional results for 1, iconfigurational effect and to explore the assessment of the
the ground_state structure of t_hls_ system and the importance ofy~ tnctionals in predicting the relative energy of the isomers
understanding the structure of ionized hydrogen-bonded systemsy, ;t 5150 to analyze the electron density distribution as obtained
it would be of interest to carry out a detailed density functional using various XC functionals for different bonding situations

irkl]ve;tigation on the_se Isylst(-z)ms and trc: udnder_sta}nd the o:ig;]n Ofpresent in the two isomers of §B),* and (HS)*.
the discrepancy particularly because the density functionals have™ . plan of the paper is as follows. We discuss the

21?;[1 dl'(r?O\;vgnt](()e Ig?gqéolsgggfssguInpcﬁ?;ﬁ“(.)t%::squt Ougfega";fscomputational method in Section 2 and the results of numerical
Including y bou st S: Ve, calculations in Section 3. Finally, we present the concluding

+ .
for_ the _(HZS)z system, no systematic st_udy has been repqrted remarks in Section 4.
using either the DFT or the complete active space self-consistent
field (CASSCF) methods. Thus, we propose to study the
multiconfiguration effect on the structures of different isomers

and energetics for (#0)," and (HS)" open-shell radical Ab initio molecular orbital methods have been used here to
systems by employing CASSCF theory to determine the ground investigate the structures of the two most stable isomers of
state isomer of water dimer radical cation as well as hydrogen (H,0),* and (HS)," radical systems. The geometries of the
sulfide dimer radical cation and to calculate the accurate energytwo isomers have been fully optimized with the CASSCF
difference between the two isomers using the CASSCF wave method in which the active space includes all of the valence
function followed by multireference perturbation treatment, electrons and all of the valence orbitals except the oxygen 2s
which has been successfufor many complicated systems orbitals. This results in an active space of 11 electrons and 10
where conventional DFT has failed to predict correct results. orbitals, which is referred to as CAS(11/10). Single point
In this work, our objective is to assess the performance of second-order multiconfigurational quasi-degenerate perturbation
different XC energy density functionals in the DFT framework theory (MCQDPTZ2¥ calculations have been carried out at the

(c)

R3

result depends heavily on the nature of the XC functional used,
and recently, Sodupe et ¥have ascribed this discrepancy for
(H20)," to an overestimation of the XC energy functional due

2. Computational Methods

for predicting the minimum energy structures of,(®j," and CAS(11/10) optimized geometries in order to improve the
(H2S)*, particularly in view of the recently created controversy energies. Density functional calculations using several XC
between DFT and post-HF methods for,(),*. The perfor- energy density functionals have also been performed to optimize

mance of various XC functionals in the DFT framework for the geometry of the two isomers of {8))," and (HS),". The
predicting the dissociation energy of a number of systems hasab initio calculations in this work have been performed using
recently been studied independently by ‘Beaiet ak! and the GAMESSP electronic structure program using three basis
Grining et al?? assuming the hemi-bonded structures involving sets, namely, 6-3t+G(d,p), 6-3%+G(2d,p), and 6-3++G-

two center-three electron (2e3e) bonds. However, our aim  (2d,2p). The different exchange energy density functionals
here is to assess the performance of different XC functionals in considered in this work are due to SlatéBecke32 Gill,33 and
predicting the energy difference of the two isomers, namely, Perdew-Burke—Ernzerhof (PBEJ# while the correlation en-
the proton-transferred structure and hemi-bonded species inergy density functionals used are due to Voskudilk —Nusair
(H20)," and (HS)*, and also to see if there exists any trend (VWN),3° Lee—Yang—Parr (LYP)36 and also one parameter



CASSCF and DFT Investigations of §8)," and (HS)™" J. Phys. Chem. A, Vol. 106, No. 48, 2001817

TABLE 1: Calculated Relative Total Energies (AE)2and XC
Energies (AExc)? for the Two Isomers of (H,O),* Using
Different Methods and Basis Sets

6-31++G(d,p)  6-3H-+G(2d,p)

They have ascribed the overestimation of the stability of the
hemi-bonded structure as the absence ofHeght correlation

in this type of system. It is also to be noted that with increase
in the size of the basis set, the energy difference is converged.

6-31+G(2d,2p)

method AE  AExc AE AExc AE AExc From the table, it is clear that the more sophisticated methods
SLATER 80 -123 88 —109 88 —11.0 such as CASCF and CASCSMCQDPT?2 predict the proton-
SVWN 100 -98 109 -83 109 -84 transferred structure to be more stable as compared to the three
SLYP 108 -79 117 —6.4 117 —65 electron hemi-bonded structure, which is consistent with the
SOP 96 -103 104 9.0 103 —91 previous results obtained using MP2 and CCSD(T) levels of
BECKE 6.3 -16.6 69 -159 6.9 -16.0 theory. The CASSCF method, however, slightly overestimates
BVWN 8.2 —14.7 8.8 —13.7 8.7 —13.8 th diff h the CASESFCODPT2 method
BLYP 84 -138 90 -127 90 -127 e energy difference whereas the CASESCQ Metno
BOP 89 —13.2 95 —12.2 95 -12.4 underestimates it slightly in comparison to the MP2 and
GILL 58 -—-17.3 6.3 —16.5 6.3 —16.7 CCSD(T) predicted values (5.2 and 6.6 kcal/mol, respectively).
GVWN 76 —155 82 -143 8.2 —14.6 Because the electron correlation is kndWto be dynamic in
GLYP 78 -144 84 -134 84 -135 odd electron bonding (2€3e bonds), it is clear that the CASSCF
PBE 7.0 -—159 75 —15.0 75 —152 hod (havi ision for d ic el lati
PBEVWN 888 —13.9 94 —129 04 -130 method (having no provision for ynamic electron correlation
PBELYP 9.1 -12.9 97 —-11.8 98 -11.8 effect) has not performed well here. In this context, it is to be
PBEOP 95 —-125 101 -11.4 10.1 —11.5 noted that the failure of the CASSCF method in the bond
ROHF —33.0 —32.0 —32.3 dissociation of hydrogen peroxide and its anion had earlier been
UHF —274 —26.2 —26.5 reported? by Benassi and Taddei. Thus, it is clear that the
HLYP —23.5 39 —223 4.0 —-225 —4.0 . . . . .
HOP _235 39 —224 39 -207 3.9 electron correlation due to the multiconfiguration effect is
B3LYP 1.0 -104 18 -95 1.7 -95 stronger in the hemi-bonded structure in comparison to the
BHHLYP -92 52 -83 —47 -84 46 proton-transferred one. Nevertheless, the XC functionals without
CASSCF 212 —20.5 —20.8 any fraction of the HF exchange cannot reproduce the relative
MCQDPTZ -3.2 —14 —1.9 stability of the (HO)," isomers in agreement with the post-HF

predictions. It is also to be noted that the calculated energy
difference using full HF exchange with local correlatior2@.5
kcal/mol in HLYP and—22.7 kcal/mol in HOP) deviates more
%rom the MCQDPT2 result€1.9 kcal/mol) than the result8.4
kcal/mol) obtained using the half and half exchange with local

aThe energy differenceAE = E(proton-transferred)- E(hemi-
bonded) andAExc = Exc(proton-transferred)- Exc(hemi-bonded),
whereE is the total energy anBixc is the XC energy componeritThe
symbols are the same as used in GAMESS program and correspond t
different combinations of the XC functionals. Each exchange only
functional corresponding to Slater, Becke, Gill, PBE, and HF are

followed here by combinations with the correlation functionals VWN,
LYP, and OP.

progressive functional (OP) proposed by Tsuneda €t al.

correlation. In fact, among all of the XC density functionals

studied here, the performance of the B3LYP functional is the
best if one considers the smallest percentage deviation from
the MCQDPT2 calculated result, although the former predicts

Various possible combinations of exchange and correlation the hemi-bonded isomer to be more stable. Both ROHF and
functionals are considered for performing the DFT calculations. UHF methods are found to underestimate the stability of the
Apart from these, the full HF exchange along with DFT hemi-bonded structure in comparison to the DFT methods. It
correlation (e.g., HLYP, HOP) as well as hybrid functionals is also evident from the fact that the calculated results with
involving a fractional amount of HF exchange and LYP various XC functionals using the CASSCF/6-31G(2d,2p)
correlation, namely, Becke half and half functional (BHHLY®)  optimized geometries are almost the same as obtained by using
and three parameter Becke exchange along with LYP correlationthe individually optimized geometries with various XC energy
(B3LYP),%* have also been studied. The topological properties functionals. Thus, apart from the effect on the geometry,
of the electronic charge density have been calculated using thedifferent XC functionals have a considerable effect on the single
program AIMPACH0 point energies for both of the isomers. It is also to be noted
that the effect of dynamic electron correlation through
MCQDPT?2 calculations on the relative energy of the@h"

The two lower energy stationary structures ob@%* and isomers is very significant, with corrections up to 19 kcal/mol
(HS)," that can be obtained on ionization of the neutral species (S€€ Table 1).
are presented in Figure 1. The lowest electronic state for the The calculated values of the total energy differences and the
three electron hemi-bonded structure has been found #8be  XC energy differences for the g8)" ion are presented in Table
while the same for the proton-transferred structuféls which 2, and the results indicate that the hemi-bonded isomer is more
has already been observed by earlier workers. The total energystable irrespective of the method of calculation, although the
differences based on unrestricted DFT as well as other methodgelative energy differences vary from one method to another.
and also the XC energy differences between the two structuresHere, the calculated total energy differences and the corre-
of (H,0)," are reported in Table 1 from which it is evident sponding XC energy differences show the same trend as far as
that the hemi-bonded isomer is more stable than the proton-the relative stability of the isomers is concerned. It is to be noted
transferred one for all of the XC energy density functionals that the results obtained using different XC functionals are fairly
except a very few like the BHHLYP functional and full HF  constant except those obtained using HOP and HLYP func-
exchange with local correlation functionals (e.g., HLYP and tionals. The performance of the full HF exchange with local
HOP). The self-consistently calculated relative XC energy values correlation as in HLYP and HOP is very good, and the
are, however, lower for the proton-transferred structure, which respective relative energy values of 10.1 and 10.0 kcal/mol
is contrary to the trend in the relative total energy values using compare very well with the same (8.0 kcal/mol) obtained from
DFT as mentioned above. This is contrary to the expectations MCQDPT2 calculation. Unlike in the case of the (®),"
in the light of the recent analysis as done by @ng et al?? system, the effect of dynamic electron correlation on the relative

3. Results and Discussion
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TABLE 2: Calculated Relative Total Energies (AE)? and
XC Energies (AExc)? for the Two Isomers of (H,S)" Using
Different Methods and Basis Sets

6-31++G(d,p)

6-31#+G(2d,p) 6-3%+G(2d,2p)

method AE AExc AE AExc AE AExc
SLATER 15.2 0.9 16.2 34 16.1 3.6
SVWN 17.7 4.5 19.0 7.6 18.8 7.9
SLYP 17.9 6.0 19.3 9.2 19.2 9.5
SOP 17.0 3.5 18.2 6.4 18.1 6.6
BECKE 16.0 -0.2 16.3 1.1 16.3 1.0
BVWN 18.2 2.6 18.7 4.3 18.6 4.3
BLYP 17.9 2.7 18.5 4.6 18.4 4.6
BOP 18.4 3.1 18.9 5.0 18.8 5.1
GILL 15.7 —0.6 16.0 0.7 15.9 0.6
GVWN 17.8 2.0 18.3 3.9 18.3 4.0
GLYP 17.4 2.2 18.1 4.2 18.0 4.2
PBE 16.2 0.1 16.5 1.4 16.5 1.3
PBEVWN 18.4 2.9 18.9 4.5 18.8 4.6
PBELYP 18.1 3.2 18.7 4.7 18.6 4.9
PBEOP 18.5 35 19.1 5.3 19.0 5.3
ROHF 2.0 3.2 31
UHF 4.1 54 5.3
HLYP 8.5 4.4 10.3 4.9 10.1 4.8
HOP 8.4 4.3 10.2 4.8 10.0 4.8
B3LYP 16.2 3.2 17.0 4.9 16.9 5.0
BHHLYP 13.4 3.7 14.6 5.0 14.5 5.0
CASSCF 7.8 4.0 3.9
MCQDPT2 12.7 7.9 8.0

aThe energy differenceAE = E(proton-transferred)- E(hemi-
bonded) andAExc = Exc(proton-transferred)- Exc(hemi-bonded),
whereE is the total energy anéxc is the XC energy component.

energy of the (HS)' isomers is not very significant, with
corrections only up to 4 kcal/mol (see Table 2).

It will now be of interest to analyze the nature of interactions
involved in the (HO);* and (HS)" systems within the
framework of Bader's topological theory of Alk$:24 A BCP
(point corresponding t&¥p = 0) is found between each pair of
nuclei, which are considered to be linked by a chemical bond,
with two negative curvaturesi{ and 1;) and one positive
curvature f3) denoted as the (3,1) critical point. The bond
ellipticity (¢) defined in terms of the two negative curvatures
ase = (11/1, — 1) reflects the deviation of the charge distribution
of a bond path from axial symmetry, thus providing a sensitive

Ghanty and Ghosh

measure of the susceptibility of a system to undergo a structural
change. The Lapalacian of the electronic charge densiy)(
indicates whether the electron density is locally concentrated
(V2p < 0) or depleted ¥?p > 0) and provides a detailed map
of the basic and acidic regions of a molecule. The plotS4pf

for the proton-transferred (Figure 2) as well as hemi-bonded
(Figure 3) structures of (#D)," presented here are shown to
reveal these gross features quite well. Both Figures 2 and 3
reflect the “closed-shell” type interaction between the two
weakly bonded fragments involving the ©H4 bond in
(HO-+-H3z0)" and the 01:-O2 bond in (HO---OH,)". A better
guantitative comparison of the nature of bonding should follow
from the values of this quantity at the BCP and also from the
other BCP properties. Thus, a value ¥ < 0 at a BCP is
unambiguously related to the covalent character of a bond,
indicating a sharing of electrons and referred to as a “shared”
type interaction, whileV?p > 0 implies a closed-shell type
interaction as found in noble gas repulsive states, ionic bonds,
hydrogen bonds, and van der Waals molecules. Bader has also
defined a local electronic energy densiBy(f)) asEq(r) = G(r)

=+ V(r), whereG(r) and V(r) correspond to local kinetic and
potential energy densities, respectively. The sign Bgfr)
determines whether accumulation of charge at a given point
is stabilizing Eq4(r) < 0) or destabilizing Eq4(r) > 0).

Thus, the calculated values of the electron denspy (
Laplacian §2p), bond ellipticity €), and electronic energy
density Eq) at the BCP for the weakest bond (Xd4) in
proton-transferred and (X%X2) in hemi-bonded isomers of
(H2X)2™ (X O, S) are presented in Tables 3 and 4,
respectively. The DFT results on the electron density for the
01:--H4 bond at the BCP in the proton-transferred structure
are higher as compared to the corresponding HF results, and
the same trend is also reflected in the case of the-84 bond
indicating the DFT-predicted bond strengths of both these bonds
to be stronger than the HF-predicted ones. The calculated values
of the other properties at the BCP, namely, the Laplacian of
the electron density, the bond ellipticity, and the local electronic
energy density, also follow the same trend. On the other hand,
the BCP electron density values calculated using DFT for the
01:--02 and S1:-S2 bonds in the hemi-bonded structure are
found to be smaller than the corresponding HF results.

(a) v

Figure 2. Contour plots and relief maps &Fp for the proton-transferred structure of B),™: (a) HF calculations and (b) DFT calculations using

the B3LYP XC functional.
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Figure 3. Contour plots and relief maps &?p for the hemi-bonded structure of §8),": (a) HF calculations and (b) DFT calculations using the
B3LYP XC functional.

TABLE 3: Calculated Values of BCP Properties of the O%--H4 Bond in (HO---H3;0)* and the O1:--O2 Bond in (H,O-+-OH,)"
Radical Cations Using Different Methods

method R2(A) o (au) V2p (au) € Eq(r) (au) R3 (A) o (au) V2p (au) € Eq(r) (au)
SLATER 1.380 0.107 0.005 0.021 —0.059 2.133 0.051 0.214 0.048 0.009
SVWN 1.350 0.116 —0.027 0.021 —0.073 2.087 0.056 0.246 0.048 0.009
SLYP 1.333 0.121 —0.063 0.022 —0.084 2.056 0.061 0.268 0.046 0.009
SOP 1.360 0.113 —0.016 0.021 —0.068 2.103 0.054 0.234 0.048 0.009
BECKE 1.521 0.073 0.115 0.021 —0.016 2.319 0.033 0.121 0.056 0.006
BVWN 1.479 0.082 0.116 0.022 —0.023 2.256 0.037 0.149 0.055 0.008
BLYP 1.441 0.091 0.093 0.022 —0.032 2.205 0.042 0.174 0.053 0.009
BOP 1.455 0.088 0.099 0.021  —0.029 2.232 0.040 0.160 0.054 0.008
GILL 1.511 0.076 0.111 0.021 —0.019 2.322 0.033 0.120 0.056 0.006
GVWN 1.470 0.084 0.110 0.021 —0.025 2.258 0.037 0.148 0.055 0.008
GLYP 1.433 0.093 0.085 0.021  —0.036 2.204 0.042 0.174 0.053 0.009
PBE 1.511 0.075 0.114 0.022 —-0.018 2.303 0.034 0.128 0.056 0.007
PBEVWN 1.474 0.083 0.116 0.022 —0.023 2.242 0.038 0.156 0.055 0.008
PBELYP 1.438 0.091 0.092 0.022 —0.033 2.195 0.043 0.180 0.052 0.009
PBEOP 1.452 0.088 0.098 0.021 —0.030 2.221 0.041 0.166 0.053 0.009
ROHF 1.579 0.054 0.163 0.043 —0.005 1.992 0.073 0.309 0.058 0.005
UHF 1.578 0.054 0.163 0.043 —0.005 2.022 0.069 0.284 0.056 0.006
HLYP 1.485 0.070 0.174 0.039 —0.016 1.966 0.078 0.330 0.056 0.004
HOP 1.507 0.066 0.175 0.039 —0.013 1.974 0.076 0.324 0.056 0.004
B3LYP 1.447 0.086 0.108 0.030 —0.029 2.128 0.051 0.218 0.053 0.009
BHHLYP 1.470 0.077 0.139 0.034 —0.022 2.054 0.061 0.266 0.054 0.009

aR1 is the bond length of the ®tH4 bond in (HG:-H30)*, and R3 is the bond length of the ©402 bond in (HO---OH,)" (see Figure 1).

It is thus clear that the relative stability of the two isomers as obtained by different methods. The HF values of the electron
as determined from the total energy difference as reported in density at the BCP in this bond are much higher in comparison
Tables 1 and 2, which reveal that the hemi-bonded isomer to the same calculated using DFT methods, which is consistent
containing the O%-O2 bond is more stable in DFT in  with a lower stability of the proton-transferred isomer predicted
comparison to the HF theory, cannot be rationalized by by the DFT methods. Similarly, a higher value of this bond
considering alone the BCP properties of the weakest bonds inlength predicted by DFT as reported in Table 5 is also indicative
the (HO),* isomers, namely, O1-H4 and O1--O2 bonds, and of the same trend. Because the-@24 bond is much stronger
perhaps consideration of the next weaker bond might throw light than the O31:-H4 bond in (HG--H30)" or the O%--O2 bond
in rationalizing the underestimation of the stability of the proton- in (H,O-+-OH,)™", the strength of this bond is likely to play a

transferred structure of the ¢B)," ion. In view of this, we more dominating role in determining the relative stability of
have also analyzed the electron density distribution of the O2 the isomers, and this is one of the reasons for the lower stability
H4 bond and S2H4 bonds in (HO)," and (HS)* ions, of the proton-transferred structure in comparison to the hemi-

respectively, and the relevant BCP properties reported in Tablebonded one. Thus, it is clear that the geometry relaxation effect
5 reveal that both of these bonds are highly covalent in natureis likely to play a significant role in the overestimatf@iof the

as demonstrated by large and negative values of the Laplaciarbond dissociation energy of the hemi-bonded structure as
for all of the reported methods and can be considered as normalpredicted by DFT-based methods.

covalent bonds. However, it is also important here to compare Besides the Bader’s topological theory of AIM, an interesting
the relative values of the electron density and other properties alternative approach due originally to Silvi and S&¥iran also
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TABLE 4: Calculated Values of BCP Properties of the S1:*H4 Bond in (HS-:-H3S)" and the S%:-S2 Bond in (H,S++*SH,)™
Radical Cations Using Different Methods

S1---H4 S1--S2

method R1(A) o (au) V2o (au) € Eq(r) (au) R3 (A) o (au) V2o (au) € Eq(r) (au)
SLATER 1.781 0.090 —0.049 0.001 —0.034 2.871 0.035 0.050 0.034 —0.003
SVWN 1.743 0.097 —0.058 0.000 —0.039 2.791 0.040 0.055 0.035 —0.005
SLYP 1.733 0.098 —0.063 0.002 —0.040 2.751 0.043 0.057 0.034 —0.006
SOP 1.755 0.095 —0.056 0.000 —0.037 2.816 0.038 0.053 0.035 —0.004
BECKE 1.980 0.061 0.005 0.007 —0.017 3.165 0.020 0.036 0.035 0.001
BVWN 1.909 0.053 0.029 0.110 —0.013 3.051 0.024 0.043 0.036 0.000
BLYP 1.849 0.079 —0.020 0.005 —0.026 2.985 0.028 0.046 0.035 —0.001
BOP 1.863 0.078 —-0.017 0.005 —0.026 3.009 0.027 0.045 0.036 —0.001
GILL 1.954 0.064 0.000 0.006 —0.019 3.164 0.020 0.036 0.035 0.001
GVWN 1.887 0.056 0.026 0.109 —-0.014 3.048 0.025 0.043 0.036 0.000
GLYP 1.833 0.082 —0.025 0.004 —0.028 2.979 0.028 0.046 0.036 —0.001
PBE 1.969 0.062 0.004 0.006 —0.018 3.139 0.021 0.037 0.034 0.001
PBEVWN 1.899 0.054 0.028 0.109 —0.013 3.030 0.025 0.044 0.035 0.000
PBELYP 1.843 0.080 —0.021 0.004 —0.027 2.969 0.029 0.047 0.035 —0.001
PBEOP 1.855 0.079 —0.019 0.005 —0.026 2.992 0.027 0.045 0.035 —0.001
ROHF 2.403 0.021 0.039 0.010 —0.001 2.804 0.041 0.051 0.052 —0.006
UHF 2.399 0.021 0.040 0.010 —0.001 2.819 0.040 0.050 0.050 —0.005
HLYP 2.219 0.031 0.046 0.009 —0.004 2.728 0.046 0.054 0.050 —0.008
HOP 2.253 0.029 0.045 0.010 —0.003 2.735 0.046 0.054 0.051 —0.008
B3LYP 1.907 0.065 0.017 0.004 —0.018 2.899 0.033 0.049 0.039 —0.002
BHHLYP 2.061 0.046 0.037 0.007 —0.009 2.823 0.038 0.052 0.044 —0.004

aR1 is the bond length of the $1H4 bond in (HS--HsS)", and R3 is the bond length of the SB2 bond in (HS:--SH,)* (see Figure 1).

TABLE 5: Calculated Values of Bond Distance (R2j) and BCP Properties of the O2-H4 Bond in (HO---H30)* and the S2-H4
Bond in (HS-:*H3S)" Radical Cations Using Different Methods

(H20).* (H2Sy*

method R2(A)  p(au) V2 (au) € Eq(r) (au) R2 (A) o (au) V2 (au) € Eq(r) (au)
SLATER 1.132 0.211 —0.894 0.021 —0.295 1.648 0.110 —-0.072 0.016 —0.049
SVWN 1.117 0.219 —0.926 0.021 —0.310 1.620 0.117 —0.081 0.016 —0.055
SLYP 1.125 0.212 —0.862 0.021 —0.295 1.628 0.114 —-0.073 0.015 —0.053
SOP 1.123 0.216 —-0.911 0.021 —0.304 1.631 0.114 —0.077 0.016 —0.053
BECKE 1.091 0.249 —1.248 0.020 —-0.374 1.566 0.138 —0.163 0.020 —0.070
BVWN 1.079 0.257 —1.293 0.020 —0.392 1.553 0.136 -0.171 0.023 —0.067
BLYP 1.094 0.243 —-1.167 0.020 —0.362 1.587 0.130 —0.124 0.019 —0.064
BOP 1.090 0.247 —1.202 0.020 —0.370 1.579 0.133 —0.134 0.019 —0.067
GILL 1.093 0.247 —-1.227 0.020 —0.370 1.576 0.135 —0.151 0.020 —0.068
GVWN 1.081 0.255 —-1.271 0.020 —0.387 1.562 0.132 —0.159 0.023 —0.064
GLYP 1.096 0.241 —1.146 0.021 —0.358 1.594 0.128 —-0.116 0.019 —0.062
PBE 1.093 0.247 —1.230 0.020 —0.370 1.569 0.137 —0.160 0.019 —0.069
PBEVWN 1.079 0.256 —1.286 0.020 —0.390 1.557 0.134 —0.166 0.023 —0.066
PBELYP 1.094 0.242 —1.163 0.020 —0.361 1.589 0.129 —-0.122 0.018 —0.064
PBEOP 1.091 0.246 —1.193 0.020 —0.368 1.583 0.132 —0.130 0.019 —0.066
ROHF 1.002 0.306 —2.436 0.018 —0.664 1.367 0.216 —0.594 0.036 —-0.176
UHF 1.003 0.305 —2.423 0.018 —0.661 1.367 0.216 —0.592 0.036 —0.175
HLYP 1.008 0.295 —2.305 0.018 —0.639 1.372 0.213 —0.592 0.033 —-0.175
HOP 1.004 0.301 —2.389 0.018 —0.659 1.367 0.216 —0.604 0.034 —0.179
B3LYP 1.070 0.253 —1.309 0.020 —0.397 1.527 0.148 —-0.225 0.022 —0.085
BHHLYP 1.040 0.273 —1.650 0.019 —0.479 1.439 0.181 —0.399 0.026 —0.128

aSee Figure 1.

be used through consideration of the electron localization energy difference from the corresponding MCQDPT2 value. The
function. In an interesting recent work, Foure¢ al** have performance of the functionals with full HF exchange and local
presented a topological characteristic of the three electron- correlation (as in HLYP and HOP) is very good in the case of

bonded radical ions. (H.S)"™ isomers. The calculated values of the XC energy
component do not show any regular trend with that of the total
4. Concluding Remarks energy difference for both ()" or (H,S)"™. Dynamical

The performance of the different XC energy density func- electron correlation effect calculated using the MCQDPT2

tionals has been assessed here in predicting the relative stabili/"€thod ' found to be much stronger in,(®)," as compared

of the (HO)," and (HS)™ isomers with reference to the to (HzSk™

CASSCF and MCQDPT?2 calculated results. In the case of the The relative stabilities of the two isomers of both(J,"
(H0)," system, XC functionals with full HF exchange and local and (HS)" are rationalized in terms of the calculated values
correlation or half and half exchange and local correlation of the topological properties of the electron density distributions,
predict the relative stability of the proton-transferred structure and it has been observed that one strong bond in #@"H
correctly. However, the performance of the B3LYP functional fragment of (HO--HzO)* rather than the weak bonds in£B),"

is found to be the best in terms of absolute deviation in the play an important role in the underestimation of the stability of
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the proton-transferred structure as predicted by DFT. Similarly,

in the case of (bWS)", overestimation of the stability of the

hemi-bonded isomer relative to the proton-transferred isomer ;g75

is caused by the underestimation of the strength of thélS
bond in the HS" fragment of (HS--H3S)* by DFT.
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