
Abstract. The [H,S,Cl] potential-energy surface has been
investigated at the self-consistent ®eld (SCF), complete
active space self-consistent ®eld (CASSCF), second-
order Mùller±Plesset, coupled-cluster single-double and
perturbative triple excitation, [CCSD(T)]/6-31G(d,p),
6-31G(2df,2pd), and correlation-consistent polarized va-
lence triple zeta (cc-pVTZ) levels of theory. CCSD(T)/
cc-pVTZ results predict a very stable HSCl species, an
isomer HClS, 51.84 kcal/mol higher in energy, and a
transition state 57.68 kcal/mol above HSCl. Independent
of the level of theory, results with the smaller 6-31G(d,p)
basis set turned out to be poor, especially for HClS.
Vibrational analysis indicates that both species can be
easily di�erentiated if isolated. Bonding di�erences
between these molecules are illustrated by contour plots
of valence orbitals. Viewed classically, bonding in HClS
involves a dative bond. Transition-state rate constants,
and equilibrium constants for the HSCl $ HClS isomer-
ization have been estimated for various temperatures
(200±1000 K). At 298.15 K, the forward rate is predicted
to be 7.95 ´ 10)29 s)1, and the equilibrium constant to be
2.31 ´ 10)38. Tunneling corrections vary from 1.57 at
298.15 K to 1.05 at 1000 K. Activation energies have
been obtained by a two-points linear ®t to the Arrhenius
equation.
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1 Introduction

The characterization of species containing both sulfur
and chlorine atoms of potential relevance for the
modeling of chemical reactions occurring in the atmo-
sphere is of importance for scientists involved in
understanding their reaction cycles [1]. Motivated by
indications that reactive chlorine can be released from
sea salt and, therefore, that suitable conditions might
be found in the remote marine boundary layer for the

formation of sulfur±chlorine compounds, where the
surfaces of aerosol particles may play a catalytic role,
Eberhard et al. [2] recently carried out a series of
experiments involving the Cl/Cl2/H2S reaction system.
In their investigation, a discharge-¯ow reactor with a
photoionization mass spectrometer, having a synchrot-
ron as a source of radiation, was used to measure the
photoionization e�ciency spectra, and also the ioniza-
tion energies of the species produced in the reaction.
Complementing the experimental work, results for
the geometry and ionization potential determined by
ab initio calculations within the G2 method have also
been reported for the sulfur species detected in that
study. Geometries were optimized at the Hartree±Fock
(HF)/6-31G(d) and second-order Mùller±Plesset
(MP2)(full)/6-31G(d) levels of theory. Ionization ener-
gies were computed at the MP4 and quadratic con®g-
uration interaction with singles doubles (QCISD)
(T,E4T) levels of theory using more extended basis sets,
but employing the MP2(full)/6-31G(d) optimized geom-
etries. HSCl was one of the species detected in that work,
but no reference was made to its isomer HClS.

In this study, we are mainly concerned with a more
systematic characterization of the [H,Cl,S] potential-
energy surface (PES) by ascertaining the e�ects of in-
creasingly higher levels of correlation treatment, com-
plete active space self-consistent ®eld (CASSCF), MP2,
coupled-cluster with all single and double excitations
and connected triples [CCSD(T)], and basis sets,
6-31G(d,p), 6-31G(2df,2pd), correlation-consistent
polarized valence triple zeta (cc-pVTZ) on the structural
parameters, frequencies, and relative energies of the
isomeric species. The di�erences in bonding between the
two molecules are also discussed. The transition state for
the HSCl $ HClS isomerization reaction is also deter-
mined, and the rates for both forward and reverse
reactions are computed as a function of temperature, as
well as the equilibrium constant. An intrinsic reaction
path calculation nicely con®rms this transition state as
the proper ®rst-order saddle point connecting the two
isomers. Besides providing more accurate results for the
HSCl species, and characterizing for the ®rst time the
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HClS molecule, it is also our hope that this study can
indicate further trends as to the degree of reliability of
the di�erent levels of theory, especially with the smaller
6-31G(d) basis set. This point will turn out to be relevant
if similar investigations are extended to larger systems
containing sulfur and chlorine atoms where high-level
calculations can become quite expensive. Additionally,
considering the reliability of the results of this investi-
gation, we expect it can guide experimentalists in the
search of the as yet unknown species characterized here.

2 Method

Basically, three di�erent structures were investigated: the angular
isomers HSCl and HClS, and a kind of cyclic structure SHCl,
which would be expected to correspond to a transition state con-
necting the two isomers. All calculations started at the HF level,
and subsequently the e�ects of electron correlation on the struc-
tures, frequencies, energetics, bonding, and consequently on the
kinetics of all three species were incorporated into the calculation
through MP2 perturbation theory, and by the CCSD(T) technique,
as implemented in the Gaussian 94 series of programs [3]. Core
electrons were kept frozen for all correlated calculations. Static
correlation was also estimated by taking into account the distri-
bution of 14 valence electrons into nine valence orbitals in a
multicon®guration SCF calculation. This procedure essentially
corresponds to a valence-shell CASSCF approach. The nature of
all stationary points was examined through the calculation of
vibrational frequencies in the harmonic oscillator approximation.
Three standard basis sets were employed in the expansion of the
molecular orbitals: the 6-31G(d,p) and 6-31G(2df,2pd) developed
by Pople and coworkers [4] and the cc-pVTZ set of Dunning [5].
We recall that, as originally developed, ®ve and seven components
were employed for the d- and f-type functions, respectively, of the
cc-pVTZ set.

Chemical dynamics calculations were performed within the
framework of conventional transition-state theory (TST) [6]. For
a canonical ensemble, the TST rate constant for a unimolecular
reaction involving singlet species is given by

kTSTa �T � � �kBT=h��q#�T �=qa�� expfÿDE#=kBTg ;
where kB is Boltzmann's constant, h is Planck's constant, q#�T � and
qa are the partition functions for the transition-state species and the
reactant, with a � f or a � r for the forward or the reverse reac-
tions, respectively. Energies were measured relative to the bottom
of the PES of the most stable species, HSCl. A multiplicative
correction term to account for quantum mechanical tunneling
was estimated using Wigners' approach [7], and is expressed as

C � 1� �1=24��hx=kBT �2 ;

where x stands for the absolute value of the imaginary frequency at
the ®rst-order saddle point. Partition functions were computed with
the Gaussian suite of programs. Arrhenius activation energies were
evaluated by a two-points ®t of the rate constant at two di�erent
temperatures, and the equilibrium constants were obtained as the
ratio of both forward and reverse rate constants.

3 Results and discussion

3.1 Structural and vibrational analysis

Let us ®rst consider some general points that are quite
independent of basis sets and methods of calculation.
Only two minima were found on the PES, with the
global one corresponding to the isomer HSCl. Based on
the data in Tables 1 and 2, one can immediately infer
that for any combination of method/basis set, both the
SCl bond length and the bond angle in HSCl are
signi®cantly di�erent than in HClS. In HClS, the bond
angle is found to be about 9° larger than in HSCl, and
the SCl distance longer by about 0.1±0.2 AÊ for the
correlated results. Within a method, all calculations with
the smaller basis set [6-31G(d,p)] predict the SCl bond
length to be systematically larger in both compounds,
whereas with the 6-31G(2df,2pd) basis it is found to be
systematically smaller, but closer to the results with the
cc-pVTZ set. In the case of the HS bond length, it
is found to be relatively invariant to basis sets and
methods, with most results di�ering in the third decimal
place, with the exception of the CASSCF lengths, which
are longer by about 0.01±0.02 AÊ . As to the HCl distance,
within a method it changes only slightly with the basis
sets, but within the correlated methods the distances can
di�er by as much as 0.015 AÊ . Notice also that the
inclusion of just static correlation results in an overes-
timated value not only for the SCl internuclear distance,
but also for the HS and HCl bond lengths, a trend which
is expected for this type of calculation.

Concerning the adequacy of the 6-31G(d,p) basis set,
one can notice that calculations with di�erent methods
yielded an SCl internuclear distance in HSCl within 1±
2% of the results obtained with the more extended sets;

Table 1. Optimized geometric
parameters (AÊ , degrees) and
harmonic frequencies (cm)1) for
the isomer HSCl using various
methods and basis sets. Inten-
sities (km/mol) are given in
parentheses

Method Basis set SCl
length

SH
length

HSCl
angle

x1 x2 x3

SCF 6-31G(d,p) 2.034 1.326 96.61 576 (22.62) 1030 (6.86) 2903 (2.43)
6-31G(2df,2pd) 2.027 1.328 96.50 584 (21.69) 1014 (3.52) 2856 (0.06)
cc-pVTZ 2.032 1.329 96.32 578 (21.10) 1009 (2.05) 2854 (0.09)

MP2 6-31G(d,p) 2.047 1.333 96.09 542 (12.04) 964 (5.45) 2819 (3.82)
6-31G(2df,2pd) 2.033 1.336 95.67 565 (13.14) 940 (2.13) 2766 (0.29)
cc-pVTZ 2.038 1.338 95.50 555 (12.59) 928 (1.15) 2752 (0.14)

CASSCF 6-31G(d,p) 2.091 1.354 96.09 478 925 2622
6-31G(2df,2pd) 2.074 1.354 96.19 507 915 2588
cc-pVTZ 2.080 1.356 96.03 500 909 2582

CCSD(T) 6-31G(d,p) 2.066 1.338 95.86 510 944 2753
6-31G(2df,2pd) 2.051 1.340 95.51 539 922 2714
cc-pVTZ 2.056 1.343 95.33 529 911 2696
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however, this is not the case for HClS, where it is found
to be longer by about 0.1 AÊ relative to the results with
the other sets. This discrepancy is quite signi®cant and
clearly re¯ects the lack of functions with su�ciently high
angular momentum to describe the electron polarization
in the formation of a classical dative bond as occurs in
HClS and will be discussed in Sect. 3.3.

Based on our best calculation [CCSD(T)/cc-pVTZ],
the SCl internuclear distance can be safely estimated to
be 2.056 and 2.153 AÊ , in HSCl and HClS, respectively;
the associated bond angles are 95.3 and 103.4°, respec-
tively. Our best prediction for the internuclear distance in
the free SCl species turns out to be 2.006 AÊ (experimen-
tally, 1.975 AÊ [8]) For the HCl and HS distances in the
triatomics, our best results are 1.291 and 1.343 AÊ , re-
spectively, a result that practically matches the experi-
mental distance (1.346 AÊ ) of the free HS species, and that
is sligthly longer than the experimental one for HCl
(1.275 AÊ ) [9].

The third stationary point searched for turned out to
have a cyclic structure and to correspond to a ®rst-order
saddle point. The optimized geometric parameters
characterizing this structure and the associated fre-
quencies are collected in Table 3. At our higher level of
calculation [CCSD(T)/cc-pVTZ], the SCl internuclear
distance turned out to be 2.277 AÊ , indicating a consid-
erable lengthening relative to the stable isomers. In the

transition-state structure, the hydrogen atom is much
closer to the chlorine atom (1.322 AÊ ) than to the sulfur
one (2.018 AÊ ), leading to an angle of 61.6° for the HClS
bond angle; the HSCl angle turned out to be much
smaller, 35.2°.

As already pointed out for the case of the stable iso-
mers, independent of the method used, the prediction of
geometrical parameters with the smaller basis set di�ers
signi®cantly from the results with the more extended sets,
and therefore the analysis of data from calculations with
that basis set in larger systems containing both chlorine
and sulfur atoms should be carried out bearing in mind
the error trends described previously.

Concerning the frequencies, to the best of our
knowledge, there are no experimental data available for
either isomer, and the results of this study can therefore
be taken as a reliable guide to experimentalists in future
spectroscopic identi®cation of both species. As to the
theoretical predictions, the mode associated with the SCl
stretching in HSCl and HClS corresponds to the data
under the heading x1 in Tables 1 and 2. Our best result
yielded 529 cm)1 for the SCl harmonic stretching in
HSCl, and 348 cm)1 in HClS, with the latter value
compatible with the longer SCl distance in HClS and
indicative of a much ¯atter PES. For the free SCl mol-
ecule, our best theoretical frequency turned out to be
566 cm)1. Based on the MP2 results calculated with the

Table 2. Optimized geometric
parameters (AÊ , degrees) and
harmonic frequencies (cm)1) for
the isomer HClS using various
methods and basis sets. Inten-
sities (km/mol) are given in
parentheses

Method Basis set SCl
length

HCl
length

HClS
angle

x1 x2 x3

SCF 6-31G(d,p) 2.357 1.270 101.34 205 (39.55) 607 (15.57) 3141 (93.16)
6-31G(2df,2pd) 2.202 1.273 102.53 295 (21.06) 692 (4.90) 3062 (101.05)
cc-pVTZ 2.217 1.274 101.84 290 (21.98) 680 (7.41) 3071 (106.59)

MP2 6-31G(d,p) 2.197 1.280 104.25 311 (19.21) 688 (4.14) 3003 (52.34)
6-31G(2df,2pd) 2.088 1.289 105.13 412 (0.61) 741 (5.64) 2875 (54.31)
cc-pVTZ 2.104 1.290 104.05 398 (1.20) 719 (2.29) 2877 (64.32)

CASSCF 6-31G(d,p) 2.315 1.295 101.77 228 604 2853
6-31G(2df,2pd) 2.202 1.300 103.00 268 646 2776
cc-pVTZ 2.199 1.301 102.94 229 631 2773

CCSD(T) 6-31G(d,p) 2.263 1.283 103.91 250 631 2953
6-31G(2df,2pd) 2.136 1.291 104.62 359 691 2840
cc-pVTZ 2.153 1.291 103.55 348 669 2844

Table 3. Optimized geometric
parameters (AÊ , degrees) and
harmonic frequencies (cm)1)
for the transition state of the
system [H,Cl,S] using various
methods and basis sets

Method Basis set SCl
length

HCl
length

HS
length

HSCl
angle

HClS
angle

x1 x2 x3

SCF 6-31G(d,p) 2.341 1.396 1.667 36.05 44.65 345 1145i 1951
6-31G(2df,2pd) 2.303 1.373 1.731 36.44 48.47 336 998i 2126
cc-pVTZ 2.306 1.379 1.725 36.53 48.13 340 1016i 2096

MP2 6-31G(d,p) 2.301 1.311 1.981 34.67 59.26 307 887i 2642
6-31G(2df,2pd) 2.204 1.313 2.022 35.87 64.46 391 900i 2673
cc-pVTZ 2.213 1.317 2.017 35.91 63.94 388 886i 2637

CASSCF 6-31G(d,p) 2.409 1.349 1.941 34.03 53.63 256 859i 2257
6-31G(2df,2pd) 2.310 1.335 1.995 35.18 59.42 312 806i 2440
cc-pVTZ 2.315 1.340 1.985 35.26 58.78 314 814i 2411

CCSD(T) 6-31G(d,p) 2.390 1.320 1.979 33.52 55.88 244 756i 2512
6-31G(2df,2pd) 2.269 1.317 2.028 35.12 62.37 329 769i 2609
cc-pVTZ 2.277 1.322 2.018 35.20 61.63 329 765i 2563
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more extended basis sets, for which vibrational intensi-
ties can be estimated, the intensity of the SCl stretching
in HSCl is expected to be about 10±20 times that in
HClS, in sharp contrast with the prediction evaluated
with the 6-31G(d,p) set for which the corresponding
intensity in HClS is larger by about 1.6 that in HSCl. In
this respect also, this basis set again shows its inade-
quacy in providing reliable results.

At our highest level of calculation, the vibrational
mode x3 in Table 1, with a frequency of 2696 cm)1, can
be practically associated with the HS stretching, which in
the free diatomics was found to be equal to 2692 cm)1 at
the same level of calculation, and quite close to the ex-
perimental value of 2712 cm)1. In the case of the HClS
molecule, x3 corresponds basically to the HCl stretching
with a value of 2844 cm)1; theoretically, xe for the free
molecule turned out to be 3002 cm)1, whereas experi-
mentally one has 2991 cm)1. This lower value of the HCl
stretching frequency in HClS also seems to be indicative
of a charge migration away from the HCl internuclear
region into the ClS internuclear moiety, thus contribut-
ing to the dative bond. This fact is also re¯ected in the
results of a Mulliken population analysis in which the
bond polarization Cl+±S) is predicted for the HClS
molecule with both the SCF and MP2 charge densities.
The frequency associated with the bending mode (x2)
is higher in HSCl (911 cm)1) than in HClS (669 cm)1),
indicating a steeper curvature in the PES for this mode
in the region of the minimum associated with the HSCl
isomer.

3.2 Energetics

Total, relative, and zero-point vibrational energies for all
three stationary points are collected in Table 4. As one
can clearly see in this table, at all levels of calculation
the species HSCl is predicted to be much more stable
than HClS. For the correlated calculations, the relative
energies determined with the 6-31G(d,p) basis set are
approximately 5% larger than those obtained with the
two other sets, for which there is a di�erence of less than
about 0.7 kcal/mol between them. Notice also that
calculations with the HF method using the two larger

sets practically reproduce the results obtained with the
CCSD(T) approach, indicating that the contributions
of correlation e�ects at this level to the stabilization of
both species seem to be practically identical; however,
this is not true for the smaller set, where this energy
is overestimated by about 8%. At the MP2 level, the
relative energy between the isomers is the largest of all,
indicating that the more stable species (HSCl) is favored
by the correlation e�ects introduced at this level. Our
best estimate for the location of HClS minimum places it
51.84 kcal/mol above the minimum of the HSCl species.

Concerning the transition state, one can clearly see
that correlation e�ects incorporated through the
CCSD(T) method and the larger basis sets lower the
energy of the transition state by about 10% relative to
the HF results, and by about 4% relative to the MP2
values. This result contrasts with that of the relative
energy between the two isomers and is quite signi®cant
for the evaluation of the kinetics data since the rate
constant depends exponentially on the energy di�erence
between the transition state species and reactants, as
discussed in Sect. 3.4. At our highest level of calculation,
the transition-state structure lies 57.68 kcal/mol above
the minimum of the HSCl molecule.

In order to verify if the ®rst-order saddle point de-
scribed in Sect. 3.1 does indeed correspond to a transi-
tion state connecting the two minima, minimum reaction
path calculations within the intrinsic reaction coordinate
approach [10], as implemented in the Gaussian suite of
programs, were also carried out. The pro®les of the en-
ergy paths in weighted Cartesian coordinates calculated
at the SCF/6-31G(d,p) and MP2/6-31G(2df,2pd) levels
are superposed in Fig. 1, and illustrate di�erences be-
tween a correlated approach with an extended set of
polarization functions and an SCF calculation with a
smaller basis set. For the reverse reaction, in particular,
with a smaller barrier, signi®cant errors can be intro-
duced in the calculation of rate constants using the
lower-level approach.

For the sake of completeness, we have collected
standard thermochemical data for the most stable iso-
mer, HSCl, in Table 5. Heats of formation were esti-
mated using theoretical results at the CCSD(T)/cc-pVTZ
level for the reaction

Table 4. Total energies
(+857.0 a.u.), relative energies
(kcal/mol), and zero-point en-
ergies (kcal/mol) in parentheses
for the stationary states of the
system [H,Cl,S] using various
methods and basis sets

Method Basis set E(HSCl) E(HClS) DEa
react E(TS) DEb

TS

SCF 6-31G(d,p) )0.553979 (6.45) )0.473703 (5.65) 50.37 )0.449690 (3.28) 65.44
6-31G(2df,2pd) )0.572399 (6.37) )0.489220 (5.79) 52.19 )0.469194 (3.52) 64.76
cc-pVTZ )0.636521 (6.35) )0.554471 (5.78) 51.49 )0.534513 (3.48) 64.01

MP2 6-31G(d,p) )0.807467 (6.18) )0.717998 (5.72) 56.14 )0.705443 (4.21) 64.02
6-31G(2df,2pd) )0.916650 (6.10) )0.830447 (5.76) 54.09 )0.819107 (4.38) 61.21
cc-pVTZ )1.002481 (6.25) )0.917325 (5.71) 53.44 )0.906802 (4.32) 60.04

CASSCF 6-31G(d,p) )0.594094 (5.75) )0.509008 (5.27) 53.39 )0.496604 (3.59) 61.18
6-31G(2df,2pd) )0.610956 (5.73) )0.524108 (5.27) 54.50 )0.514880 (3.93) 60.29
cc-pVTZ )0.675374 (5.71) )0.590653 (5.19) 53.16 )0.580580 (3.90) 59.48

CCSD(T) 6-31G(d,p) )0.845510 (6.01) )0.758766 (5.48) 54.43 )0.748078 (3.94) 61.14
6-31G(2df,2pd) )0.968683 (5.97) )0.885002 (5.56) 52.51 )0.875103 (4.20) 58.72
cc-pVTZ )1.054141 (5.91) )0.971527 (5.52) 51.84 )0.962226 (4.13) 57.68

aDEreact � E(HClS)ÿ E(HSCl)
bDETS � E�TS� ÿ E(HSCl)
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H2S�HCl! H2 �HSCl

and the experimental heats of formation for both HCl
and H2S [11].

3.3 Bonding

Since geometries optimized at the HF and MP2(full)/
6-31G(d) levels of theory for the HSCl isomer and
ionization energies calculated with the MP4 and

QCISD(T,E4T) methods using more extended basis sets,
but employing the MP2(full)/6-31G(d) optimized geom-
etries, are the only theoretical results reported in the
literature, to the best of our knowledge, it is worth
describing ®rst the basic di�erences between HSCl and
HClS within the framework of the SCF molecular
orbital picture.

Making use of a simple visualization in terms of Lewis
structures, the bonding in HSCl could certainly be ra-
tionalized as resulting from a sharing of the 3px and 3py
electrons in S and the 1s electron in H and the 3py elec-
tron in Cl, with the octet rule obviously satis®ed. In the
case of HClS, for the octet rule to be satis®ed, H and Cl
would have to share an electron each, and the Cl atom
would contribute with a pair of electrons in a dative-type
bond with S. To try to identify elements of this simple
picture in the ab initio calculations, we have depicted an
orbital energy diagram in Fig. 2, and the orbital densities
illustrating the essential di�erences between the elec-
tronic spatial distributions derived from the valence or-
bitals in Fig. 3. For HSCl, notice that 3a¢¢ and 4a¢¢
orbitals are basically the bonding [0.48 3pz(S) + 0.83
3pz(Cl)] and antibonding [0.85 3pz(S) ) 0.55 3pz(Cl)]
combinations of the atomic 3pz orbitals of S and Cl,
respectively. For HClS, these orbitals have a more
pronounced atomic character with the chlorine 3pz
orbital contributing much less for 4a¢¢ [0.92 3pz(S) ) 0.26

Fig. 1. Energy pro®les in terms of the internal reaction coordinate
for the HSCl $ HClS isomerization reaction at the self-consistent
®eld/6-31G(d,p) and second-order Mùller±Plesset (MP2)
6-31G(2df,2pd) levels. Energy di�erences are given in kilocalorie
per mole

Table 5. Thermochemical data for HSCl

T (K) C0
p

(cal/K mol)
S0

(cal/K mol)
H 0

T ÿ H0
0

(kcal/mol)
DH0

f
(kcal/mol)

DG0
f

(kcal/mol)

200 8.74 56.30 1.63 0.83 )1.39
298.15 9.84 59.96 2.53 0.56 )2.45
400 10.31 62.89 3.55 )0.31 )3.41
500 10.80 65.25 4.61 )0.97 )4.10
600 11.18 67.25 5.70 )1.50 )4.68
700 11.49 69.00 6.84 )1.95 )5.17
800 11.76 70.55 8.00 )2.34 )5.60
900 12.00 71.95 9.19 )15.39 )5.73
1000 12.21 73.23 10.40 )15.35 )4.66 Fig. 2. Valence orbitals energy diagrams for the molecules HSCl

and HClS
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3pz(Cl)] than in HSCl, and very signi®cantly for 3a¢¢ [0.18
3pz(S) + 0.98 3pz(Cl)]. It seems clear form these data and
Fig. 3 that orbital 3a¢¢ has a bonding character in HSCl.
For HClS, in this simple-minded picture, orbital 4a¢¢
could essentially be identi®ed with the atomic 3pz orbital
of S, and 3a¢¢ with the 3pz of Cl signi®cantly polarized
towards the S atom. This distortion in the charge density
is clearly visible in Fig. 3. This same type of distortion
can also be noticed for orbital 9a¢, which besides de-
scribing a bonding combination between the H and Cl
atoms also shows a polarization towards the S atom. The
remaining orbitals in HClS are essentially antibonding in
character. Notice also that 4a¢¢ and 13a¢ are almost de-
generate, and as clearly shown in Fig. 3, orbital 13a¢ is
basically the 3px orbital of S. The lesser overall build up
of charge density between the Cl and S atoms is visible in
Fig. 3 for the case of the HClS molecule and somehow
re¯ects the longer SCl internuclear bond length in HClS
compared to that in HSCl. Also, as discussed before, we
recall that at all levels of calculation the harmonic fre-
quency associated with the SCl stretching was indicative
of a much ¯atter curvature in HClS.

Besides the bonding character of orbital 3a¢¢ in HSCl,
orbitals 10a¢ and 9a¢ also exhibit some bonding features.
Orbital 10a¢ which in HClS is essentially the 3s of S,
becomes locally bonding between the S and H atoms,

and orbital 9a¢ shows a bonding delocalization over all
the three atoms, despite its major Cl 3s contribution.
Incidentally, notice that orbital 12a¢ in HSCl shows a
slight charge build up between the hydrogen and chlo-
rine atoms.

To try to obtain some numerical estimates of the
degree of polarization in the S±Cl moiety, we have
collected the gross orbital populations resulting from
contributions of the s and p orbitals and the total
atomic charges on S and Cl derived from a Mulliken
population analysis at the HF/cc-pVTZ level of
calculation in Table 6. As seen in this table, these
results are clearly indicative of an electron migration
towards the S atom in HClS, in contrast with the
opposite polarity in HSCl, and this is an element that
seems to corroborate the classical picture of a dative
bond in HClS.

A description of these molecules at the CASSCF level
reveals that for both species the HF con®guration is the
dominant one with c20 � 0:97 at their equilibrium inter-
nuclear distances. Additionally, application of the T1

diagnostic as an indicator of non-dynamic correlation
results in a value of 0.012, smaller than the threshold of
0.02 recommended by Lee and Taylor [14], values larger
than 0.02 indicate an increasing importance of non-
dynamical correlation. As to their dipole moments, the

Fig. 3. Cross sections of valence orbitals in the molecular plane
(a¢), and perpendicular to the molecular plane but containing the
SCl internuclear distance (a¢¢). The ®ve contours follow the

integrated values of the wavefunctions containing 10, 30, 50, 70,
and 90% of the electron density [12]. Tick marks are 0.5 a0 apart.
Data for the plots were generated with the MELD program [13]
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MP2/cc-pVTZ results are 1.41 and 4.03 D for HSCl and
HClS, respectively.

3.4 The isomerization reaction

Thermochemical and kinetics data at the standard
pressure of 1 atm and various temperatures for the
isomerization reaction HSCl ! HClS, and for attaining
the transition state, calculated at the CCSD(T)/cc-pVTZ
level of theory, are collected in Table 7. The energetics
data in this table show that the isomerization reaction
has a very high forward barrier, slightly above 55 kcal/
mol in the temperature range of 200±1000 K. For this
unimolecular process, not only is the barrier high, but
the species HClS also lies relatively high energetically,
making this forward reaction endothermic and non-
spontaneous. As to the reverse reaction, HClS ! HSCl,
one can obviously expect the opposite behavior: a very
small barrier (about 4 kcal/mol), an exothermicity of
about )52 kcal/mol, and thermodynamic spontaneity,
with a change in the Gibbs free energy of about
)51 kcal/mol.

As a consequence of the relatively large barrier for
the forward reaction, the rate constants change very
drastically with temperature; however, despite the
variation, the rate for the forward reaction continues to
be very small, and once HSCl is formed, it will certainly

not undergo isomerization in this range of tempera-
tures. Concerning the reverse reaction, HClS ! HSCl,
it is so fast that once HClS is formed by any process, it
is immediately converted to HSCl. At room tempera-
ture, the equilibrium constant for the HSCl ! HClS
reaction is of the order of 10)38, and at 1000 K it is
10)11. With respect to the Wigner's correction for tun-
neling, its e�ect is to increase the rate constant by a

Table 6. Gross orbital populations and total atomic charges on the
S and Cl atoms derived from a Mulliken population analysis at the
Hartree±Fock/correlation-consistent polarized valence triple zeta
level of calculation

HSCl HClS

S Cl Cl S

2s + 3s 3.826 3.944 3.872 3.985
2px + 3px 3.217 3.960 3.329 3.961
2py + 3py 2.804 3.207 3.612 2.332
2pz + 3pz 3.967 3.972 3.967 3.985
Partial gross populations 13.814 15.083 14.780 14.263
Partial net charges +0.186 )0.083 +0.220 )0.263
Total atomic chargesa +0.020 )0.146 +0.120 )0.321
a Includes contributions from the remaining atomic orbitals in the
basis set

Table 7. Thermochemical and kinetics data for the HSCl « HClS reaction. The superscript w stands for the tunneling correction for the
forward (f) and reverse (r) reactions, and à stands for the transition-state data

T (K) DH 0

(kcal/mol)
DH0à

(kcal/mol)
DG0

(kcal/mol)
DG0à

(kcal/mol)
kf (s

)1) kwf (s)1) kr (s
)1) kwr (s)1) Ke

200 51.52 55.96 51.41 55.85 3.91 ()49) 8.84 ()49) 5.95 (+7) 1.35 (+8) 6.57 ()57)
298.15 51.60 55.98 51.35 55.79 7.95 ()29) 1.25 ()28) 3.42 (+9) 5.40 (+9) 2.31 ()38)
400 51.67 55.95 51.25 55.73 2.98 ()18) 3.92 ()18) 2.96 (+10) 3.92 (+10) 1.00 ()28)
500 51.73 55.87 51.13 55.68 4.80 ()12) 5.77 ()12) 1.07 (+11) 1.29 (+11) 4.47 ()21)
600 51.77 55.76 51.01 55.65 6.71 ()8) 7.65 ()8) 2.54 (+11) 2.91 (+11) 2.63 ()19)
700 51.80 55.64 50.88 55.64 6.20 ()5) 6.84 ()5) 4.75 (+11) 5.25 (+11) 1.30 ()16)
800 51.83 55.50 50.75 55.65 1.04 ()2) 1.89 ()2) 7.61 (+11) 1.38 (+12) 1.37 ()14)
900 51.84 55.35 50.61 55.68 5.66 ()1) 6.01 ()1) 1.10 (+12) 1.17 (+12) 5.13 ()13)
1000 51.85 55.19 50.47 55.72 1.38 (+1) 1.45 (+1) 1.48 (+12) 1.56 (+12) 9.32 ()12)

Fig. 4. Linear Arrhenius plot of the rate constants for the
HSCl ! HClS reaction. Energetic data underlying the calculation
of the rate constant were computed with the coupled-cluster
technique with all single and double excitations and connected
triples and the correlation-consistent polarized valence triple zeta
basis set
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factor of 1.57 at 298.15 K, which then decreases with
increasing temperatures, reaching a value of 1.05 at
1000 K. An Arrhenius linear ®t to the rate constants is
shown in Fig. 4, and values for the activation energy
and the constant A, determined by a two-points ®t to
the Arrhenius equation, for several temperature inter-
vals, are collected in Table 8 for the forward and re-
verse reactions.

4 Conclusions

Stationary points on the [H,S,Cl] PES have been located
corresponding to a very stable HSCl species, to an
isomer HClS, 51.84 kcal/mol higher in energy, and to a
transition-state species, at 57.68 kcal/mol above HSCl,
at the CCSD(T)/cc-pVTZ level of theory. The e�ects of
di�erent methods and basis sets were systematically
investigated, indicating the reliability of the results, in
particular, those with the smaller 6-31G(d,p) basis,
which turned out to be poor for the HClS species.
Vibrational frequencies data allow a clear di�erentiation
between the two species to be made. Bonding di�erences
were also discussed and illustrated by density contour
plots of the valence orbitals. A Mulliken population
analysis predicted a charge migration towards the S
atom in HClS. Rate constants, within the TST and
equilibrium constants for the HSCl $ HClS isomeriza-
tion reaction were estimated for temperatures in the
range 200±1000 K. At 298.15 K, the forward rate is
predicted to be 7.95 ´ 10)29 s)1, and the equilibrium
constant to be 2.31 ´ 10)38. Tunneling corrections to the

rates change from 1.57 at 298.15 K to 1.05 at 1000 K. In
the temperature range 298.15±400 K, the activation
energy turned out to be 56.65 kcal/mol and the A factor
to be 2.67 ´ 1013 s)1.
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