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The energetics and electronic rearrangements associated with proton transfer 
between S atoms in (H2S-H-SH2)+ are calculated using ab initio molecular orbital 
methods and compared with similar data in the first-row analog (H20-H-OH2)+. 
The full potential energy surface of (S2HS)+' calculated as a function of the H-bond 
length as well as the position of the proton, contains two equivalent minima 
separated by a small energy barrier, whereas the surface of (02HS)+ contains a single 
minimum corresponding to a symmetric position for the central proton. In both 
cases the energy barrier to transfer increases as the H bond is lengthened. This rise is 
noticeably less steep in the case of (S2Hs) +, a fact attributed to the greater ease with 
which a proton may be pulled a given distance from each SH2 subunit in the absence 
of the other. Enlargements of the proton transfer barriers also result from angular 
distortions of each H bond; these increases are qualitatively quite similar in the two 
systems. There is a great deal of resemblance also in the electronic redistribution 
patterns accompanying proton transfer in the two systems. However, the greater 
polarizability of SH2 as compared to OH2 leads to greater overall charge transfer 
between the subunits in (H2S-H-SH2)+ and to larger extent of spatial regions of 
density change. 

I. INTRODUCTION 

In tandem with experimental studies,I-8 ab initio 
theoretical investigations of proton transfer reactions9-24 

have contributed a great deal to our knowledge of this 
process. Most of these theoretical treatments have dealt 
with systems involving oxygen and nitrogen atoms due 
to their common occurrence in H bonds. However, atoms 
of the second row of the Periodic Table are also capable 
of forming H bonds and information regarding proton 
transfers in such bonds would thus be quite useful. 
Moreover, comparison between first- and second-row 
analogs may be expected to be interesting from a funda
mental perspective. Calculations were carried out recently 
in this laboratorfs treating proton transfers between the 
oxygen atoms of (H20-H-OH2t. Energetics were reported 
for both stretches and bends of the H bond and electronic 
structural features were examined as well. The present 
communication reports the results of similar calculations 
involving the second-row analog (H2S-H-SH2t and com
pares these data with the previous results for (H20-H
OH2)+' This paper thus represents the first ab initio study 
of proton transfer within the proton-bound SH2 dimer. 

The first section reports the results of geometry 
optimizations of the (H2S-H-SH2t complex and the 
strength of the H bond. Proton transfers are considered 
in Sec. II B, including an evaluation of the accuracy of 
the theoretical approach. In Sec. II C, the redistributions 
of electronic density which accompany the shift of the 
proton along the H bond are described and contrasted 
with analogous properties ofthe oxygen-containing system. 
Section II D contains an analysis of the effects of angular 
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distortions of the H bond upon the energetics of proton 
transfer. 

II. METHODS AND RESULTS 

To ensure proper comparison with the previous SCF 
calculations of (02HSt where the 4-31G basis set26 was 
employed, the present study of (S2HSt made use of the 
same computational procedure. This method has been 
used successfully in the past to study the H bond27 of 
(H2S-H-SHzt as well as proton transfers in other sys
tems.25,28,29 All calculations were carried out with the 
GAUSSIAN 70 and 80 programs.30,31 As described below, 
the sensitivity of the results to basis set was studied via 
comparison with larger sets including polarization func
tions and the effects of electron correlation were investi
gated by second and third-order M",ller-Plesset pertur
bation theory. 

A. Optimized geometry and binding 
energy of (S2Hs)+ 

The structure of (H2S-H-SH2)+ was fully optimized 
subject to the following constraint. The central proton 
was assumed to lie along the S--S axis as shown in Fig. 
1, in conformity with the calculations of this system by 
Desmeules and Allen.27 Our own calculations of similar 
systems28,32 have indicated that deviations from linearity 
are rather small. The symmetry adopted by the complex 
is Cs , as illustrated in Fig. 1. The parameters of the fully 
optimized complex are contained in the first column of 
Table I where it may be seen that the R(SS) H-bond 
length is 3.482 A. The central proton lies 1.462 A from 
the left sulfur atom sa, much closer than the 2.020 A 
from the other S atom. Thus, the equilibrium geometry 
contains an asymmetric H bond, in contrast to the 
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AG. 1. Geometry of (S2HS)+ system belonging to C, point group. fJ. 
and fJb refer to angles between the S--S axis and the bisectors of the two 
SH2 subunits. 

symmetric H bond in the (02HS)+ analog where the most 
stable position of the central proton is precisely midway 
between the two 0 atoms. 

The difference in energy between the (S2H5t complex 
and the sum of the optimized SH2 and (SH3t species is 
listed as ED in the last row of Table I and corresponds to 
the dissociation energy of the complex. The computed 
value of 16.8 kcal/mol is reasonably close to recent 
experimental estimates33 in the range 12.8-15.4 kcal/mol. 
This H-bond energy is considerably smaller than the 
corresponding experimental value33 of 33 kcal/mol for 
(H20-H-OH2)+' consistent with the commonly accepted 
notion that H bonds between second-row atoms are 
weaker than their first-row counterparts. A second measure 
of the relative H-bond strengths comes from a comparison 
of the computed X-H--X H-bond lengths with the sum 
of the heavy atom van der Waals radii.34 The latter 
quantity is 3.70 A for a S-H--S bond and 2.80 for 
O-H--O. The actual computed H-bond length25 for (H20-
H-OH2)+ is 2.36 A, representing a contraction of 0.44 A 
when compared to the sum of oxygen van der Waals 
radii. The corresponding reduction in (H2S-H--SH2)+ is 
only 0.22 A, indicating again that the H bond is consid
erably weaker in complexes involving second-row atoms. 

Most of the features of the internal geometries of 
the two SH2 units in the complex are fairly similar to 
one another with the exception of the angles fJa and fJb 
which represent the orientations of the two subunits with 
respect to the S--S axis. The larger value of fJb is due to 
an electrostatic interaction between the two subunits. The 
dipole moment ofthe SH2 molecule on the right is aligned 
along the HSH bisector, denoted by the dotted line in 
Fig. 1. The negative end of this dipole can most effectively 
point toward the positive charge of the left-hand (SH3t 

TABLE I. Optimized geometries and energies of (S2Hs)+. 

R(SS), A 
t1S"H,),A 
t1S"H), A 
t1S~), A 
8(HS"H) 
8(HS~) 

fJ. 
fJb 
EscF, a.u. 
ED, kcal/mol 

3.482 
1.462 
1.352 
1.351 

99.2° 
97.8° 

106.8° 
114.1 ° 

-796.69059 
16.8 (12.8-15.4)" 

a Experimental value from Ref. 33. 

3.37 
1.685 
1.351 
1.351 

98.5° 
98.5° 

108.6° 
108.6° 

-796.68964 
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subunit for large values of fJb' Similar arguments have 
been used to explain intermolecular orientations in a 
number of related systems.29 

B. Proton transfers 
The potential energy curve for proton transfer be

tween the two S atoms was computed for each of a set of 
H-bond lengths R(SS) as follows. The system was frozen 
in the geometry of the optimized complex described in 
Table I and a value of R(SS) chosen. The central proton 
He was then shifted along the internuclear S--S axis, 
generating a transfer potential. The general shape of each 
curve contains two equivalent minima with an energy 
barrier separating them. The height of this energy barrier 
is denoted Et and is illustrated as a function of the H
bond length R by the right-hand curve in Fig. 2. It is 
clear that the energy barrier to proton transfer rises 
quickly as the H bond is elongated. For H-bond lengths 
of less than approximately 3.28 A, the barrier vanishes 
and the potential contains a single minimum correspond
ing to the S--H--S configuration in which the proton is 
midway between the two S atoms. 

The corresponding proton transfer barriers in the 
oxygen analog2S (02HSt are represented by the left-hand 
curve in Fig. 2 where generally similar behavior may be 
noted. One difference between the two systems is brought 
out by a comparison of the equilibrium H-bond length 
with that for which the barrier vanishes and the potential 
collapses into a single minimum. The proton transfer 
barrier for (S2HSt reaches zero at 3.28 A, 0.2 A less than 
the equilibrium R(SS) distance of 3.48 A, at which point 
the barrier is equal to 1.6 kcal/mol. In contrast, the 
barrier is zero and the potential contains a single minimum 
for the optimized R(OO) distance of 2.36 A in (02Hs)+. 

A second distinction between the two curves in Fig. 
2 is related to their slopes. The curve representing the 
rise of transfer barrier between sulfur atoms is clearly less 
steep than is the case for interoxygen transfer. This 
difference may be traced back to the shapes of the 
potentials associated with the dissociation of a proton 
from the individual XH2 molecules: (H2X-H)+ --> H2X 
+ H+. The proton dissociation curve calculated for SH2 

using the 4-31G basis set was found to be substantially 
less steep than that for OH2 • As described in a previous 
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AG. 2. Energy barriers to proton transfer as a function of the H-bond 
length R(XX). OH -+ 0 refers to the (02HSt system and SH -+ S to 
(S2HSt· 
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work,29 a good first approximation to the proton transfer 
barrier may be obtained by appropriate superposition of 
the proton dissociation curves. Similar addition of the 
potentials here leads to tl)e conclusion that the more 
gradual increase in proton transfer barrier height with H
bond length in (H2S-H-SH2t is due to the smaller energy 
increments needed to pull a proton a given distance from 
its equilibrium position in (H2S-H)+. 

The transfer barriers reported in Fig. 2 were computed 
using the rigid molecule approximation wherein all nuclei 
are held fixed in position as the proton is translated along 
the H-bond axis. Perhaps a more valid means of calculating 
these potentials would involve geometry optimizations at 
each stage of the transfer. Although previous calculations 
have demonstrated quite good agreement between the 
energetics obtained by the two approaches in a number 
of similar systems,2S,28,29 the validity of the rigid molecule 
approximation was checked for (S2Hs)+. It was found that 
transfer barriers calculated including geometry optimiza
tions were within 0.4 kcal/mol of those contained in Fig. 
2 for all values of R. In addition, the optimizations led 
to only very small changes in the intramolecular geome
tries; bond lengths were constant to within 0.002 A and 
bond angles to I o. 

As a last point, we consider a model of proton 
transfer in which all geometrical parameters, including 
the H-bond length, are allowed to change as the proton 
is shifted across the bond. Whereas the previous transfers 
with fixed R(XX) model proton shifts within the rigid 
framework of a macromolecule, optimization of this 
distance during the transfer process corresponds to the 
more flexible situation of the isolated (S2Hs)+ system in 
the gas phase. The energy barrier for this "flexible" 
transfer is equal to the difference in energy between the 
fully optimized (H2SH--SH2t complex described above 
and listed in the first column of Table I and that of 
(H2S--H--SH2t in which the central proton is restricted 
to lie equally distant from the two S nuclei (C2h symmetry). 
The geometry of the latter complex is contained in the 
last column of Table I from which it may be seen that 
the R(SS) H-bond length in this transition state to proton 
transfer is 3.37 A, 0.11 A shorter than in the fully 
optimized (H2SH--SH2t configuration. This shortening 
in the transition state is characteristic of these proton 
transfer processes and has been noted previously in a 
number of cases.32,3S,36 The barrier for this proton transfer 
between the two equivalent minima in the potential 
energy surface is found to be equal to 0.6 kcal/mol, in 
contrast to (02HS)+ for which the surface contains a single 
minimum corresponding to symmetric (H20--H--OH2t. 

1. Accuracy of results 

Since there is no a priori reason to expect SCF-Ievel 
calculations using the 4-31G basis set to be of high 
accuracy, it was necessary to gauge the results against 
data computed at higher levels of theory. The basis set 
was enlarged in two steps. First, a single set of 6 d 
functions (exponent = 0.39)37 was added to each S center; 
this basis set is denoted as 4-3IG*. The largest set used38 

involved a [6s, 4p] contraction of 12s and 8p Gaussian 
primitives on each S; a set of d functions U' = 0.6) was 

added as well. A triple-r contraction of five s primitives 
was used for the central hydrogen and was augmented by 
a set of p functions with exponent 1.0. The remaining 
hydrogens were described by a double-r contraction of 
(4s) primitives and a scale factor of 1.2. The latter basis 
set is referred to here as [641/31/2]. The effects of electron 
correlation were included via second and third-order 
M011er-Plesset perturbation theory39 (MP2 and MP3). 

Potentials for proton transfer in (S2Hst for the 
equilibrium R(SS) distance of 3.482 A were computed 
for each of several levels of theory. The transfer barriers, 
evaluated as the difference in energy between the mini
mum and maximum of each potential,40 are reported in 
Table II. It is clear from examination of any column that 
each successive enlargement of the basis set leads to an 
increase in the transfer barrier. The opposite trend of a 
barrier decrease results from incorporation of electron 
correlation. Specifically, the MP2 barriers are considerably 
smaller than the SCF values, while carrying the pertur
bation expansion to third order produces a small increase 
over the MP2 barriers. These trends are consistent with 
previous findings in similar systems. 32,3S,36 At the highest 
level of theory considered here, the MP3/[641/31/2] 
barrier is somewhat higher than the HF/4-31G value, 
leading to the conclusion that the barriers computed via 
the latter procedure are probably uniformly smaller than 
the true values. Therefore, we expect that use of the MP3/ 
[641/31/2] procedure throughout would yield a potential 
energy surface with a more pronounced barrier separating 
the two minima; we estimate an adiabatic transfer barrier 
of 1 to 2 kcal/mol. 

C. Electronic rearrangements 

Examination of electronic structure provides a key 
means of analyzing fundamental features of various 
chemical processes. In the case of the proton transfer 
reaction, a good deal of information has accrued through 
scrutiny of the redistributions of electron density that 
accompany the shift of the proton.28,29,41 We focus our 
attention here upon a comparison between the isovalent 
(S2Hs)+ and (02HSt systems to determine the different 
properties of first and second-row atoms when participating 
in the proton transfer process. 

The changes in Mulliken populations resulting from 
half-transfer of the central proton in the two systems are 
reported in Table III. In accord with previous nomencla
ture,28 the a superscript indicates the proton-donating 
subunit while the acceptor is denoted by b. In order to 
ensure consistency of data for purposes of comparison, a 
number of unifying factors were included. First, since 
previous calculations2s,28 treated a planar (02HS)+ system, 
the sulfur-containing analog was similarly flattened by 

TABLE II. Proton transfer barriers computed for (S2Hst for R = 3.482 
A. All entries in kcal/mol. 

Basis set 

4-31G 
4-3IG* 
[641/31/2] 

SCF 

1.6 
4.4 
5.7 

MP2 

0.5 
1.7 
2.8 

MP3 

0.6 
2.0 
3.2 
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TABLE III. Changes in Mulliken populations (in me) caused by half
transfer of the central proton. Positive entries correspond to density increase. 
X represents either S or 0 atom; orbitals shown are valence shell (e.g., 
2s for 0 and 3s for S). Central proton moves 0.279 A in all cases. 

Groups 

Atoms 

Orbitals (xa) 

s 
pz 
px 
py 

Orbitals (Xb) 

s 
pz 
px 
py 

• Proton donor. 

(02HS)+ 
R = 2.75 A 

planar 

91 
-77 

-14 
30 
30 

-11 
-33 

15 
59 

-45 
o 

-12 
-44 

45 
o 

b Proton acceptor. 
C Central proton. 

(S2Hs)+ 
R = 3.482 A 

planar 

152 
-149 

-3 
68 
42 

-57 
-46 

51 
53 

-36 
o 

-49 
-45 

37 
o 

(S2HSt 
R = 3.482 A 

pyramidal 

161 
-171 

10 
99 
31 

-103 
-34 

6 
156 
-34 
-28 

-6 
-158 

35 
26 

setting both fJa and fJb (see Fig. 1) equal to 1800
• Secondly, 

at the equilibrium S--S distance of 3.482 A, the central 
proton translates a total of 0.279 A from its most stable 
position to reach the midpoint of the bond, whereas a 
somewhat longer distance is involved in the transfer in 
(02HSt. Since the density redistributions are sensitive to 
the distance moved by the proton,28 the latter distance 
was shortened to 0.279 A in (02Hs)+. The data for planar 
(02HSt and (S2HSt are contained in the first two columns 
of Table III, respectively. 

A number of the trends seen in Table III are typical 
of proton transfer processes that have been examined in 
the past.28 The first two rows indicate an overall shift of 
density from the proton-accepting subunit (XH2)b to the 
proton donor (XH2)a. The charge extracted from the 
former subunit originates on the hydrogen atoms Hb as 
well as the X b (0 or S) atom; similarly, charge accumu
lation is observed on Ha as well as xa. With regard to 
the atomic orbitals of the 0 and S atoms, the Px orbital, 
perpendicular to the H-bond axis and lying in the molec
ular plane, follows a trend opposite in sign to the sand 
pz orbitals. This observation has been attributed to polar
ization of the internal X-H bonds of each subunit which 
allow the hydrogen atoms to share in the overall density 
change of the entire subunit.41 

Similar patterns emerge from another perspective 
via the contour maps of the charge redistribution that 
takes place in concert with the half transfer of the 
proton.28 Such maps are provided in Fig. 3 where the 

central arrow denotes the movement of the proton; solid 
contours represent increases in electron density and broken 
contours decreases. The overall loss of density by the 
proton-accepting group is confirmed by the many broken 
contours surrounding the right-hand XH2 subunit. The 
solid contours above and below the X b atom are pictorial 
verification of the charge accumulation noted above for 
the Px orbitals of this atom; changes of the opposite sign 
occur for the left-hand subunit. 

Since the major thrust ofthe present communication 
is a comparison of the proton transfer properties of 
oxygen and sulfur, we turn now to the differences between 
the electronic rearrangement patterns taking place in 
(02Hs)+ and (S2HS)+' From the first two rows of Table 

a 

b 

c 
FIG. 3. Contour maps showing electron density rearrangements upon 
half-proton transfer in (a) (02HS)+' (b) planar (S2Hst, and (c) pyramidal 
(S2HS)+' The arrow indicates the motion of the central proton (0.279 A 
in all cases). Solid contours denote density increase and losses are shown 
by broken contours; the scale for the contours is logarithmic, ranging 
from 10-7

/
2 to 10-3

/
2 e/a.u.3

• The plane illustrated is xz which contains 
all atoms in a and b. The bending of the SH2 subunits in c takes the 
noncentral hydrogens out of the xz plane. 
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III, we see that the shifts of density between the two 
subunits are of substantially greater magnitude in the 
latter system, probably due in large part to the greater 
polarizability of SH2 than of OH2. Most of the increased 
density change is directly attributable to the S atom rather 
than to the hydrogens. For example, the decrease in the 
Sb atom (57 me) is several times greater than in Ob (11 
m.e) while the corresponding decrease in Hb rises only 
shghtly from 33 to 46 me. With regard to the orbitals 
~he principal difference between 0 and S is the greate; 
Involvement of the s orbitals in the latter case; e.g., the 
increase in the s orbital of X a rises from 15 to 51 me on 
going from 0 to S. 

The clearest pictorial indication of the greater polar
izability of the SH2 subunit is the larger extent of the 
contours in Fig. 3(b). In particular, the broken contours 
to the left of Sb cover a much wider expanse than the 
corresponding region of charge loss to the left of Ob in 
Fig. 3(a). This difference helps account also for the atomic 
population data described above. It may be noted that 
the similar spatial characteristics of the contours in the 
vicinity of the noncentral hydrogens in Figs. 3(a) and 
3(b) are consistent with the small differences between H 
population changes of the two systems in Table III. 

It was pointed out above that the angles f3a and f3b 
~ere. set equal to 1800 in computing the density changes 
In FIg. 3(b) for the sake of comparison with the planar 
oxygen atoms in Fig. 3(a) although the equilibrium struc
ture of (S2Hst contains pyramidal arrangements about 
the S atoms. In order to determine the effects of this 
geometry change from a planar system on the electronic 
rearrangements, analogous data were calculated for the 
optimized pyramidal structure and the results reported in 
Fig. 3(c) and the last column of Table III. [Note the 
a~sence of the noncentral H atoms from the xz plane of 
FIg. 3(c).] Comparison of the second and third columns 
of Table III indicates that pyramidalization of the sulfur 
atoms leads to a small increase in the total charge 
transferred between (SH2) subunits. This increase is drawn 
exclu~ively ~rom the S atoms as the density changes 
assocIated WIth the noncentral hydrogens are reduced in 
magnitude. The enhanced charge loss associated with the 
Sb atom (nearly qouble) is indicated by the enlargements 
of the region enclosed by the dashed contours to its 
immediate left. Moreover, a new region of charge loss 
appears on the right side of this atom, in a position 
consistent with a good deal of density depletion from the 
pz orbital which lies along the H-bond axis. Indeed, this 
charge loss is corroborated by the entry of - I 58 me for 
this. or~ita~ in the last column of Table III. While the Px 
orbItal IS httIe affected by the pyramidalization, the bend
ing of the hydrogen atoms out of the xz plane allows the 
Py orbital to participate in the polarizations of the X-H 
bonds; hence, the increase in the p population of Xb. 
Very similar trends (of opposite sig~) are noted in the 
proton-donating (SH2)a subunit. 

. I~ summary, many of the patterns of charge redis
tnbutlOn not~d previously for oxygen-containing systems 
occur as well In the case of sulfur. The greater polarizability 
of t~e lat~er ato.m leads to overall greater magnitude of 
denSIty ShIftS WhICh occur over larger spatial areas. Bending 

of the two SH2 subunits to a pyramidal rather than planar 
configuration about each sulfur appreciably magnifies the 
above trends and localizes more of the density shifts onto 
the S atoms. 

D. Angular deformations 

The previous sections have dealt with H bonds in 
which the two subunits have been free to adopt their 
most energetically favorable orientations with respect to 
one another. However, when these bonds occur within 
the confines of a large molecule, e.g., when the 0 and S 
atoms are covalently attached to the backbone of a 
macromolecule, each bond will generally be somewhat 
distorted to satisfy the requirements of overall lowest 
energy of the entire molecule. In order to simulate the 
effects of such distortions upon the proton transfer process, 
the geometries of the H-bonded systems have been sys
tematically modified as follows. First, in order to ensure 
a valid comparison between the sulfur and oxygen-con
taining systems, the fully planar configurations of both 
(S2Hst and (02HS)+ were used as a starting point. The 
left-hand XH2 subunit was rotated by an amount aa with 
respect to the X--X axis, as shown in Fig. 4; rotation of 
the right-hand XH2 subunit is described by the angle abo 

For each configuration, represented by the H-bond length 
R and the two rotation angles aa and ab, the proton 
transfer potential was generated by shifting the central 
proton along its minimum energy path between the two 
subunits. (This path did not generally lie along the X--X 
internuclear axis, as indicated by the position of the 
central proton in Fig. 4.) The positions of all other nuclei 
were held fixed as the proton was transferred. 

Three different modes of angular deformation were 
considered. In the first mode, the left-hand molecule is 
unaffected while the right-hand subunit is rotated by an 
amount abo The effects of this type of distortion are 
represented by the solid curves in Fig. 5. The dashed 
curves correspond to a conrotatory motion wherein the 
two subunits are rotated by equal amounts and in the 
same direction. The disrotatory mode in which the two 
molecules are rotated in opposite directions are associated 
with the dotted curves in Fig. 5. 

The effects of these angular distortions in (02Hst 
have been previously elucidated2s and are presented on 
t~e left ha~f of Fig. 5. Each mode leads to progressively 
hIgher bamers as the amount of the distortion is increased. 
For all three H-bond distances between 2.55 and 2.95 A, 
the greatest barrier enlargement is associated with the 
disrotatory deformation and the smallest with rotation of 
only one subunit. The analogous data are presented on 

H H 

~G. ~. Definition of parameters aa and ab used to specify angular 
distortions of the two SH2 subunits. Dashed lines indicate bisectors of 
the HSH angles. 
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FIG. 5. Effects of angular distortions upon the proton transfer barrier 
Et (in kcal/mol). 

the right side of the figure for (S2Hs)+ where it may be 
seen that the above trends hold for this system as well. 
In addition, the sensitivities of the oxygen and sulfur
containing systems to these angular distortions are quite 
similar to one another as indicated by the slopes of the 
curves. In all cases, 20° distortions produce only small 
barrier height increases while much more dramatic en
largements result from greater deformations. An important 
conclusion of this work is that the energetics of proton 
transfer in both systems are quite sensitive to angular 
deformations of the H-bond geometry as well as to 
stretches of the bond. 
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