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Abstract: Ab initio calculations that include correlation energy have been performed to study the first two vertical
ionic states of H,S—H,S, PH;—H,S, and FH—H,S hydrogen bonded molecules and the subsequent rearrangement
processes. In all cases, the first two ionic states are the 2A” and 2A” states depending on whether the ionization is
located in the proton acceptor or in the proton donor, respectively. If ionization is produced in the proton donor
monomer, the dimer evolves to a proton transfer complex, while if ionization is produced in the proton acceptor the
dimer dissociates and then evolves to a three-electron hemibond complex. This hemibond structure is found to be
the most stable isomer for all the systems. The obtained results are compared with those obtained from comparable
calculations performed previously for the first-row H;O—H,0, NH;—H,0, and FH—H,O hydrogen bonded molecules.

Introduction

The study of the reactivity of clusters upon ionization is
currently a very active area of research.! Removing an electron
from the cluster changes the properties of the system completely
leading to a very rich and varied chemistry. The generated
radical cations can evolve via different chemical reactions such
as electron transfer, proton transfer, or molecular rearrange-
ments.

We have recently reported a study of the ionization of the
first-row HyO—H,0, NH;—H,0, and FH—H»O hydrogen bonded
molecules.? In this study we found that the two lowest ionic
states arise from ionizing the proton donor monomer or the
proton acceptor molecule. In the first case, there is an increase
of the acidity of the proton donor molecule, which leads the
dimer to evolve to a proton transfer complex. In the second
case, the increase of acidity is produced in the proton acceptor
monomer and because of that the dimer rearranges in such a
way that the originally acceptor monomer acts as a proton donor
in the final cation complex.

Although for the water—water and water—ammonia dimers
the calculations at a correlated level showed that this ionic state
could also evolve to three-electron hemibond complexes, none
of these structures were found to be the global minimum of the
potential energy surface. However, a systematic study of the
first- and second-row symmetrical (AH,)," cation dimers by
Radom et al.? showed that for the second-row systems the singly
charged three-electron hemibond complexes are more stable than
their hydrogen bonded isomers. Thus, a different behavior
might be expected between first-row and second-row hydrogen
bonded complexes after ionization.

A few theoretical studies have been performed for the
ionization of the (H2S); dimer.*"® They present some discrep-
ancies in the nature of the relaxed radical cation and in the
evolution of the second ionic state. That is, while Hartree—
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Fock (HF) calculations predict the proton-transfer complex,
H;S*—SH, to be a stable minimum,*® calculations at a correlated
level find this isomer to collapse spontaneously to the hemi-
bonded structure.> Moreover, the HF geometrical optimization
of the second ionic state does not yield to a stable minimum
but to the dissociation into the H,S and H,S ™ molecules.® This
is in contrast to the (H,O), dimer for which calculations at a
correlated level? showed that the relaxation of the second ionic
state led to a three-electron hemibond structure. Calculations
on the (PH3;—H,S)* 7 and (CIH—H,S)" 8 radical cations have
been performed by Clark within the context of three-electron
hemibond structures.>!® We are not aware of any theoretical
study of the ionization and subsequent rearrangements of the
PH;—H,S and CIH—H,S hydrogen bonded dimers.

In this paper we extend our previous study on the ionization
of first-row hydrogen bonded molecules to the second-row
analogs: H,S—H,S, PH;—H,S, and CIH—H,S. This study will
allow us to discuss the trends in this row and to contrast the
nature of the ionic states and its role on the geometrical
relaxation with those of the first-row hydrogen bonded dimers.

Methods

The level of theory used in the present work is the same as the one
used in our previous study on the ionization of first-row hydrogen
bonded molecules.? That is, because inclusion of correlation energy
was shown to be necessary to obtain three-electron hemibond structures
in the geometry relaxation of the ionized hydrogen bonded dimer, the
geometry optimizations and frequency calculations are performed
including electron correlation at the MP2 level.!! Single-point calcula-
tions using the size extensive modified-coupled-pair functional MCPF
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Figure 1. MP2/MC-311G(d,p) optimized geometries for the (H,S), neutral dimer (1a) and for the (H,S),* radical cation (1b—e). Distances are
in angstroms and angles in degrees. Structures 1b and 1d are first-order saddle points. For comparison the geometry of the monomers is as
follows: H,S, R(H—S) = 1.334, ZHSH = 92.2; H,S*, R(H-S) = 1.351, ZHSH = 93.3; SH, R(H-S) = 1.338; H;S*, R(H-S) = 1.347, ZHSH

= 9409.

method!? are also carried out at the MP2 geometries. In all these
calculations all the valence electrons of H,S, PH;, and CIH are
correlated.

The basis set used for the geometry optimizations and frequency
calculations is of triple-{ plus polarization quality. This basis set is
specified in the Gaussian92'? program as MC-311(d,p), and for the P,
S, ad Cl atoms it corresponds to the MacLean—Chandler (12s9p)/
[6s5p]'* with a d polarization function added (ap = 0.53, as = 0.65,
and o = 0.75). The H basis set is the 6-311G basis with a p
polarization function (a0 = 0.75) added. The single-points MCPF
calculations are done using a larger basis set. This basis set is specified
in the Gaussian92 program as MC-311++G(2d,2p) and corresponds
to MC-311G for P, S, and Cl and 6-311G for H, supplemented with
two polarization functions and one set of diffuse valence functions.
The two d polarization functions are a = 1.1 and 0.275 for P, o =
1.30 and 0.325 for S, and o = 1.50 and 0.375 for Cl. The diffuse
functions are o = 0.0348 for P, oo = 0.0405 for S, and a. = 0.0483 for
Cl. For the hydrogen atom the polarization functions are o = 1.50
and 0.375, and the diffuse function is a = 0.036.

We have also optimized (H:S), at the MP2 level using the MC-
311++G(2d,2p) basis set. The changes on the geometrical parameters
are small, the main difference corresponding to the Rs-g distance which
decreases 0.082 A compared to the value obtained with the smaller
basis set. As a result, the MCPF dissociation energies agree to better
than 0.1 kcal/mol regardless of whether the equilibrium geometries are
obtained with the MC-311(d,p) or with the MC-311++(2d,2p) basis
set. Also, the effect of the geometry changes when increasing the basis
set on the vertical ionization energies is very small, since the largest
difference is 0.03 eV. Thus, we do not expect significant differences
because of using the smaller basis set in the optimization process.

The MP2 calculations were performed using the Gaussian92
program'® and the open shell calculations were based on a spin-
unrestricted SCF treatment. In all these calculations, spin contamination
was found to be small. MCPF calculations were carried out using
MOLECULE-SWEDEN program systems'> and were based on a spin-
restricted treatment.

Results and Discussion

We will first present and discuss the results obtained in the
ionization of each dimer individually and then discuss the
general trends.

A. (H,S); and (H3S),*. An experimental study by Dyke et
al. shows that the (H;S), dimer can have either a C; linear
hydrogen bonded structure or a C», bifurcated structure, since
both structures are compatible with the electric deflection
results.' In agreement with previous theoretical studies,!”~!°
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our calculations, at the MP2/MC-311G(d,p) level of theory,
show that the C; open structure is more stable than the C,
bifurcated one, the latter structure not even being a minimum
on the potential energy surface. Thus, we have considered the
linear C; structure to study the ionization process and subsequent
rearrangements.

In Figure 1 we present the MP2 optimized geometrical
parameters of the neutral (H,S); dimer C; structure (1a) as well
as those of the relaxed structures obtained after ionization (1b—
e). It can be observed that the formation of the hydrogen bond
increases the Hs—S, distance by only 0.001 A, which is smaller
than the lengthening (0.006 A) computed for the (H>O); dimer.?
Moreover, the intermolecular S;—Hj, distance (2.899 A) is much
larger than that of the water dimer (1.942 A). This was to be
expected considering the already known much weaker hydrogen
bonding for the second-row hydride molecules.® The computed
binding energy of (H,S), at the MCPF level using the MC-
311++G(2d,2p) basis set and without including the zero-point
correction is 1.4 kcal/mol, in good agreement with experimental
results.?!

Let us now consider the ionization process of the (H,S),
dimer. Ionization can occur either in the proton donor molecule
or in the proton acceptor one. The first ionic state is a 2A”
state that arises from removing the electron from the HOMO
orbital, a”, of the dimer, which corresponds to the lone pair
2b, orbital of the proton donor molecule. The second ionic
state is the A’ state derived from ionizing the a’ orbital
immediately lower to the HOMO orbital of the dimer, which
mainly corresponds to the 2b; orbital of the proton acceptor
monomer. This description of the ionic states is consistent with
the MCPF atomic charges. That is, while in the 2A” state the
positive charge lies on the proton donor monomer (0.95), in
the 2A” state it lies on the proton acceptor one (0.99).

The MCPF vertical ionization energies computed using the
MP2 equilibrium geometries are 10.27 and 9.81 eV for the 2A’
and 2A” states, respectively. These values are in reasonably
good agreement with the values determined experimentally of
10.95 and 9.75 eV.® As expected, the first vertical ionization
potential IP (*A” state) is smaller than the one computed, at
the same level of calculation, for free H,S (10.12 eV). The
decrease of the first vertical IP when compared to that of the
free monomer was also observed for the (H,0), dimer,? and it
is due to the destabilization of the HOMO orbital of the proton
donor molecule because of the formation of the hydrogen bond.
However, the second vertical IP of the dimer is larger than that
of free H,S because the hydrogen bonding stabilizes the HOMO
orbital of the acceptor monomer.

The geometry relaxation of the 2A” state, keeping C; sym-
metry in the calculation, leads to structure 1b displayed in Figure
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Table 1. MCPF (MC-311++G(2d,2p)) Relative Energies, with
Respect to the Isolated H,S and H,S* Molecules, for the Vertical
Ionized (H;S);™ Dimer in the 2A’ ad 2A” States and for Their
Derived Radical Cations”

structure state AE (kcal/mol)
H,S + H,S* 1A, + 2B, 0.0
[H;S—HSHI* (1a) 2A° 2.1
[H:S—HSHI* (1a) 2A" —-8.6
[H,S—SH,]* (1b) 2A7 -11.7
[H:S—SH,1* (1¢) 2A —-29.0
[SH,—SH,1* (1d) 2A’ -7.7
[[SH3*—SH] (1e) 2A” -17.3
SH;* + SH 1A + 201 -53

a Geometries are taken from the MP2 calculations.

1. It should be noted that at the beginning of the optimization
process the S—S distance increases significantly. Then, after
reorientation of the two monomers the S—S distance starts
decreasing and we finally get structure 1b. This structure is
analogous to the one we obtained for (H,O);* after relaxing
the 2A” state,” and it corresponds to a three-electron interaction
between the 2b; monooccupied orbital of the ionized monomer
and the S5a; doubly occupied orbital of the other monomer.
Because of this three-electron interaction, the positive charge
is now more delocalized on the two monomers, 0.8]1 on the
original acceptor monomer and 0.19 on the other one. Fre-
quency calculations show that this structure is not a minimum
but a saddle point. Following the imaginary mode and releasing
the symmetry constraints we get structure 1c depicted in Figure
1. Now the two orbitals involved in the three-electron interac-
tion are the 2b; orbitals of the two monomers and thus the
positive charge is completely delocalized (0.5 in each monomer).
Because ionizing the proton acceptor monomer increases its
acidity we have also optimized the bifurcated structure, 1d, in
which the original acceptor monomer is acting as a proton donor.
As was found for the (H,O);* dimer,? such a structure is found
to be a saddle point on the potential energy surface.

Geometrical relaxation of the 2A” ionic state leads to the
proton-transfer SH3;*—SH complex depicted in Figure le.
Frequency calculations show that this structure is a minimum
in contrast to the results of Radom et al.,> which found it to be
a transition state and to spontaneously collapse to the three-
electron hemibond structure, le, when the calculation was
performed without any symmetry constraints. Although both
calculations have been carried out at the same correlated MP2
level, the basis set used in the present work, MC-311G(d,p), is
larger than the 6-31G* used by Radom. Thus, our calculations
seem to indicate that both the hemibond structure and the proton-
transfer complex are minima on the potential energy surface.
However, the frequency value corresponding to the symmetry
breaking mode in the proton-frequency complex (le) is very
small indicating that the surface is very flat.

In Table 1 we present the MCPF relative energies calculated
with respect to the isolated H2S 4+ H,S* molecules for all the
stationary points depicted in Figure 1. We have also included
the relative energies of the two vertical 2A” and 2A” states. As
expected, the lowest vertical ionic state, 2A”, lies below the
H,S + H,S* asymptote, due to the decrease of the vertical IP
of the dimer compared to that of free H,S. However, the 2A’
state lies above the dissociation limit, H,S + H,S™, because
the increase of the second vertical IP of the dimer compared to
that of H»S is larger than the hydrogen bonding energy of the
neutral dimer.

The proton-transfer complex SH3*—SH (1e), which arises
from the geometrical relaxation of the 2A” state, is 8.7 kcal/
mol (0.38 eV) lower than the vertical ionized 2A” state. Thus,
the adiabatic IP corresponding to the 2A” state is 9.43 eV. The
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difference between the vertical and adiabatic ionization potential
(0.38 eV) is larger than that of the monomer HoS (0.01 eV),
due to the larger distortion of the dimer upon ionization. This
difference is significantly smaller than the 0.91 eV found for
the water dimer.2 Moreover, in contrast to the water dimer,
the proton-transfer complex (1e) does not correspond to the
global minimum of the potential energy surface. Instead, the
three-electron hemibond structure, Figure lc, derived from the
second ionic state 2A’, is found to be the most stable isomer.
This is in contrast to the SCF results of Raol et al.,® which did
not get any stable minimum from the relaxation of the 2A” state.
Their results appeared to indicate that the ionized dimer
dissociated into H>S and H,S*. However, as has already been
mentioned, during the relaxation process of the 2A” state, the
distance between the two monomers increases significantly
before they reorient to evolve to the hemibond complex.
Structure 1c is 31.1 kcal/mol (1.35 V) lower than the vertical
ionized 2A’ state and so the adiabatic IP corresponding to this
state is 8.92 eV.

Two experimental studies have reported values of 9.74 £+
0.012223 and 9.596 + 0.002 eV for the adiabatic ionization
energy of (H,S);. While the computed adiabatic IP correspond-
ing to the 2A” state (9.43 eV) agrees reasonably well with these
experimental values, the adiabatic IP of the 2A’ state (8.92 eV)
is too low to explain the experimental results. Thus, our
calculations suggest that the proton-transfer complex is the
specie which is observed in the experimental studies. Moreover,
in the experimental study of Blais and Walters,?? the SH3* +
SH asymptote is found to be 0.52 eV (11.9 kcal/mol) above
the (H2S);™ structure and the dissociation energy of the dimer
cation with respect to H,S and H,S™ is estimated to be 0.74 £
0.01 eV (17.1 £ 0.3 kcal/mol). This again strongly suggests
that the observed structure of (H,S),* corresponds to the proton-
transfer complex SH3*—SH, since MCPF calculations indicate
that it lies 12.0 kcal/mol below the SH3* 4+ SH asymptote and
the computed dissociation energy is 17.3 kcal/mol. The three-
electron hemibond structure has a dissociation energy of 29.0
kecal/mol, too large compared with the experimental results. A
value of 0.92 eV (21.2 kcal/mol) for the dissociation energy of
(HxS);* has also been estimated from another experimental
study.”* This value is somewhat larger than the previous
experimental value of 17.1 kcal/mol but it is still closer to the
one we have computed for the proton-transfer complex than to
that of the hemibonded structure.

In a recent ultraviolet photoelectron spectroscopic study of
(H,S),, Rao et al.® reported a value of 9.56 eV for the adiabatic
IP of the 2A” state and a value of 10.75 eV for the adiabatic IP
of the excited 2A” state. While the adiabatic IP of the 2A” state
agrees well with previous experimental values and with the value
computed in the present work, the adiabatic IP of the 2A” state
is much larger than our computed value of 8.92 eV. This large
difference suggests that the hemibond structure is not observed
in the experiments and that dissociation is probably occurring
when the dimer is ionized in the 2A’ state.

B. (PH;—H,S) and (PH;—H,S)*. Because H,S is more
acid than PH; the most stable hydrogen bonded structure is
expected to be that in which the H,S monomer is acting as the
proton donor and the PH3 monomer as the proton acceptor. In
Figure 2 we present the MP2 optimized structures of the neutral
PH3;—H,S dimer and of the different stationary points found
after ionization. As in the case of the (H,S)> dimer and of the
first-row analog HsN—H>0,? the hydrogen bonding is predicted
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Figure 2. MP2/MC-311G(d,p) optimized geometries for the (PH;—
H>S) neutral dimer (2a) and for the (PH;—H,S)" radical cation (2b—
e). Distances are in angstroms and angles in degrees. Structures 2b
and 2d are second-order saddle points. For comparison the geometry
of the monomers is as follows: PHs;, R(P—H) = 1.410, Z/HPH = 94.2;
PH;*, R(P—-H) = 1.391, ZHPH = 112.9; PH,*, R(P—H) = 1.389.

to be almost linear. As was to be expected, given the much
weaker hydrogen bonding interaction for the second-row dimers,
the formation of the hydrogen bond increases the Hs—S; distance
by only 0.001 A in contrast to the 0.012 A value calculated for
the HsN—H,O dimer. Also, the computed MCPF binding
energy of PH3—H,S (1.3 kcal/mol) is significantly smaller than
the value of 6.4 kcal/mol computed for NH;—H,O0.

The computed ionization potential of PH3 (9.62 eV) is smaller
than the ionization potential of H,S (10.12 eV). Thus, ionizing
PHj; in the dimer is expected to be more favorable than ionizing
H,S. However, because the hydrogen bonding formation
destabilizes the HOMO orbital of the donor monomer (H,S)
and stabilizes the HOMO orbital of the acceptor (PH3), ionizing
H,S becomes the most favorable process. That is, the lowest
ionic state is the 2A” state which arises from removing the
electron from the 2b; orbital of H,S and the second ionic state
is the A’ derived from removing the electron from the 5a,
orbital of PH3. Consistently, the MCPF atomic charges show
that in the 2A” state the positive charge is almost entirely on
the H,S monomer (0.92), while in the 2A’ state it is almost
entirely located on the acceptor monomer (0.98). The MCPF
vertical ionization potentials corresponding to the 2A” and 2A’
states are 9.78 and 10.42 eV.

The geometry optimization of the vertical ionized 2A’ state,
keeping C; symmetry constraints, leads to structure 2b displayed
in Figure 2. As was already observed in the geometry relaxation
of the 2A” state of (H,S),*, the distance between the two
monomers increases significantly during the optimization
process. Then the two monomers reorient and the P—S distance
starts decreasing to finally get the three-electron structure 2b.
This hemibond structure mainly arises from the interaction
between the 5a; monoccupied orbital of PH; and the 5a; doubly
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Table 2. MCPF (MC-311++G(2d,2p)) Relative Energies, with
Respect to the Isolated H,S and PH;* Molecules, for the Vertical
Ionized (PH;—H,S)* Dimer in the ?A’” and 2A” States and for Their
Derived Radical Cations”

structure state AE (kcal/mol)
PH:* + H.S 2A; + 1A 0.0
PH; + H,S* 1A, + 2B, 11.6
[H;P—HSHI* (2a) 27! 17.3
[H:P—HSH]* (2a) ZA" 2.4
[H;P—SH;]* (2b) -\ -7.8
[HsP—SH:1* (2¢) ZA —22.6
[H;PH—-SH,]* (2d) 27’ -34
[PH4t—SH] (2¢) A —18.2
PH,* + SH 1A + 1 —-11.6

7 Geometries are taken from the MP2 calculations.

occupied orbital of H,S, and it is analogous to the one we found
for the first-row (H;N—H,0)" radical cation. However, in
contrast to the first-row radical cation,? structure 2b is found to
have two imaginary frequencies. Releasing symmetry con-
straints we obtain structure 2¢ for which the three-electron bond
is now derived from the interaction between the 5a; orbital of
PH;* and the 2b, orbital of H,S. MCPF atomic charges show
that now the positive charge is more delocalized in the two
monomers (0.55 on PH; and 0.45 on H,S) than in the ionized
2A” state (0.98 on PH; and 0.02 on H,S) or the previous three-
electron structure 2b (0.91 on PH; and 0.09 on H,S). Thus,
delocalization seems to be more favorable when the HOMO
orbital of H,S instead of the 5a; orbital is the one involved in
the three-electron interaction. This is due to the fact that the
energy difference between the two interacting orbitals is smaller
in structure 2¢ than in structure 2b.

Given that the ionization of PHj increases its acidity, we have
also optimized a structure with the PH;* monomer acting as
the proton donor (see Figure 2d). Such a structure was found
to be the most stable one for the first-row (NH;—H,0)" radical
cation.? However, for the (PH;—H,S)* structure 2d is found
to have two imaginary frequencies. Geometrical optimization
of the 2A” state leads to the proton-transfer PHy*—SH complex
(see Figure 2e).

In Table 2 we present the MCPPF relative energies with respect
to the isolated PH3* and H>S molecules for all the stationary
points shown in Figure 2. For comparison the relative energies
of the two vertical 2A” and 2A” states have also been included.
It can be observed that the most stable structure for the (PH;—
H,S)* radical cation corresponds to the hemibond structure 2c,
obtained after relaxation of the vertical 2A” state. However,
because the vertical 2A” state lies 17.3 kcal/mol above the PH;*
+ H,S asymptote, this state could also evolve to the dissociated
PH;* + H,S. In fact, the MP2 optimization seemed to indicate
that dissociation needs to occur before the formation of the
hemibond complex. Only 4.4 kcal/mol above the global
minimum lies the proton-transfer PH4*—SH complex, derived
from the 2A” state. This proton-transfer complex, 2e, has a
binding energy of 6.6 kcal/mol with respect to the PHs* 4+ SH
asymptote. Given that this asymptote lies 14.0 kcal/mol below
the vertical 2A” state, the products resulting from ionization of
the H>S monomer of the dimer would either be the proton-
transfer PH4*—SH complex (2e) or the dissociated PH4* + SH
molecules.

C. CIH-H:S and (CIH-H,;S)". The CIH molecule is
more acid than H,S. Thus, the most stable hydrogen bonded
dimer is expected to have ClH acting as the proton donor and
HsS as the proton acceptor. In Figure 3 we present the MP2
optimized structures of the neutral CIH—H,S dimer and of the
different isomers of the (CIH—H,S)' radical cation. The
equilibrium structure of the neutral dimer has C; symmetry with
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Figure 3. MP2/MC-311G(d,p) optimized geometries for the (CIH—
H:S) neutral dimer (3a) and for the (CIH—H,S)" radical cation (3b—
d). Distances are in angstroms and angles in degrees. For comparison
the geometry of the monomers is as follows: CIH, R(CI-H) = 1.273;
CIH*, R(CI-H) = 1.309.

an almost linear hydrogen bond. The lengthening of the Cl;—
H, distance due to hydrogen bonding formation is 0.007 A. This
increase is somewhat larger than the 0.001 A increase observed
for the two previous (H,S); and (PH3—H;S) dimers but smaller
than the one computed (0.017 A) for the first-row (FH—H0)
analog.? Also, the intermolecular H>—S; distance is smaller in
CIH—H,S than in (H,S); and PH3;—H,S. The computed MP2
C1-S distance is in good agreement with the experimental value
of 3.809 A.25 The MCPF binding energy is 2.9 kcal/mol, in
good agreement with ACPF calculations.?®?’ This value is
larger than the binding energy of (H,S), and PH;—H,S, but
significantly smaller than the one computed for HF—H,0 (8.7
kcal/mol).2

The first ionic state is a 2A” state derived by removing the
electron from the HOMO orbital of the acceptor (H,S) monomer.
The second ionic state is the 2A” state which results from
ionizing the out-of-plane pzr orbital of CIH. This is in contrast
to the (H>S), and PH3;—H,S dimers for which the first vertical
ionic state (?A”) corresponds to the ionization of the proton
donor molecule. This difference is due to the fact that now the
difference between the IP of the two monomers is much larger.
That is, the IP of CIH is large enough compared to the IP of
H,S that the ionization of H,S in the dimer is still the most
favorable process, even though it is acting as the proton acceptor.
The MCPF vertical ionization potential of the 2A” and 2A” states
are 10.56 and 11.86 eV, respectively.

Relaxation of the 2A’ state leads to the hemibond structure
shown in Figure 3b. Again the MP2 optimization seems to
indicate that the dimer dissociates into the CIH and H,S*
molecules before it evolves to the hemibond structure. The
three-electron bond arises from the interaction of the HOMO
orbital of H>S and the par in-plane orbital of CIH. As expected,
the positive charge is more delocalized in the two monomers.
That is, while in the vertical A’ state the charges on H,S and
CIH are 0.99 and 0.01, respectively, in the hemibond structure

(25) Legon, A. C.; Millen, J. D. Proc. R. Soc. A 1988, 417, 21.

(26) Bacskay, G. B.; Kerdraon, D. L; Hush, N. S. Chem. Phys. 1990,
144, 53.

(27) Bacskay, G. B.; Mol. Phys. 1992, 77, 61.

Sodupe et al.

Table 3. MCPF (MC-311+-+G(2d,2p)) Relative Energies, with
Respect to the Isolated CIH and H,S* Molecules, for the Vertical
Ionized (CIH—H,S)* Dimer in the 2A’ and 2A” States and for Their
Derived Radical Cations®

structure state AE (kcal/mol)
CIH + H,St I3+ 4 2B, 0.0
CIH* + H,S 23+ 1A, 534
[CIH-SH;]* (3a) -\ 7.2
[CIH—SH,]* (3a) NG 372
[HCI-SH]* (3b) A’ —-11.3
[HC1-HSH]* (3¢) 2A -7.9
[C1-SH;*] (3d) A" 0.2
Cl + SH;* P+ 1A 5.1

a Geometries are taken from the MP2 calculations.

Table 4. MCPF Vertical IP, and Adiabatic IP, Ionization
Energies (eV)**

IPV IPad
1P,y 2A’ 27" hbe¢ npt? pte
NH; 993 NH;—H,O0 1120 11.10 9.44 9.18 9.22
HO 1232 H,0-H,0 1291 1146 1098 10.55
FH 1577 H;O—HF 13.54 1435 11.75 12.10
PH; 9.62 PH;—H,S 1042 9.78 8.69 8.89
H;S 10.12 H,S—H.S 10.27 9.81 8.92 9.43

CIH 1243 H,S-HCI 1056 1186 976 990 10.25

@ Geometries are taken from the MP2 calculations. ® First-row results
taken from ref 2. ¢ Three-electron hemibond structures. ¢ Non-proton-
transfer complexes. ¢ Proton-transfer complexes.

3b the charges are 0.78 and 0.22. It should be noted that this
three-electron hemibond structure (3b) was ot found for the first-
row (FH—H,0)* radical cation.? Instead, relaxation of the 2A’
state led to a structure in which the FH monomer was acting as
the proton acceptor and H,O" as a proton donor. Thus, a similar
structure has been optimized for the (CIH—H,S)* radical cation
(see Figure 3c). This structure is a minimum on the potential
energy surface but, as will be shown later, is less stable than
the hemibond complex 3b. Figure 3d shows the proton-transfer
Cl—SH;" complex obtained after relaxation of the 2A” state.

The MCPF relative energies, with respect to the isolated H,S™
and CIH molecules, of all the stationary points found after
ionization as well as those of the vertical 2A” and 2A” states
are given in Table 3. The two vertical 2A” and 2A” states lie
within the two asymptotes CIH 4+ H,S* and CIH* + H,S, the
A’ state being the most stable. It can be observed that the
most stable isomer of the (C1H—H,S)* radical cation corre-
sponds to the hemibond structure 3b, derived from the 2A’ state.
Structure 3¢ which has H>S* acting as the proton donor is found
to be 3.4 kcal/mol less stable than the hemibond structure, This
is in contrast to (HF—H>O)* for which this structure was found
to be the most stable.? The proton-transfer complex Cl—H;S™,
structure 3d, lies significantly higher than the global minimum.
Thus, the products resulting from ionization would either be
the hemibond (HCI—H»S)* complex and the dissociated CIH
+ H,S* molecules or the proton-transfer C1—H;S™* and the
dissociated CIH + H,S* molecules or the proton-transfer Cl—
H;S™* and the dissociated Cl1 + H3S* fragments, depending on
which monomer has been ionized.

D. Trends. In order to discuss the trends in the ionization
process of these hydrogen bonded complexes and to contrast
them with the first-row analogs we present in Table 4 the MCPF
vertical and adiabatic ionization potentials of the first- and
second-row dimers. For comparison we have also included the
adiabatic IP of all the monomers. For all the considered dimers
the two lowest ionic states are the 2A” and 2A” states, depending
on whether the ionization is produced in the proton acceptor or
in the proton donor monomer, respectively. The hydrogen
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bonding formation increases/decreases the energy required to
ionize the acceptor/donor monomer. Thus, for the symmetrical
dimers and for those dimers formed by two monomers of similar
IP, NH;—H,0 and PH;—H,S, the most stable ionic state is the
ZA” state. However, for the FH—H,0 and CIH—H,S dimers,
the IP of the proton donor molecule is large enough compared
to that of the proton acceptor one that the 2A” state is the lowest
one.

In all cases the 2A” state evolves to a proton-transfer complex
(pt) due to the increase of acidity of the donor monomer when
it is ionized. This proton-transfer complex is the most stable
isomer for the (H,O), dimer only. For the other systems, the
global minimum is derived from the 2A’ state. This global
minimum can be either the three-electron hemibond complex
(hb) or the non-proton-transfer complex (npt) in which the
original acceptor monomer is acting as the proton donor.

For the first-row dimers, excluding (H;O),, the non-proton-
transfer complex is the most stable, the hemibond complex not
even being found for the (HF—H,0)* radical cation, However,
for the second-row dimers the three-electron hemibond complex
is always the most stable structure. This is due to the different
stability between the hemibond complexes and the non-proton-
transfer complexes in the first and second row. It has already
been pointed out that the stability of three-electron bond
complexes decreases as the difference between the IP of the
two interacting monomers increases.”'® Thus, excluding the
symmetrical (HO)," and (H,S),", for which AIP = 0, it is not
surprising that the hemibond complexes are more stable for the
second-row dimer cations than for the first-row cations since
the difference between the IP of the monomers is much smaller
in the second-row hydrides. In fact, no hemibond complex was
found for (FH—H>0)" probably because the IP of FH is much
larger than that of H>O. For the same reason the non-proton-
transfer complex with HyO™ acting as donor is more stable than
the proton-transfer F—H3;O" complex. The fact that the
hemibond structures of the second row become significantly
more stable than the proton-transfer complexes compared to the
first-row structures is due not only to the larger stabilization of
these compounds, because of a smaller AIP, but also to the fact
that the proton-transfer complexes are less stable for the second-
row systems. That is, proton-transfer reactions are more
favorable between first-row monomers mainly because the bond
dissociation energy, H*—AH,—,, of the ionized proton donor
is larger in the second-row molecules. The differences between

J. Am. Chem. Soc., Vol. 117, No. 32, 1995 8421

the proton affinities of the first- and second-row monomers does
not seem to be the determinant factor. Note that while the
proton affinity of NHj is somewhat larger than that of PH; the
proton affinities of H,S and H,O are very similar. Also,
electrostatic interactions in the proton-transfer complex BH,+"—
AH,—| are more important in the first-row systems due to the
smaller intermolecular distances.

In summary, several factors such as the difference between
the IP of the monomers, its variation because of hydrogen
bonding formation, and the exothermicity of the proton-transfer
reactions between the donor and the acceptor monomers should
be taken into account to understand the relative energies of the
two vertical ionic states and those of the relaxed structures.

Conclusions

The vertical ionization potentials of H,S—H,S, PH;—H,S,
and FH—H,S hydrogen bonded dimers and its subsequent
rearrangement processes have been studied using large basis
sets and including correlation energy at the MCPF level.
Optimizations were performed at the MP2 level of calculation.
The two lowest states arise from ionizing the proton donor
monomer or the proton acceptor molecule. In the first case,
the dimer evolves to a proton-transfer complex. In the second
case the dimer seems to dissociate before it rearranges to form
a three-electron hemibond complex. This hemibond complex
has been shown to be the global minimum on the potential
energy surface in contrast to the first-row dimers. However,
the comparison of our results with the experimental ones for
(H,S), seems to indicate that the observed specie in the
experiments is the proton-transfer complex and not the most
stable hemibond structure. This is due to the fact that ionization
in the first ionic state leads to the proton-transfer isomer, while
ionization to the second state cause the dissociation of the dimer.
Thus, the way in which the hemibond complex is obtained in
the experiments becomes an experimental challenge.
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