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Sulfur, Not Too Far Behind O, N, and C: SH---7 Hydrogen Bond
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We report hydrogen-bonded complexes of H,S with indole and 3-methyl indole stabilized by the S—H+*-x
interaction. It is interesting to discover that although sulfur and its hydrides are known as poor hydrogen-
bond donor/acceptors, sulfur is not too far behind oxygen, nitrogen, and carbon in regard to forming the
m-type hydrogen bonds. This report also extends the scope of our earlier studies from o-type hydrogen-
bonded complexes of sulfur (O—H-+++S and N—H---S o-type hydrogen-bonded complexes) to sr-type hydrogen-
bonded complexes of sulfur (S—H-+-*7z 7-type hydrogen-bonded complexes). The experiments were carried
out using the supersonic jet expansion technique, and the complexes were probed using laser-induced
spectroscopy such as laser-induced fluorescence (LIF), resonant two-photon inonization (R2PI), and fluorescence
dip infrared spectroscopy (FDIRS). The FDIR spectroscopy revealed that while there was no shift in the
N—H stretch, the S—H stretch was red shifted by about 21 cm™!. For the H,O complexes of indole and
3-methylindole, however, there was a significant red shift in the N—H stretch. These observations suggest
that H,O forms a NH-++-O type complex, whereas H,S prefers to form a SH+<*s type complex. The
experimental results were complemented by ab initio calculations and energy decomposition analysis. The
binding energies for both the o-type and s-type hydrogen-bonded M-L complexes (M = indole and
3-methylindole; L = H,O and H,S) were calculated by extrapolating MP2 interaction energies to the complete
basis set limit. The calculated M+<H,S (o-type) interaction energy (2.74 kcal/mol) was considerably smaller
than that of the M+H,S 7-type hydrogen-bonded complex (4.89 kcal/mol), which is exactly opposite of the
trend found for the M+ H,0O complexes. This is consistent with the experimental observations. Comparison of
the S—H---s interaction with the other type of X—H++-z (X = C, N, and O) shows that the S—H+*-z
interaction is the strongest among them. In all of the 7z-type HB complexes, the dispersion energy component

has significant contribution to the total binding energy.

1. Introduction

The 90s saw quite a few interesting results in regard to the
hydrogen-bonding interactions involving a hydrogen atom
covalently bonded to some atom and aromatic s-electron
density.' " These were termed as 7-type hydrogen bonds. The
conventional definition of a X—H-+++Y hydrogen bond had
already been expanded'! to include Y as an “electron-rich atom
or group of atoms” rather than just another “electronegative
atom”. A few celebrated examples of the 7z-type hydrogen bonds
include benzene * H,0,!~>%12716 henzene - CH;OH, '*!7 benzene *
NH;,671618722 benzene CHCl5,”>"2° benzene-hydrogen ha-
lide,?%?7 and benzene dimer complexes.?® * In each case, it
was shown that one of the XH bonds of the hydrogen-bond-
donating moiety points toward the aromatic ring and the XH
stretching frequency, except in the case of the C—H--Y
interaction, which exhibits a red shift that is a hallmark
characteristic of a hydrogen bond. Further, these hydrogen bonds
are much weaker than the conventional X—H-+Y o-type
hydrogen bonds. The benzene+water and benzene*ammonia
complexes were shown to be very floppy, with the barrier height
for the hindered rotation around the C, and Cj3 axis of H,O and
NH;, respectively, being very low.*¢7-2243

In this work, we present experimental evidence of the
S—H-*--7 interaction in indole*H,S and 3-methylindole*H,S
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complexes. Experimental techniques like LIF and FDIR spec-
troscopy and ab intio calculations were used to show that H,S
preferentially forms a szz-type HB, although the possibility of
forming a N—H:*--S o-type hydrogen-bonded complex existed
in these systems. The importance of S—H+++mr as well as S**
interaction is evident from the structures of the proteins and
biomolecules.***° There have been a few reports in the literature
where some efforts have been made to characterize the S—H+**x
hydrogen bonds computationally.***°~3* However, the experi-
mental investigations of the S—H---zx HB under isolated jet-
cooled conditions have been very sparse. Only one report on
S—H - interaction exists where the interaction between H,S
and benzene was addressed using FT-microwave rotational
spectroscopy.*® The data indicated that H,S was located on the
Cs axis of the CgHg with the center of mass (C¢Hg)—S distance
of 3.818 A. The angle between the Cs axis of C¢Hg and the G,
axis of H,S was determined to be 28.5° in the complex.

We have recently published a detailed comparative study of
hydrogen-bonding interactions between p-cresol and the H,S/
H,0 system. It was shown that both H;O and H,S form
O—H-++O/S o-type hydrogen-bonded complexes. The O—H:+++S
hydrogen bond was found to be weaker than the O—H++-O HB
and had a major contribution from the dispersion energy
component compared to that in the O—H-+++O interaction. The
results presented here are in stark contrast with those reported
in the case of p-cresol complexes. It is well established that
H,O forms a o-type HB with indole (IND) and 3-methylindole
(3-MI).%73 It has also been reported that H,O forms a m-type
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HB in the case of the 1-methylindole complex® where the NH
binding site is blocked by the methyl group. Therefore, all of
the experimental as well as the computational results for H,S
have been compared with the corresponding H,O complexes.
Attempts are made to rationalize the difference in hydrogen-
bonding characteristics of H,O and H,S. The results for the
S—H-+-z HB are also compared with the other X—H+**zr (X
= C, N, and O) HB systems, and it was shown that the SH-**7
HB was the strongest among all of them and that it was
completely stabilized by the dispersion interaction.

2. Experimental Details

The details of the experimental approach can be found
elsewhere.>>!62 In brief, the hydrogen-bonded complexes were
formed using the supersonic jet expansion method and inves-
tigated by means of laser-induced fluorescence (LIF) and
fluorescence dip infrared spectroscopy (FDIRS). All of the
experiments were carried out using 10 Hz Nd**:Y AG-pumped
dye lasers. For the FDIRS experiments, typical pulse energies
were 10—20 uJ for the excitation laser and ~1 mJ for the IR
laser. Both of the lasers were temporally synchronized using a
delay generator (SRS-DG 535).

FDIRS was used to probe the changes in the X—H vibrational
(X = C, N, O, S) frequencies in the hydrogen-bonded
complexes. In this technique, jet-cooled molecules or complexes
are excited to a specific vibrational level by a tunable IR laser.
The depletion of the » = 0 level population induced by the
vibrational excitation is monitored by means of LIF using a
UV laser. The delay time between the IR laser and the UV probe
laser is nominally set to 50—100 ns. The UV laser frequency is
tuned to a vibronic band, usually the band origin of the species
being probed, and the total fluorescence is monitored. Thus, a
fluorescence dip vibrational spectrum is obtained by scanning
the tunable IR laser while monitoring the fluorescence signal.

The tunable IR covering the C—H, N—H, O—H, and S—H
stretching frequency range (1.8 to 4.0 um) was generated by
the difference frequency mixing method. The second harmonic
(532 nm) of a ~10 ns, 10 Hz repetition rate Nd**:YAG laser
(Quanta-Ray PRO 230-10) was used to pump a SIRAH dye
laser (Sirah, CSTR LG 18) whose output was mixed with the
fundamental of the Nd*":YAG laser (1064 nm) in a LiNbO;
crystal. Styryl-8 dye in DMSO was used for the wavelength
range of ~760—800 nm, while styryl-9 dye in ethanol was used
for the wavelength range of ~795—840 nm. The laser system
was coupled with the SIRAH autotracker unit for continuous
wavelength scan. The resultant IR output was separated from
the 1064 nm input and dye laser fundamental using appropriate
dichroic filters.

The reagents indole, 3-methylindole, and benzene were
purchased from Sigma—Aldrich and used without further
purification. Indole and 3-methylindole were heated to ~60—80
°C to generate sufficient vapor pressure to record the spectra
with good S/N ratio. Hydrogen sulfide (~99% pure) was
purchased from a local commercial source. Helium obtained
from local commercial sources was used without further
purification as the buffer gas. The buffer gas was flowed over
a reagent bottle containing H,O to synthesize the M+<H,O
complexes. The optimum amount of H,O for generating the 1:1
complexes was maintained by means of a needle valve. A 2—5%
premix of H,S in helium was used to generate a 1:1 complex
of M+H,S complexes.

3. Computational Details

The geometry optimizations and frequency calculations were
carried out using the Gaussian 03 program.®® Three-dimensional
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Figure 1. MP2/aug-cc-pVDZ optimized structure of the indole*H,S
(7r) complex. The atom numbering is employed to define the structural
parameters; see text and Table 1.

pictures of the complexes were rendered using ChemCraft (trial
version).®* The interaction or binding energies for all of the
complexes were calculated after applying the zero-point energy
(ZPE), the basis set superposition error (BSSE), and the fragment
relaxation energy corrections to the total binding energy. The
MP?2 level interaction energies were calculated using aug-cc-
pVXZ (X = D and T) basis sets. The interaction energies at
the basis set limit were then estimated using the two-point
extrapolation formula of Helgaker et al.®® To evaluate the
direction and magnitude of the donor—acceptor interactions, the
natural bond orbital (NBO)®®~®® analysis for all of the complexes
was performed using the NBO 5.0 program.®® The interaction
energies of the complexes were decomposed at the HF/aug-cc-
pVDZ theory level into physically meaningful individual energy
components’™ using the reduced variational space self-consistent
field (RVS)”! decomposition analysis. The RVS decomposition
analysis was performed using the Gordon and Chen’? algorithm
in the GAMESS, U.S.A.7

4. Results and Discussion

4.1. Equilibrium Geometry and Interaction Energy. The
geometry optimizations for the monomers and complexes were
done at the MP2 level of theory with the aug-cc-pVDZ basis
set followed by the frequency calculations to ensure that all of
the structures were the true minima. Both the o-type and 7-type
HB complexes of H,O and H,S with IND and 3-MI were
optimized. The structural parameters used to define the hydrogen-
bonded structures of the sr-type complexes are shown in Figure
1. All of the geometrical parameters such as the dy...pn and dy...py
(ph and py indicates the centroid of phenyl and pyrrole rings
of indole), Rev—x (CM indicates the center of mass of indole,
X =0 or S), Arx-n, and the H-bond angles 0, and 6, are
listed in Table 1. It also gives dy...y (Y = O or S), Ry...y, Arnm,
and ZNHY for the o-type complexes. For the o-type HB
complexes, the hydrogen bond angle (6) was 158 and 178° for
N—H-+-S and N—H--+O hydrogen-bonded complexes, respec-
tively, while 6, and 6,, angles were comparable for both
S—H¢+++m and O—H*-+7r HB complexes, namely, 135 and 131°
versus 129 and 130°, respectively. The increase in the X—H
bond length, that is, the N—H bond length in the M+H,0 (o)
complexes, was higher than that in the M+H,S (0) complexes,
but for the z-type complexes, the trend was exactly opposite,
that is, the S—H bond lengths increased more than the O—H
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TABLE 1: Ab Initio Calculated Structural Parameters and Binding Energy of Indole:L and 3-MI-L (L = H,0 and H,S) o-
and 7-Type Hydrogen-Bonded Complexes Using the MP2/aug-cc-pVDZ Method

indole*L 3-methyl indole-L
parameters H,0 () H,0 (o) H,S () H,S (o) H,0 () H,0 (o) H,S (m) H,S (o)

dH...ph/dL.I...Y A) 2.766 1.943 2.431 2.541 3.074 1.949 2.517 2.545
dyyevpy (A) i 2.495 2.487 2.310 2410
Reymee-x/RN--y (OA) 3.145 2.962 3.385 3.507 3.269 2.967 3.379 3.506
Arx—p/Arn—n (A) 0.0030 0.0069 0.0045 0.0047 0.0032 0.0067 0.0049 0.0045
O,/ ZNHY (deg) 129.5 178.3 134.7 158.4 120.7 178.1 135.1 157.6
0Oy (deg) 130.1 131.3 142.0 133.5
AE°BS (kcal/mol) —3.57 —4.53 (—4.67)" —4.89 —2.74 —3.83 —4.35 (—4.49) —5.17 —2.66
@ Experimental binding energy of IND-H,O; ref 75. ? Experimental binding energy of 3-MI-H,0; ref 59.
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X—-x-1°
for the aug-cc-pVTZ basis set (1)

X=3

The ZPE- and deformation-energy-corrected complete basis
set interaction energy (AE,"®S) is provided in the last row of
Table 1. The corrected binding energies of IND+H,O and
3-MI-H,0 were 4.53 and 4.35 kcal/mol, respectively, which
are about 97% of the experimentally determined binding
energy.>" This shows that the binding energies obtained using
this level of computation are acceptable. It can be seen from
the table that in the case of H,O complexes, the binding energies
of the o-type complexes are greater than those of the s-type,
whereas for the H,S complexes, the trend is opposite. Further,
while the binding energies for the M+H,O (0) complexes were
marginally higher than those for the M+H,O (;r) complexes,
those for the M+H,S (o) complexes were almost half as much
as those for the M+H,S (;r) complexes. This is consistent with
the earlier inference based on the geometrical parameters that
H,0 forms stronger o-type HB complexes while H,S forms
stronger s7-type HB complexes. On an absolute level, the binding
energies for the M+H,S (71) complexes were even higher than
those for the M+H,O (o) complexes, suggesting that in this
particular case, the st-type complexes are actually stronger than
the o-type HB complexes, contrary to the known trend. The
increase in the S—H bond lengths and binding energy for the
3-MI+H,S (1) complex were higher than those of the IND+H,S
(7r) complex.

4.2. Electronic Spectroscopy. Figure 2 shows the mass
spectra of the M+H,S complexes recorded using a 2% H,S
mixture in helium buffer gas. The 1c-R2PI spectra of M+<H,S

Figure 2. ToF mass spectrum in the presence of 2% H,S. For indole,
the laser frequency was 35197 cm™', while for 3-MI, it was 34811
cm™!. The laser frequencies correspond to the band origins of the
respective H,S complexes.

35241
35109 (-132)
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35197 (M), X5
b
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{l:]' /LA A Al
Xxs
34811 (-T1)
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Figure 3. LIF spectra of (a) indole, (b) indole in the presence of 2%
H,S, (c¢) 3-methylindole, and (d) 3-methylindole in the presence of 2%
H,S.

complexes could not recorded due to very poor signal in the
complex mass channel perhaps due to the prompt dissociation
of the complex upon ionization. Figure 3 displays the LIF
spectra of indole (IND) in the absence (Figure 3a) and in the
presence (Figure 3b) of H,S, while Figure 3c and d displays
those for 3-methylindole (3-MI), respectively. In all of the LIF
spectra, features due to M+H,O complex were always present
due to residual water in the helium buffer gas. The S; — S,
band origins of IND, IND+H,O, 3-MI, and 3-MI-H,O were
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Figure 4. FDIR spectra of (a) indole, (b) IND+H,0, and (c) IND-H,S
recorded while tuning the probe laser at the band origin of the respective
species. Trace (c) also covers the S—H stretch region. Traces (d) and
(e) show the computed IR spectra of the NH-bound and sr-bound H,S
complex with indole, respectively.
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Figure 5. FDIR spectra of (a) 3-methylindole, (b) 3-MI+H,0, and (c)
3-MI-H,S recorded while tuning the probe laser at the band origin of
the respective species. Trace (c) also covers the S—H stretch region.

observed at 35241, 35109, 34882, and 34643 cm ™!, respectively.
In the presence of 2% H,S, one extra prominent peak was
observed at 35197 cm™! in the IND spectrum (Figure 3b) and
at 34811 cm™! in the 3-MI spectrum (Figure 3d). These extra
peaks were assigned as the band origins of the respective M *H,S
complexes. The red shift in the band origin of the IND+H,S
complex was 44 cm ™!, whereas that of the 3-MI-H,S complex
was 71 cm™!. The red shifts in the band origins of IND+-H,S
and 3-MI-H,S complexes were much smaller compared to those
of their respective H,O complexes. The red shift in the band
origin of IND+H,S was however similar to that of the IND+CH,4
complex,’® which has been shown to form a zr-type HB.

4.3. Infrared Spectroscopy. The FDIR spectra of the
monomers IND and 3-MI and their complexes with H,O and
H,S in the N—H stretching frequency region are shown in
Figures 4 and 5, respectively. In all cases, the excitation laser
was fixed at the band origins of the respective complexes. The
N—H stretching frequencies of the chromophores were sub-
stantially red shifted relative to the monomers in the M+<H,0
complexes. However, in the case of M+H,S complexes, there
was hardly any shift in the N—H stretching frequency. The N—H
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Figure 6. FDIR spectra of (a) 3-MI, (b) 3-MI-H,0, and (c) 3-MI-H,S

in the C—H stretch region, recorded while tuning the probe laser at

the band origin of the respective species.

stretch red shift was 89 cm™! in the IND+H,O complex, while
it was barely 2 cm™! for the IND+H,S complex. Similarly, the
red shift in the N—H stretch of the 3-MI+H,O complex was 84
cm™! as opposed to 3 cm™! for the 3-MI*H,S complex. This
indicates that the N—H stretch is almost unperturbed in the
M-H,S complexes, and it can be safely deduced that the N—H
bond is not involved in hydrogen bonding with H,S.

The FDIR spectra in the S—H stretch region were recorded
to see if there were any changes in the S—H frequencies of
H,S. The IR transition probabilities of SH oscillators are 2—3
orders of magnitude smaller compared to those OH and NH
oscillators, and as such, the SH stretching transitions have never
been reported for the complexes involving the SH bonds. Figures
4 and 5 show the FDIR spectra for the IND *H,S and 3-MI-H,S
complexes in the S—H region. In each of the two spectra, a
fluorescence dip was observed at 2593 and 2589 cm!,
respectively. These were assigned to the symmetric S—H
stretching mode based on the computational normal-mode
analysis. Figure 4 also shows the computed IR spectra of the
NH bound as well as the sz-bound indole+H,S complexes. The
IR transition probability for the SH excitation in the s-bound
complex increased considerably due to the hydrogen bonding.
It can be seen that the observed spectrum is in good agreement
with that of the 7z-bound indole*H,S complex. The S—H stretch
for IND*H,S was red shifted by 21 cm™!, while that for the
3-MI-H,S was red shifted by 25 cm™! with respect to the
symmetric S—H stretch (2615 cm™!)’"7® of the H,S monomer.
The observation of the SH stretching transition by itself and its
red shift for both the complexes suggests that H,S acts as a HB
donor rather than a HB acceptor. Preferential population of only
the ;r-bound H,S complexes corroborates the estimated greater
stability of the M+H,S (;r) complexes relative to M+H,S (0)
complexes.

Figure 6 shows the FDIR spectra in the C—H stretch region
for the 3-MI and its complexes with H,O (Figure 6b) and H,S
(Figure 6¢). The C—H stretches of the phenyl and pyrrole ring
were broadened for 3-MI+H,O, while those for the 3-MI+H,S
complex were identical to those of the 3-MI monomer.
Broadening of spectral features has been reported for other o-HB
complexes of indole and 3-ML.7° In the case of H,O complexes,
it has been attributed to the hindered rotation of the H,O moiety
around the N—H+++O bond. Absence of such broadening in the
case of the H,S complex suggests that either the barrier for the
rotation is too high if it is a N—H-++S type hydrogen bond or
that H,S is not bound to the NH group at all. We prefer the
latter possibility based on the other observations.
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Figure 7. Fluorescent decay profiles of (a) IND, (b) IND+-H,O, (c) IND-H,S, (d) 3-MI, (e) 3-MI+-H,0, and (f) 3-MI-H,S for the (0,0) transition

of the respective species.

TABLE 2: Experimentally Observed Parameters Such As
XH Stretching Frequency Shift, The Band Origin Shift, The

| mES mEX ‘DISPl

S; State Lifetime, and Binding Energy of Indole-L and
3-MI-L (L = H,0 and H,S) o- and 7-Type Hydrogen-
Bonded Complexes

AVNH A'VXH AEBO T AE()
complex HB type (cm™!) (cm x—os (cm™!) (ns) (kcal/mol)
IND-H,0O N-H---O -89 -5¢ -132 228 —4.67¢
o HB

IND-H,S S-H:-m -2 21 44 11.6 —4.89°
7 HB

3-MI-H,O N-H-:--O -84 -5 -239  14.8 —4.494
o HB

3-MI*H,S S-H:-m -3 =25 =71 7.9 -5.17°
7 HB

@ Experimental value from ref 57. * Binding energy computed at
the CBS limit.

4.4. Lifetime Measurements. It is known that the photo-
physical properties of indole, such as the fluorescence quantum
yield, radiative lifetime, an so forth, are very sensitive to the
local environment. In fact, a lot of experimental investigations
have been performed on indole and its complexes with different
solvent molecules like H,O, MeOH, NH3, and benzene.>0 %8089
In all cases, the complexes were of the N—H+++X o-type HB
complexes. Since in the indole-based chromophores the S; ~—
So elctronic transition is a 7r* < st transition, it is expected that
the change in the lifetime for the S, state will be more
pronounced in the s-type HB complexes rather than that in
o-type HB complexes. The lifetime measurements for both the
monomers and their complexes were carried out for the band
origin excitation and fluorescence decay curves are provided
in Figure 7. The lifetimes of the excited state were obtained by
fitting the experimental data with a single exponential after

ool  H0(0) H,S (o) H,0 () H,S (x)
10.56
_ s 7.23 6.57 639
E
= 3.00
=
=
=3 -2.00 iak .
346 2.95
-7.00 595 .10 -5.39
a7 745
-12.00

Figure 8. The electrostatic attraction (ES), exchange repulsion (EX),
and dispersion energy (DISP) contributions obtained using RVS
decomposition analysis for IND+H,O (o), IND+H,O (;r), IND+H,S (0),
and IND*H,S (71) complexes.

deconvolution of the excitation pulse. The excited-state lifetimes
for the IND, IND+H,0, and IND-H,S complexes were 19.7,
22.8, and 11.6 ns, respectively. The values for the IND and
IND-H,0 complexes were within 10% of the reported
values.”®*~* There was hardly any change in the S; state
lifetime for the IND+H,O complex, whereas in the case of the
IND+H,S complex, it shortened considerably. For 3-MI, the S,
state lifetime was found to be 21 ns, while those for 3-MI+H,O
and 3-MI-H,S were 14.8 and 7.9 ns, respectively. A substantial
decrease in the lifetime of the M +H,S complexes in both cases
shows that the S; state decay mechanisms in these complexes
are quite different than those associated with the o-type
complexes. At this stage, it is difficult to say whether it is due
to the increased mixing of the L, and L, states or an intrinsic
increase in the radiative transition probability which is respon-
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TABLE 3: Comparison of Computed Structural Parameters and the Binding Energy of IND-L (L = H,0, H,S, NH3;, and CH,)
n-Type HB Complexes with Experimental Values for the Benzene L 7-Type HB Complexes

indole*L (i) (theoretical) benzene*L (;r) (experimental)

parameters H,0* H,S NH; CHy H,O H,S NH; CHy
Reme-x (A) 3.145 3.385 3.198 3.186 3.411° 3.818° 3.590¢ 3.800¢/
Av (cm™) 48.0 (42.0)8 45.0 (21.0)" 20.0 19.0 23.0° n/a? 8.3 5.0
AE°BS (kcal/mol) —3.57 (4.10) —4.89 —2.56 —2.01 —2.44™ —2.81¢" —1.84° —1.137

“Values in the parentheses are for the 1-methylindole-H,O complex. ? Reference 3. ¢ Reference 43. ¢ Reference 6. ¢ Reference 97. / Values
for benzene*CH, and benzene*H,S complexes computed at the CCSD(T)/CBS level. ¢ Reference 57. " Experimental value determined in this
work. ' Reference 12. 7 Reference 21. ¥ Reference 95. ! Reference 60. ™ Reference 2. " Reference 51. ° Reference 19. ? Reference 96. 7 n/a: not
available.

TABLE 4: RVS Energy Decomposition Analysis for IND-L (X—H---7 Hydrogen-Bonded) Complexes (L. = H,0, H,S, NH3,
and CHy)

complex AEcr AEgg AEp, AEgx AEgsse AEuigu AEr AEINTBSSE AEMPzBSSE AEDisp
IND-H,0 -0.64 -5.95 -0.83 6.57 0.52 -0.07 —-1.44 -0.92 -4.38 -3.46
IND-H,S -1.05 -6.39 -0.81 10.56 0.67 —-0.08 1.56 2.23 -5.22 -7.45
IND-NH; -0.43 =3.77 —0.44 6.18 0.64 -0.03 0.87 1.51 -2.99 -4.50
IND-CH,4 -0.41 -2.56 -0.34 6.50 0.73 0.01 247 3.20 -2.29 -5.49

sible for the reduction in the lifetimes of these complexes. All
of the lifetime values along with the binding energies of the
complexes are summarized in Table 2.

4.5. Interaction Energy Decomposition. The experimental
results suggest that H,S forms a zz-type HB, while H,O forms
a o-type HB. Computed binding energies also support the 7-type
in the case of H,S, and in the case of H,O, the o-type H-bonded
structure is relatively stable. It is also important to know the
type of interaction that dominates in each of the two cases, that
is, m-type hydrogen bonding versus the o-type hydrogen
bonding. To better understand the nature and extent of different
forces contributing to the intermolecular attraction in these
complexes, individual energy components [electrostatic (ES),
polarization (PL), charge transfer (CT), and exchange (EX)] of
the total interaction energy were obtained using the reduced
variational space self-consistent field (RVS)”! method. The
correlation energy or the dispersion energy (DISP) was calcu-
lated as the difference between the BSSE-corrected total
interaction energy computed at the MP2 level and that computed
using the RVS procedure. All of the calculations were done
using the aug-cc-pVDZ basis set. The major components like
ES, EX, and DISP for both the o- and zz-type HB complexes
are shown in Figure 8. In the case of HO complexes, regardless
of the type of H-bond, the electrostatic component is the major
attractive component of the total interaction energy, while for
the H,S complexes, the dominant component depends upon the
type of H-bond, that is, for the o-type, it is the electrostatic,
whereas for the s-type, it is dispersion. For the IND+H,S (77)
complex, all three components, namely, the electrostatic attrac-
tion (ES), exchange repulsion (EX), and the dispersion stabiliza-
tion, are all greater than those for the IND+H,O (;r) complex.
A similar trend has also been reported for the naphthalene-L
and azulene*L (L = H,0, H,S) complexes using SAPT (DFT)
energy decomposition analysis.’>3*

4.6. Comparison of S—H---7 HB with Other X—H:--x
HBs, (X = C, N, and O). At this stage, it is imperative to
compare the S—H-+-*7 interaction with other s-type HB
complexes. The computations such as geometry optimization
and frequency analysis were extended to include the other 7z-type
IND-L (L = NH; and CH,) complexes at the same level of
theory. The interaction energies at the complete basis set (CBS)
limit were also estimated as outlined earlier. All of these
parameters are listed in Table 3. The computed binding energy
for the IND-H,O z-type complex was compared with the

experimental value reported for the 1-methylindole*H,O s-type
complex.® It is in agreement with the trend that in the case of
indole*H,0 complexes, the o-type complex is more stable than
the 7z-type complex. For the sake of completeness and com-
parison, the available experimental results for the benzene*L
complexes!336.19214395797 in regard to the binding energy (AEy),
red shift of the X—H stretch (Av), and the distance from X to
the center of mass of the aromatic ring (Rcy...x) are also listed
in Table 3. The most interesting feature that stands out in the
comparison is that the S—H+++st HB interaction energy is higher
than any other sr-type HB complexes. The interaction energies
follow the order S—H+**r > O—H¢**r > N—H+**71 > C—H***7.

Structurally, the H,O and H,S complexes were similar, that
is, both of the hydrogens point toward the indole ring. The
computed red shifts of the X—H stretch for the O—H-*++s and
S—H-+++zr were also very similar and almost two times that of
the N—H+++w and C—H:**x interactions. The experimentally
observed SH red shift was 21 cm™!, which is incidentally of
the same order as that of the OH red shift observed in the
benzene*H,0 complex. Although the benzene*H,S complex has
not been investigated using the FDIRS, it has been studied using
the FTMW (Fourier transform microwave) spectroscopy,** and
the reported structure is similar to the one predicted here
for the IND*H,S complex. Therefore, one can expect a similar
red shift in the SH stretch in the benzene*H,S complex. The
other parallel between the indole*L and benzene+L complexes
is that the XH red shifts for the OH and SH are much larger
than those observed for the NH and CH stretches. Fujii et al.
have reported the red shift in the symmetric CH stretch in the
benzene*CH, 7-type complex as 5 cm™!, which can be co-
mpared with the 21 cm™! red shift in the OH stretch of the
benzene+H,0 complex. The computed Rcy...x values for the
IND-L complexes were smaller compared to the reported
experimental values for the benzene*L complexes, suggesting
that the former complexes are relatively more stable than the
later.

The RVS energy decomposition analysis was carried out for
all four aforementioned IND <L complexes, and the results are
presented in Table 4. At the HF level, only the IND+<H,O
complex was stable. The numbers presented in Table 4 suggest
that only the electrostatic forces are not sufficient to stabilize
the X-H+++zt HB complexes. The dispersion energy contribution
plays a significant role in stabilizing these complexes. The
maximum dispersion energy contribution was observed for the
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Figure 9. The interacting donor—acceptor natural bond orbitals (NBOs) of IND+H,S (on left) and IND+H,O (on right) complexes.

IND*H,S complex. For rest of them, the dispersion contribution
was in the order CH4 > NH;3 > H,O, which is the inverse order
of electronegativity of the central atom. The net electrostatic
components were in the order H,O ~ H,S > NH; > CH,4, which
is in the same order as the computed XH red shifts in the case
of IND-L complexes and also the experimental data for the
benzene*L complexes. This suggests that the stabilization energy

of X—H-+++zrt HB complexes mainly comes from the dispersion
contribution, while the magnitude of red shift of the X—H stretch
depends on the electrostatic and charge-transfer components.
A similar distribution of the energy components has also been
reported for the benzene * H,O, benzene * NHj3, and benzene* CH,
complexes using a very high level of calculation [CCSD(T) basis
set limit].'®
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TABLE 5: Summary of the NBO Analysis for IND-L
(X—H:--7 Hydrogen-Bonded) Complexes (L = H,0, H,S,
NH;, and CHy)

NBO analysis
total

donor acceptor EZ, interaction energy
orbital orbital (kcal/mol) (kcal/mol)*

Indole-H,S
Tea-c3 0%s17-119 2.10 3.85 (4.89)
TTC8—C9 0*$17-H19 0.29
Tce-c7 0*s17-H18 0.96
Tca—cs 0*s17-H18 0.31
Tes—co 0%s17-H18 0.14
LP 0%s17-H18 0.05

Indole-H,O
23 0%017-H19 1.53 2.24 (3.57)
Tcs—cy 0%017-H19 0.29
Oc3-cs 0%017-H19 0.07
TTcs—co 0%017-H18 0.21
Tee-c7 0%o17-n18 0.14

Indole*NH;
T3 O*N17-H19 0.50 1.53 (2.56)
Tcs—cy OFN17-H19 0.21
Tca—cs O*N17-H18 0.35
Tco—c7 O*N17-H18 0.29
Tes—cy O*N17-H18 0.11
ON17-HI19 ¥ cg-co 0.07

Indole+CHy4
JTC2—C3 U*Cl77H21 0.69 1.50 (201)
Tca—cs o*ci7-n1s 0.42
Tce-c7 0*ci7-n1s 0.15
Tes—cy 0% c17-H20 0.24

“Sum total of the second-order perturbative energy E@J* The
values in the parentheses give the binding energies of the complexes
computed at the complete basis set limit. For the atom numbering,
see Figure 1.

In the o-type X—H-++Y hydrogen bond, the conventional
interaction is between the lone pair on the Y atom and the
antibonding orbital (0*x_y) of the X—H bond. In certain blue-
shifted hydrogen bonds (CH-+*Y type), it has been proposed
that the electron density from Y is transferred to the remote
parts of the hydrogen-bond-donating molecule.”~> However,
it is not so straightforward to predict the orbitals participating
in the s-type hydrogen bond. The NBO analysis was used to
find out the sr-orbitals of the electron-rich moiety that overlap
with the o%x_y orbital. The charge delocalization energy was
evaluated as the second-order perturbative energy E{%.., where
i and j* denote the interacting donor and the acceptor orbitals,
respectively. The strength of hydrogen bond depends directly
on the second-order perturbative energy, EIQJ* which is
proportional to the extent of overlap between the donor and
acceptor orbitals.®~% The interacting natural bond orbitals for
IND-H,S and IND+H,O complexes are depicted in Figure 9,
and the NBO interaction energies and the involved X—H bond
orbitals for all of the m-type IND-L complexes are listed in
Table 5. From Figure 9, it can be seen that for both the H,S
and H,O complexes, both of the XH bonds are interacting with
some or the other st orbitals. The strongest interaction in both
cases was between the o%xy orbital of the XH bond leaning
over the pyrole ring and the C,—C; m orbital (for atom
numbering, refer to Figure 1). The 0%y orbital of the XH bond
leaning over the phenyl ring interacts with all three 7 orbitals,
that is, C4,—Cs, C¢—C5, and Cg—C,, the interaction with the
Cs—C; being the strongest. A subtle difference in the IND+H,O
complex was that the sc4—cs was not involved in hydrogen
bonding. In all of the complexes, more than one X—H bond
were participating in hydrogen bonding. The sum total of the
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second-order perturbative energy, Ei@,j* for the IND-H,S
complex was the highest (3.85 kcal/mol), followed by the
IND-H,O (2.24 kcal/mol), IND-NH; (1.53 kcal/mol), and
IND-CH, (1.50 kcal/mol) complexes. The same order was also
observed for the computed binding energy of the complexes.

5. Conclusions

S—H-*++7 hydrogen-bonded complexes of H,S with indole
and 3-methylindole were reported for the first time. Experimental
data such as band origin shifts and IR spectroscopic and lifetime
data give conclusive evidence of the S—H--+x type hydrogen
bond in these systems. The binding energy was estimated for
both the N—H+**S o-type and S—H++*sr hydrogen-bonded
complexes of H,S using the MP2/CBS level of computation. It
shows that the S—H+++zx HB is much stronger than the N—
H::-S o-type HB complex, whereas in the case of the
indole*H,O complex, the O—H-<+zx HB is weaker than the
N—H-+++0O o-type HB complex. This is in complete agreement
with the experimental observations that in the case of
indole«H,S, the z-type HB complex (HB donor) is preferentially
populated, whereas in the case of indole*H,0, it is the N—H+**S
o-type complex.

Comparison of the S—H-- - interaction with the other type
of X—H-++m (X = C, N, and O) shows that the S—H---x
interaction is the strongest among them. The red shift of the
S—H stretch is comparable to that of the O—H stretch. Energy
decomposition analysis indicates that in all of the s-type HB
complexes, the dispersion energy component has significant
contribution to the total binding energy. A higher stabilization
energy of the H,S complex and a comparable red shift of the
S—H stretch to that of O—H-++sr HB complex indicates that
the total stabilization energy of the X—H-+++z HB is due to both
the dispersion and electrostatic contributions, while the mag-
nitude of the red shift of the X—H stretch depends on the
electrostatic and charge-transfer energy components.

At this point, it is worth mulling over a question, what does
one call these complexes which are stabilized entirely due to
the dispersion interaction but do involve a hydrogen atom
covalently bound to one atom and that interacts with another
atom or group of atoms which are rich in electron density. They
could simply be called hydrogen bonds as they satisfy the
primary definition of the hydrogen bond, or alternatively, one
could create a new class of hydrogen bonds called dispersion-
stabilized hydrogen bonds.
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