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Spectroscopic observation of two-center three-
electron bonded (hemi-bonded) structures of
(H,S)," clusters in the gas phaset

Dandan Wang and Asuka Fujii*

A two-center three-electron 2c—3e bond (hemi-bond) is a non-classical chemical bond, and its existence
has been supposed in radical cation clusters with lone pairs. Though the nature of the hemi-bond and its
role in the reactivity of radical cations have attracted great interest, spectroscopic observations of hemi-
bonded structures have been very scarce. In the present study, the presence of a stable hemi-bonded
core (H,S.:.SHy)* in (HxS),* (n = 3-6) in the gas phase is demonstrated by infrared spectroscopy
combined with quantum chemical calculations. The spectral features of the free SH stretch of the ion
core show that the hemi-bond motif of the ion core is maintained up to the completion of the first
H-bonded solvation shell. All of the observed spectra are well reproduced by the minimum energy

R 47D ber 2016 hemi-bonded isomers, and no sign of the proton-transferred ion core type HzS*—SH, which is estimated
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Accepted Sth January 2017 to have a much higher energy, is found. Spin density calculations show that the excess charge is almost
equally delocalized over the two H,S molecules in the cluster for n = 3 to 6. This also indicates the

DOI: 10.1039/c6sc05361k hemi-bond nature of the (H,S..SH,)" ion core and the small impact of the formation of a solvation shell
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Introduction

When lone pair orbitals of a neutral molecule and its radical
cation overlap and molecular orbitals are formed, the bonding
o orbital is doubly occupied while the antibonding c* orbital is
singly occupied. The formal bond order of this interaction is
1/2, indicating the formation of a stable bond between the two
molecules.’ Such a bond is called a two-center three-electron
(2c-3e) bond or hemi-bond. Since the first characterization of
the hemi-bond by Linus Pauling in the early 1930s,* the hemi-
bonds of radical cations have attracted strong interest in bio-
logical, atmospheric, and radiation chemistry, and the role of
the hemi-bond has been discussed to understand the reactivity
of radical cations.>*

One of the simple model systems to investigate hemi-bonded
radical cations is (H,0),". In spite of many theoretical studies so
far, however, hemi-bonded structures of (H,0)," have not yet
been experimentally observed because of the strong competi-
tion of the formation of the proton-transferred H;O'-OH ion
core type.”* On the other hand, (H,S)," seems to be more
feasible for a hemi-bond study. Several theoretical studies of
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(H,S)," have predicted that the hemi-bonded structure
(H,S..SH,)" is much more stable than the proton-transferred
structure H;S™-SH (see Fig. 1) by ca. 50-100 k] mol ™", depend-
ing on the level of theory.>"™* This preference for the hemi-
bonded type structure in (H,S)," is in contrast to its analogues
along period 2. Furthermore, an energy decomposition scheme
has been applied to (H,S-.SH,)", and it has shown that nearly
60% of the sulfur-sulfur bond is provided by the three-electron
bond but that electrostatic attraction also makes a large
contribution (~40%) to the bond.* This energy decomposition
scheme neglects electron correlation. Therefore, we should note
that dispersion may also play an important role in such
a system."

Despite these theoretical studies which predict the energetic
superiority of the hemi-bonded structure over the proton-
transferred structure, very few experimental studies have been
reported on (H,S),” and their analogues. Until now, the
sulfur-sulfur hemi-bond has been characterized only by EPR
and UV-vis (transient) absorption.'*** However, it is very diffi-
cult to directly extract structural information from these types of
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hemi-bonded type  proton-transferred type

Fig. 1 Two possible structural motifs of (H»S),*.
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experiments. Spectroscopic evidence in the gas phase has been
highly requested to examine the theoretical predictions of the
sulfur-sulfur hemi-bond.

Recently, the weakening of a hemi-bond through the delo-
calization of the spin density beyond two nuclei centers has
been suggested.'”*® This phenomenon implies the potential
influence of hydrogen bonds (H-bonds) on the hemi-bond since
charge transfer by orbital overlap frequently occurs with the
formation of an H-bond.?® The influence of H-bonds (solvation)
on the hemi-bonded ion core should be explored.

In this study, to address the issues proposed above, we report
an infrared (IR) spectroscopic study of (H,S)," (n = 3-6) in the
gas phase. The presence of the (H,S..SH,)" hemi-bonded ion
core is revealed for all observed sizes, and the evolution of the
solvation structure is characterized. The experimental observa-
tions are consistent with the favorability of the hemi-bonded
ion core over the proton-transferred ion core in (H,S)," as pre-
dicted by recent theoretical calculations.™

Results and discussion

Fig. 2 shows the observed IR spectra of (H,S)," (n = 3-6) in the
SH stretch region. The bands higher than 2550 cm™" are
attributed to free SH stretches, and they are categorized into
three different types of vibration, as indicated by colored dotted
blocks in the figure. Because of the ionization, the SH bonds in
the ion core should be somewhat weakened, so their stretch

frequency is expected to be lower than that of neutral H,S.

e o ey
2300 2350 2400 2450 2500 2550 2600 2650
Wavenumber / cm-1

Fig. 2 Observed IR spectra of (H,S)," (n = 3-6). The bands are
categorized into three types by colored dotted blocks (see text). The
bump at ~2400 cm™?, present throughout all cluster sizes, is caused
by the depletion at 2360 cm™* due to the strong IR absorption by
atmospheric COs.
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Therefore, the lowest frequency band at around 2560 cm ™' in
each size (the band in the red dotted block) is assigned to the
free SH stretches of the ion core. The frequency of this band is
very close to the free SH stretch band (2558 cm ") of the H;S"
ion core in H'(H,S), observed in our recent study.® The
two relatively higher frequency bands at around 2595 and
2610 cm ! (the bands in the blue and green dotted blocks) are
assigned to the symmetric (v;) and asymmetric (v3) SH stretch-
ing bands of the neutral H,S moiety, respectively, which is
solvating the ion core as an H-bond acceptor. These band
frequencies are also very close to the corresponding free SH
bands in H'(H,S),.2! The v, and v; frequencies of the neutral
H,S monomer have been reported to be 2614 and 2628 cm ™,
respectively.” The most striking feature in the spectra is the free
SH stretch band of the ion core highlighted by the red dotted
block. Since the acidity of the SH bond in the ion core is
enhanced with charge, the SH in the ion core is expected to be
preferentially solvated (H-bonded) by neutral H,S in the cluster.
Therefore, the free SH band of the ion core should disappear
when the number of neutral H,S molecules in the cluster is
enough to solvate all of the SH bonds of the ion core. Regardless
of whether the ion core is of the hemi-bonded or proton-
transferred type, the free SH of the ion core should exist in
(H,S);". Assuming the ion core is the proton-transferred type,
the free SH stretch in the core is supposed to disappear at n = 4.°
In the observed spectra, however, the free SH band actually
disappears at n = 6. This clearly demonstrates that the ion core
of the clusters is of the hemi-bonded type (H,S..SH,)" which
has four SH bonds. The solvation of the SH bonds of the hemi-
bond ion core is completed at n = 6. Moreover, this result
indicates that the hemi-bonded ion core is stable with respect to
solvation (H-bond formation) at least up to the completion of
the first solvation shell.

With the solvation of the hemi-bonded ion core, the
H-bonded SH stretch band of the ion core is expected to appear
in the spectra. In the region below 2300 cm ™", a very broad
absorption is seen, and this absorption is attributed to the
H-bonded SH of the ion core. As the cluster size increases,
weakening of the hydrogen bond of the ion core occurs as
the (H,S)," cluster accommodates more H,S species, and
a blue-shift of the broad absorption feature appears. However,
the position of the peak is out of the reliable measurement
range of our experimental setup.

To shed light on the structures of (H,S)," (n = 3-6), theo-
retical methods with a good balance between reliability and
efficiency are required. The high reliability of the MP2/aug-cc-
pVDZ level has been demonstrated for various neutral sulfur-
centered hydrogen bonded systems and for H'(H,S),,>** Unre-
stricted wave functions for radical cations at the MP2 level tend
to be contaminated by states of higher spin multiplicity.
However, for (H,S),", it has been found that the unrestricted
and restricted open-shell MP2 approaches, namely UMP2 and
ROMP2, predict almost the same energy difference between the
hemi-bonded and proton-transferred type structures, showing
comparable accuracy with the results of CCSD(T), and the
deviation of the spin angular moment (S”) value under UMP2
and ROMP2 is in the acceptable range.” In the present work,

This journal is © The Royal Society of Chemistry 2017
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besides the UMP2 method, a computationally cost-effective
double hybrid DFT procedure, UB2PLYPD, is also employed.
By including 53% HF exchange and a 27% perturbation
correlation contribution, UB2PLYPD has been demonstrated
to treat spin contamination well.** Using these two theoretical
approaches, an exhaustive conformational search generates
both hemi-bonded and proton-transferred type low-lying
structures on the potential energy surface. Details of the
computational results are summarized in the ESIL.{ For all of
the sizes we searched, the energy separation between the two
ion core motifs is larger than 40 k] mol ' and the hemi-
bonded type is the most energetically favourable of the two.
Therefore, for the proton-transferred type isomers, only the
most stable structure is included in the summary for n = 4 (we
should note that the structures of the proton-transferred type
isomers are essentially the same as those of the corresponding
H'(H,S),, which have recently been reported by our group®).
The predominance of the hemi-bonded type and the relative
energy order are irrespective of the choice of the theoretical
level, UMP2/aug-cc-pVDZ or UB2PLYPD/aug-cc-pVDZ (details
are seen in the Table SI-1 in the ESIt). Essentially the same
conclusion has also been reported by Do and Besley for (H,S),,"
(n = 2-4) by searching the isomers through the Basin-Hopping
approach and subsequent structural optimization at the
CCSD(T)/aug-cc-pVDZ level of theory.” In our computations,
the UMP2 method yields an (S*) value with a small average
deviation of 0.021 compared to the exact value (0.75), and the
spin contamination is not serious. Furthermore, the simulated
spectra calculated using the UMP2 method show better
agreement with the experimental spectra than those calculated
using UB2PLYPD (details are shown in Tables SI-2 and SI-3 in
ESIt). Thus, in the following, UMP2/aug-cc-pVDZ is utilized as
the main theoretical method.

In Fig. 3, we compare the observed IR spectra of (H,S),, (n =
3-6) with the harmonic simulated spectra of the most stable
isomers, which have the hemi-bonded ion core type (detailed
comparison including higher energy isomers is provided in
Fig. SI-1 to SI-4 in the ESI}). The frequencies of the harmonic
spectra are convoluted with a Lorentzian function of 10 cm™*
FWHM, using a scaling factor of 0.942. The simulations repro-
duce well the observed spectra, supporting the qualitative
assignments provided above. For the v; band, a non-negligible
discrepancy between the observed spectra and simulations is
found. The observed v; band intensity, relative to »;, seems to be
remarkably suppressed. The similar suppression of the »; band
has been also reported in H'(H,S),, and many water analogues.
This has been ascribed to differences in the internal rotation
structure, dissociation yield, and transition intensity enhance-
ment between the v, and v; bands.?»**’

The spin densities of the most stable structures are shown
in Fig. 4. The spin density (unpaired electron) is almost
equally delocalized over the two H,S molecules, indicating the
2c-3e bond nature of the ion core. Upon solvation of the ion
core, the positive charge gradually delocalizes over the solvent
H,S moiety. Even after the completion of the first solvation
shell at n = 6, however, the natural charge in the (H,S..SH,)"
ion core is predominant, and this demonstrates the stability of

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Comparison between the observed spectra and harmonic
spectra of the most stable isomers of (H,S)," (n = 3-6) in the free SH
region. The simulation was performed at the UMP2/aug-cc-pVDZ
level of theory with a scaling factor of 0.942.

the hemi-bond with respect to solvation (H-bond formation).
The influence of the charge is also seen in the dissociation
energy (Dy), calculated using the basis set superposition error
(BSSE) and zero point energy (ZPE) corrections. D, is estimated
to be 32.1, 30.2, 24.6, and 22.6 k] mol™* for n = 3 to 6,
respectively. The gradual decrease reflects the charge delo-
calization of the ion core to the solvent H,S molecules. The D,
values of (H,S)," are lower than those of H'(H,S),, wherein D,
in the first H-bonded solvation shell is 42.3 k] mol™" at the
same level of theory.”* This is rationalized by the fact that the
charge in H'(H,S), is primarily distributed over the single
molecule of the Eigen type core H;S" while the charge in
(H,S)," is shared by the two H,S molecules of the hemi-bonded
ion core.

+o,5#s ‘;0,410 +0.434 +0.434
an a’al [PRPP
IRy 4D
9 L i)
=)
> 2 9
(Hy8)3 (Hy8)4*
?
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&
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Fig. 4 The spin density for (HzS),* (n = 3-6) (isovalue = 0.006), and
the natural population analysis (NPA) charge distribution for the
molecular component.
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Experimental

(H,S),," clusters were generated by discharge from a supersonic
jet expansion of an H,S/Ar gaseous mixture. Generated ions
were introduced into a tandem type quadrupole mass spec-
trometer, wherein the cluster size of interest was selected by the
first mass spectrometer (the mass resolution was set to be
higher than Am/z = 1, and the contribution of H'(H,S),
protonated clusters was carefully removed). Then the size-
selected clusters were introduced into an octopole ion guide,
therein, the clusters were irradiated by the tuneable IR light
from an OPO/OPA system (LaserVision) pumped by an Nd-YAG
laser (Continuum PL-8000), and the fragment ions were moni-
tored by the second quadrupole mass spectrometer. IR spectra
were recorded by monitoring the fragments in the single H,S loss
channel while scanning the IR frequency in the 2300-2700 cm ™"
region. The observed spectra were normalized by the IR light
power and the band frequencies were calibrated by the absorp-
tion lines of CO, and CH,. All calculations were conducted using
the Gaussian09 program package.?®

Conclusion

In summary, through an IR spectroscopic study of the SH
stretch region, we have experimentally proven the hemi-bonded
motif of the ion core in (H,S)," (n = 3-6) which has been pre-
dicted by the theoretical calculations. In (H,S),", the hemi-
bonded ion core motif is much more stable than the proton
transferred ion core motif. The hemi-bonded ion core motif is
stable towards solvation at least up to the completion of the first
solvation shell.

Acknowledgements

We would like to acknowledge Dr Toshihiko Maeyama and Dr
Yoshiyuki Matsuda for their helpful discussion. This study was
supported by the Grant-in-Aid for Scientific Research (Project
No. 26288002) from JSPS.

Notes and references

1 C. A. Coulson, Valence, Clarendon Press Oxford, 1952,
pp. 158-161.

2 R. D. Harcourt, J. Phys. Chem. A, 1997, 101, 2496.

3 D. K. Maity, J. Phys. Chem. A, 2002, 106, 5716.

4 L. Pauling, J. Am. Chem. Soc., 1931, 53, 3225.

5 P. M. W. Gill and L. Radom, J. Am. Chem. Soc., 1988, 110,
4931.

6 M. Sodupe, A. Oliva and J. Bertran, J. Am. Chem. Soc., 1995,
117, 8416.

7 G. H. Gardenier and M. A. Johnson, J. Phys. Chem. A, 2009,
113, 4772.

8 P.-R. Pan, Y.-S. Lin, M.-K. Tsai, J.-L. Kuo and J.-D. Chai, Phys.
Chem. Chem. Phys., 2012, 14, 10705.

9 J. D. Herr, J. Talbot and R. P. Steele, J. Phys. Chem. A, 2015,
119, 752.

2670 | Chem. Sci., 2017, 8, 2667-2670

10
11

12

13

14

15

16

17

18
19

20

21

22

23

24

25

26

27

28

View Article Online

Edge Article

K. Mizuse and A. Fujii, J. Phys. Chem. A, 2013, 117, 929.

T. K. Ghanty and S. K. Ghosh, J. Phys. Chem. A, 2002, 106,
11815.

H. Do and N. A. Besley, Phys. Chem. Chem. Phys., 2013, 15,
16214.

T. Stein, C. A. Jiménez-Hoyos and G. E. Scuseria, J. Phys.
Chem. A, 2014, 118, 7261.

F. M. Bickelhaupt, A. Diefenbach, S. P. de Visser, L. J. de
Koning and N. M. M. Nibbering, J. Phys. Chem. A, 1998,
102, 9549.

P. R. Horn, Y. Mao and M. Head-Gordon, J. Chem. Phys.,
2016, 144, 114107.

Y. Gauduel, T. Launay and A. Hallou, J. Phys. Chem. A, 2002,
106, 1727.

S. Zhang, X. Wang, Y. Sui and X. Wang, J. Am. Chem. Soc.,
2014, 136, 14666.

J. F. Berry, Acc. Chem. Res., 2016, 49, 27.

C. H. Hendon, D. R. Carbery and A. Walsh, Chem. Sci., 2014,
5, 1390.

E. Ronca, L. Belpassi and F. Tarantelli, ChemPhysChem,
2014, 15, 2682.

D. Wang and A. Fujii, Phys. Chem. Chem. Phys., DOI: 10.1039/
c6ep07342e.

L. Lechuga-Fossat, J. M. Flaud, C. Camy-Peyret and
J. W. C. Johns, Can. J. Phys., 1984, 62, 1889.

H. S. Biswal, S. Bhattacharyya, A. Bhattacherjee and
S. Wategaonkar, Int. Rev. Phys. Chem., 2015, 34, 99.

A. S. Menon and L. Radom, J. Phys. Chem. A, 2008, 112,
13225.

Y. S. Wang, H. C. Chang, J. C. Jiang, S. H. Lin, Y. T. Lee and
H. C. Chang, J. Am. Chem. Soc., 1998, 120, 8777.

T. Pankewitz, A. Lagutschenkov, G. Niedner-Schatteburg,
S. S. Xantheas and Y.-T. Lee, J. Chem. Phys., 2007, 126,
074307.

K. Mizuse, H. Hasegawa, N. Mikami and A. Fujii, J. Phys.
Chem. A, 2010, 114, 11060.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
Kitao, H. Nakai, T. Vreven, J. A. Montgomery ]Jr,
E. Peralta, F. Ogliaro, M. Bearpark, J. ]J. Heyd,
Brothers, K. N. Kudin, V. N. Staroverov, T. Keith,
Kobayashi, J. Normand, K. Raghavachari, A. Rendell,
J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega,
J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. ]. Austin, R. Cammi, C. Pomelli,
J. W. Ochterski, R. L. Martin, K. Morokuma,
V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman,
J. V. Ortiz, J. Cioslowski and D. ]J. Fox, GAUSSIAN 09,
(Revision C.01), Gaussian Inc., Wallingford CT, 2010.

>

PET O R

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc05361k

	Spectroscopic observation of two-center three-electron bonded (hemi-bonded) structures of (H2S)n+ clusters in the gas phaseElectronic supplementary...
	Spectroscopic observation of two-center three-electron bonded (hemi-bonded) structures of (H2S)n+ clusters in the gas phaseElectronic supplementary...
	Spectroscopic observation of two-center three-electron bonded (hemi-bonded) structures of (H2S)n+ clusters in the gas phaseElectronic supplementary...
	Spectroscopic observation of two-center three-electron bonded (hemi-bonded) structures of (H2S)n+ clusters in the gas phaseElectronic supplementary...
	Spectroscopic observation of two-center three-electron bonded (hemi-bonded) structures of (H2S)n+ clusters in the gas phaseElectronic supplementary...
	Spectroscopic observation of two-center three-electron bonded (hemi-bonded) structures of (H2S)n+ clusters in the gas phaseElectronic supplementary...


