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Structural and electronic properties of HC,S™ (n =
4-11): anion photoelectron spectroscopy and
density functional calculations
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We investigated the HC,S™ (n = 4-11) clusters using anion photoelectron spectroscopy and density
functional theory calculations. The partially resolved vibrational spectra of the HC,S™ (n = 4-11) clusters
are obtained. We found that the vertical detachment energies of the HC,S™ (n = 4-11) clusters display
an obvious parity effect with increasing number of carbon atoms: the vertical detachment energies of
the even-numbered HC,S™ are higher than their neighboring odd-numbered counterparts; the spectral

features of the even-numbered HC,S™ are much sharper than those of their odd-numbered
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1. Introduction

Sulfur-bearing carbon chains play vital roles in the chemistry of
the interstellar medium,"” and they are very important for
understanding the physical and chemical conditions in star
forming regions and circumstellar envelopes. The C,S species
can interact with hydrogen, which is the most abundant
element in the universe, to form H,,C,S species in the inter-
stellar medium. Hydrogenated carbon-sulfur chains such as
H,CS and HCS" have been detected in the interstellar medium
by radio astronomy.®° In addition to their astronomic signifi-
cance, HC,,S species such as HCS (X *A’) and HCCS (X *II) are
important reaction intermediates in the formation of sulfur-
containing polycyclic aromatic hydrocarbons.'®*

The H,,,C,,S (m = 1, 2) species were investigated extensively by
experiments and theory. The rotational spectra of HC,S (n = 2-
6) and H,C,S (n = 4-7) have been investigated via Fourier
transform microwave spectroscopy.”*™ The Renner-Teller
effect in HC,S has been analyzed based on its electronic
spectra.’®?® Recently, Maier and coworkers measured the rovi-
bronic energy levels of X Ty, ground state of HC,S using two-
color resonant four-wave mixing techniques® and reported the
A °TI;, < X ’TI;, electronic transition of HC,S by two-color
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anions to the electronic ground states of HC,,S neutral species.

four-wave mixing techniques and cavity ring down spectros-
copy.”*® Reilly et al. investigated HC,S using dispersed fluo-
rescence spectroscopy.** Nakajima et al. studied HC,S and HC4S
by laser induced fluorescence spectroscopy.”>*® Denisov et al.
reported the resonant two-color two-photon ionization A *TI «
XTI spectrum of HCeS and measured the origin band of A *TT
« X ’TI transitions of HCgS and HC;0S by cavity ring down
spectroscopy.”” Liu et al. investigated the structures and prop-
erties of laser-generated sulfur polycarbon hydride ions (HC,S*)
using collision-induced dissociation and ab initio calculations.?®
Puzzarini investigated the structural and energetic properties of
HCCS”*! using CCSD(T) method.>® Mladenovic et al. studied
the hyperfine structure of the X *II electronic state of HCCS.**!
Perit et al. investigated the X *II ground state and A *TI excited
state of HCCS by means of an extensive ab initio approach.**?
Flores studied the electronic spectra of HC,S (n = 2-4) using
MCSCF and MRCI methods.** Maier and coworkers calculated
the spin-orbit constants, dipole moments and carbon-sulfur
distances of HC,S (n = 1-12) in the *II electronic ground state.*
Wang et al. reported the ground state structures and stabilities
of HC,,S (n = 1-5) using B3LYP density functional calcula-
tions.*® Park et al calculated the structures, harmonic
frequencies and dipole moments of H,C,S (n = 3-9) using
density functional theory (DFT) and MP2 methods.*” Kim and
McMahon investigated the electronic structures and rear-
rangement pathways of C,H,S using coupled cluster theory and
DFT calculations.?®

In order to explore the geometric and electronic properties of
the HC,S™ (n = 4-11) clusters, in this work, we report a study on
the HC,S™ (n = 4-11) clusters using anion photoelectron spec-
troscopy combined with DFT calculations.

This journal is © The Royal Society of Chemistry 2016
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2. Experimental and theoretical
methods

2.1. Experimental method

The experiments were performed using a home-built apparatus
consisting of a laser vaporization source, a time-of-flight (TOF)
mass spectrometer, and a magnetic-bottle photoelectron spec-
trometer, which has been described previously.* Briefly, the
C,S™ (n = 4-11) cluster anions were generated in the laser
vaporization source by laser ablation of a rotating and trans-
lating carbon-sulfur mixture disk target (13 mm diameter, C : S
mole ratio 4 : 1) with the second harmonic (532 nm) light pulses
from a nanosecond Nd:YAG laser (Continuum Surelite II-10),
while helium gas with ~4 atm backing pressure seeded with
ethylene molecules (~4%) was allowed to expand through
a pulsed valve (General Valve Series 9) over the target for
generating hydrogenated carbon-sulfur (H,,C,S~) anions and
cooling the formed clusters. The cluster anions were mass-
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analyzed by the TOF mass spectrometer. The HC,S™ (n = 4-
11) clusters were each mass-selected and decelerated before
being photo detached using the third (355 nm) and the fourth
(266 nm) harmonic lights of another Nd:YAG laser (Continuum
Surelite II-10), respectively. The photo detached electrons were
energy-analyzed by the magnetic-bottle photoelectron spec-
trometer. The photoelectron spectra were calibrated using the
spectra of Cu™ and Au™ taken at similar conditions. The energy
resolution of the photoelectron spectrometer was approxi-
mately 40 meV for the electrons of 1 eV kinetic energy.

2.2. Theoretical method

The geometry optimizations and frequency calculations of
HC,S™ (n = 4-11) and their neutral counterparts were carried
out using DFT with the Becke's three-parameter and Lee-Yang-—
Parr's gradient-corrected correlation hybrid functional
(B3LYP).***! The aug-cc-pVIZ* basis set is used for H, C, and S
atoms. All calculated energies were corrected by the zero-point
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Fig. 1 Photoelectron spectra of HC,S™ (n = 4-11) recorded with 266 nm photons.
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vibrational energies (ZPEs). All the geometry optimizations were
conducted without any symmetry constraint. Harmonic vibra-
tional frequencies were calculated to make sure that the opti-
mized structures correspond to real local minima. The
theoretical vertical detachment energy (VDE) was calculated as
the energy difference between the neutral and anion at the
geometry of the anionic species. The theoretical adiabatic
detachment energy (ADE) was obtained as the energy difference
between the neutral and anion, with the neutral optimized to
the nearest local minimum to the anionic geometry. All theo-
retical calculations in this work were performed with Gaussian
09 program package.*

3. Results and discussion

3.1. Experimental results

The photoelectron spectra of HC,S™ (n = 4-11) taken with
266 nm photons are displayed in Fig. 1. The photoelectron
spectra of HC,S™ (n = 4-7, 9, 11) taken with 355 nm photons are
showed in Fig. 2. The 355 nm photoelectron spectra of HCgS™
and HC,,S™ have not been measured because their electron
detachment energies reach the limit of 355 nm photon energy
in this experiment. The spectra recorded with 266 nm photons
show the spectral features of high electron binding energy
(EBE), while those at 355 nm give better spectral resolution for
the low EBE peaks. The VDEs and ADEs of the HC,S™ (n = 4-11)
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clusters obtained from the photoelectron spectra are listed in
Table 1. Because the photoelectron spectra of the HC,S™ (n = 4-
11) clusters all have a partially resolved vibrational progression,
the VDE of each cluster was taken from the position of the most
intensity peak of the vibrational progression, and the ADE of
each cluster was determined from the position of the first peak
of the vibrational progression.

In the 355 nm spectrum of HC,S ™, there is one sharp peak
centered at 2.93 eV and one small peak centered at 3.18 eV, with
a spacing of about 0.25 eV (2020 + 200 cm™ '), which is in good
agreement with the vibrational frequency (2007 cm ') of HC,S
neutral measured by Reilly et al** Thus, these peaks can be
tentatively assigned to the transitions from the ground state
(X '=%) of HC,S™ anion to the vibrational progression of the
electronic ground state (X *IT) of HC,S neutral. In the 266 nm
spectrum of HC5S™, there are three bands centered at 2.05, 2.46,
and 4.2 eV, respectively. In the 355 nm spectrum of HC5sS ™, the
bands at 2.05 and 2.46 eV are resolved into three peaks centered
at1.97,2.15, and 2.41 eV. The separation of the first two peaks is
0.18 eV (1450 + 200 cm ™ ). These two peaks can be assigned to
the transitions from the ground state (X *2~) of HC;S™ anion to
the vibrational progression of the electronic ground state (X *IT)
of HCsS neutral. The peak at 2.41 eV may come from the
contribution of Cs;S~ (Fig. S1 in the ESIt) because the mass
intensities of HCsS™ and CsS™ are similar, thus, *CC,S™ may
contribute ~6% to the mass intensities of HC5;S™. As for HC¢S ™,
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Fig. 2 Photoelectron spectra of HC,S™ (n = 4-7, 9, 11) recorded with 355 nm photons.
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Table 1 Relative energies, theoretical VDEs and ADEs of the low
energy isomers of HC,S™ (n = 4-11), as well as the experimental VDEs
and ADEs estimated from their photoelectron spectra. The isomers
labeled in bold are the most probable ones in the experiments

VDE (eV) ADE (eV)

Isomer State Sym. AE (eV) Theo. Expt.” Theo. Expt.”
HC,S~ 4A '=*  C., 0.00 2.88 293 283 293

4B W Cs 1.86 2.99 2.86

4Cc A Cs 1.97 3.19 3.10
HCsS™ 5A °37  Cu, 0.00 225 215 212 1.97

5B A/ Cs 0.266  2.39 1.84

5C A Cs 0.271 414 4.00
HC¢S™ 6A ' C., 0.00 313 319 3.09 3.19

6B A Cs 1.91 3.25 3.16

6C A Cs 1.94 3.30 3.18
HC,S™ 7A %37  C., 0.00 2.64 255 252 2.34

7B A Cs 0.37 2.62 2.15

7C¢ A Cs 0.61 4.19 4.12
HCsS™ 8A =% C., 0.00 3.33  3.37 329 3.37

8B ‘A" C, 1.76 1.99 1.53

8C A Cs 1.90 3.48 3.41
HCsS™ 9A 3*37  C,, 0.00 2.94 284 283 261

9B A/ Cs 0.39 2.67 2.41

9aC A Cs 0.84 4.25 4.20
HC;0S~ 10A '=* C., 0.00 3.47 3.49  3.44  3.49

10B A"  C, 1.60 2.21 1.84

10C A Cs 1.91 3.66 3.60
HC;;S~ 11A *3~ C,, 0.00 3.17  3.05 3.06 2.82

11B 'S"  C., 0.42 2.73 2.64

11C A C. 1.02 3.57 3.52

»

“ The experimental VDEs and ADEs of HC,S~ with n = 4-7 are estimated
from their 355 nm photoelectron spectra, those of HC,S™ with n = 8-11
are estimated from their 266 nm photoelectron spectra. The
uncertainties of the experimental VDEs and ADEs are £0.05 eV.

there are three resolved peaks centered at 3.19, 3.43, and 3.67 eV
respectively. Their spacing is about 0.24 eV (1940 + 200 cm ™).
Similar to HC,S ™, these peaks correspond to the transitions
from the ground state (X '=") of HC¢S™ anion to the vibrational
progression of the electronic ground state (X *IT) of HCeS
neutral.

In the 266 nm spectrum of HC,S™, there are two bands
centered at 2.55 and 2.86 €V at the low EBE side, and two more
bands centered at 3.96 and 4.3 eV at the high EBE side. In the
355 nm spectrum, the bands at 2.55 and 2.86 eV are resolved
into four peaks centered at 2.34, 2.55, 2.77, and 2.89 eV. The
spacing of the first three peaks is ~0.22 eV (1770 £ 200 cm ™ 1).
These peaks can be assigned to the transitions from the ground
state (X *27) of HC,S™ anion to the vibrational progression of
the electronic ground state (X *IT) of HC,S neutral. The 266 nm
spectrum of HCgS™ is composed of three resolved peaks
centered at 3.37, 3.62, and 3.87 eV, with a spacing of ~0.25 eV
(2020 & 200 cm™ "), which can be assigned to the transitions
from the ground state (X '=") of HCsS™ anion to the vibrational
progression of the electronic ground state (X *IT) of HCgS
neutral. The 266 nm spectrum of HCoS™ consists of several
resolved peaks centered at 2.61, 2.84, 3.05, 3.30, 3.52, 4.06, and
4.3 eV, respectively. The separation of the first four peaks is

This journal is © The Royal Society of Chemistry 2016
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~0.23 eV (1860 £ 200 cm '), which can be assigned to the
transitions from the ground state (X >7) of HCoS™ anion to the
vibrational progression of the electronic ground state (X *II) of
HC,S neutral.

Three peaks centered at 3.49, 3.74, and 3.99 eV are observed
in the spectrum of HC;,S™, with a spacing of ~0.25 eV (2020 +
200 cm '), which can be assigned to the transitions from the
ground state (X '2) of HC.,S™ anion to the vibrational
progression of the electronic ground state (X *II) of HCy,S
neutral. As for the 266 nm spectrum of HC,,S™, it consists of
three resolved peaks centered at 2.82, 3.05, and 3.27 eV at the
low EBE side, and two sharp peaks centered at 4.09 and 4.33 eV
at the high EBE side. The separation of the low EBE features is
approximately 0.22 eV (1770 4+ 200 cm™ '), thus, those three
peaks can be assigned to the transitions from the ground state
(X *=7) of HC,4,S™ anion to the vibrational progression of the
electronic ground state (X *IT) of HC,;S neutral.

The VDEs of HC,S™ are lower than those of their C,S™
counterparts (Fig. S11), indicating that the addition of an H
atom to C,S~ reduces the VDE. It is worth mentioning that the
photoelectron features of HC,S™ at 3.67 eV, HC,S™ at 2.89 eV,
HCgS™ at 3.87 €V, HCyS™ above 3.2 eV, and HC,,S™ in the range
3.4-3.9 eV may have minor contributions from C,S™ because the
mass peaks of HC,S~ have minor contributions from **CC,,_;-
S™. We have confirmed that the contaminations of the spectra
are negligible especially at the low electron binding energy side
by comparing the spectra of HC,S™ with those of C,S™ (n = 4-
11),*+*> which are presented in the ESI (Fig. S17).

In the spectra of HC,S™ (n = 4-11), the first peak in each
spectrum corresponds to the HC,S (v = 0) < HC,S™ (v" = 0)
transition, which stands for the ADE of HC,S™ or the electron
affinity (EA) of the neutral HC,S. For HC,S™ with even n, the first
peaks also correspond to the VDEs of HC,S™ because the first
peak in each spectrum is the most intensity one of the vibra-
tional peaks.

3.2. Theoretical results

We optimized the geometries of the low-lying isomers of HC,S™
(n = 4-11) and their neutral counterparts. In the calculations,
we have considered many different initial structures and
multiplicities. The optimized geometries of the low-lying
isomers of HC,S™ (n = 4-11) anions are showed in Fig. 3 with
the most stable ones on the left, and those of HC,S (n = 4-11)
neutrals are presented in the ESI (Fig. S2T). The symmetries,
relative energies, and theoretical VDEs and ADEs of the low-
lying isomers of HC,S™ (n = 4-11) are listed in Table 1 along
with the experimental VDEs and ADEs for comparison. All
harmonic vibrational frequencies of the most stable isomers of
HC,S (n = 4-11) neutrals are available in the ESI (Table S17). We
have also simulated the photoelectron spectra of the low-lying
isomers of HC,S™ (n = 4-11) based on theoretically general-
ized Koopmans' theorem (GKT) and compared the simulated
spectra with the experimental results in Fig. 4. For convenience,
we call the simulated spectra as density of states (DOS) spectra.
Each transition, as the vertical lines in the DOS spectra, corre-
sponds to the removal of an electron from a specific molecular

RSC Adv., 2016, 6, 78064-78072 | 78067
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Fig. 3 Geometries, electronic states, and relative energies of the low-lying isomers of HC,S™ (n = 4-11) anions.

orbital of the cluster anion. In the simulation, the first peak
associated with the HOMO was set at the position of theoretical
VDE, and the other peaks associated with the deeper orbitals
were shifted to higher binding energies side according to the
relative energies of orbitals (AE,). The values of AE, were
calculated by the equation: AE,, = Enomo) — Emomo—n), Where
Emomo) is the energy of the HOMO, Egomo-—r) is the energy of
the HOMO—n orbital from theoretical calculations. The peak
associated with each orbital was fitted with a unit-area Gaussian
function of 0.2 eV full width at half maximum (FWHM). Note,
the DOS spectra only show the transitions related to the elec-
tronic states, thus, the vibrational progressions are not dis-
played in the DOS spectra. The Franck-Condon simulations of
the vibrational progression from the electronic ground states of
HC,S™ anions to those of their neutral counterparts were con-
ducted using the ezSpectrum code*® and are displayed in the ESI
(Fig. S37).

Anionic HC,S™ (r = 4-11). As for HC,S™, the most stable
isomer (4A) is of C., symmetry with the H and S atoms locating
at two ends of the carbon chain. Isomer 4B possesses a V-
shaped CC-C-CS chain in which the central C atom interacts
with a C=C unit, a C=S unit and one H atom. Isomer 4C is an

78068 | RSC Adv., 2016, 6, 78064-78072

H-S-C-C-C-C bend structure with a bend of terminal H-S
bond. Isomers 4B and 4C are less stable than isomer 4A by 1.86
and 1.97 eV, respectively. The VDE of isomer 4A is calculated to
be 2.88 eV, very close to the experimental value (2.93 eV). As we
can see from Fig. 4, the simulated DOS spectrum of isomer 4A
fits the experimental spectrum very well. Therefore, we suggest
that isomer 4A is the most probable one detected in our
experiments.

The most stable isomer of HC5S™ (5A) is a linear structure
with a terminal H atom and a terminal S atom. Isomer 5B is an
L-shaped structure with a £~ HCC angle of 117° and a terminal S
atom. Isomer 5C has a C; chain and with the H and S atoms
both connecting the terminal C atom of the C; chain. The
theoretical VDE of isomer 5A is 2.25 eV, in good agreement with
the experimental measurement (2.15 eV). Isomers 5B and 5C are
much less stable than isomer 5A. Thus, isomers 5B and 5C can
be ruled out. In Fig. 4, the simulated DOS spectrum of isomer
5A also agrees with the experimental spectrum. Therefore,
isomer 5A is the most probable structure of the HC5S™ cluster in
our experiments.

The lowest-energy structure of HCeS™ (6A) is a Cuy
symmetric linear structure with the H and S atoms locating at

This journal is © The Royal Society of Chemistry 2016



Paper RSC Advances
00 .1i°v ' Izio' . .310. . -410- 00 .110. _ IzIol _ ‘3;0‘ . 40 00 . .1'0 .2;0. . ‘3101 ; 40 00 . |
HC,S- HCsS" HC6S' k w
4A 6A 7A
4B | 5B 6B 7B /

40 0. 0 I 1 0 2 0
Binding Energy (eV)

0.0 1.0 2.0 3.0
Binding Energy (eV)

N AU U
4.0 0.0 1.0 2.0 3.0

4.0 0.0 1.0 2.0 3.0

4.0 0.0' ; - 4.0
Binding Energy (eV) Blndlng Energy (eV)

4 0 0.0 1.0 2.0 3.0 4.0

0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0

Binding Energy (eV) Binding Energy (eV)
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(n = 4-11) with their simulated DOS spectra. The simulations were

conducted by fitting the distribution of the transition lines with unit-area Gaussian functions of 0.2 eV full width at half maximum.

two ends of the Cg chain. Isomers 6B and 6C are much less
stable than isomer 6A by 1.91 and 1.94 eV, respectively. Thus,
their existences can be excluded due to their high energies. The
theoretical VDE of isomer 6A is 3.13 eV, consistent with the
experimental value (3.19 eV). In addition, the simulated DOS

This journal is © The Royal Society of Chemistry 2016

spectrum of isomer 6A also agrees with the experimental spec-
trum in Fig. 4. Therefore, isomer 6A is the most probable
species generated in photoelectron spectroscopy experiments.
The most stable isomer of HC,S™ (7A) is a linear structure
with a terminal H atom and a terminal S atom. Isomer 7B is

RSC Adv., 2016, 6, 78064-78072 | 78069
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a nonlinear structure with a C, chain and a bend of terminal
H-C bond. Isomer 7C consists of a carbon chain of C, with the
H and S atoms both connecting to one terminal C atom of the C,
chain. Isomers 7B and 7C are higher than isomer 7A by 0.37 and
0.61 eV in energy, respectively. The calculated VDE of isomer 7A
is 2.64 eV, in accord with the experimental value (2.55 eV). As we
can see from Fig. 4, the DOS spectrum of isomer 7A can fit the
experimental spectrum very well. As a result, we suggest that
isomer 7A is the most likely structure of HC,S™ in our
experiments.

With respect to HCgS ™, the lowest-energy structure (isomer
8A) is composed of a Cg chain, a terminal H-C bond and
a terminal C=S bond. Isomer 8B contains a Cg chain with
a bend of terminal H-C bond. Isomers 8B and 8C are much less
stable than isomer 8A by 1.76 and 1.90 eV, respectively. The
calculated VDE of isomer 8A is 3.33 eV, in excellent agreement
with the experimental measurement (3.37 eV). In Fig. 4, the
simulated DOS spectrum of isomer 8A is much more similar to
the observed spectrum of HCgS™. Therefore, isomer 8A is the
most probably structure of HCgS™ detected in our experiments.
Isomers 8B and 8C can be ruled out due to their high energies.

The most stable isomer of HCoS™ (94) is a Cw, symmetric
linear structure with a terminal H atom and a terminal S atom.
Isomer 9B is composed of a Cy chain with a bend of terminal
H-C bond. Isomer 9C consists of a Cy chain and having the H
and S atoms connecting to one terminal C atom of the C, chain.
Isomers 9B and 9C are higher than isomer 9A by 0.39 and 0.84
eV, respectively. The VDE of isomer 9A is calculated to be 2.94
eV, close to the experimental result (2.84 eV). As we can see from
Fig. 4, the DOS spectrum of isomer 9A can fit the experiment
spectrum very well. Therefore, we can infer that isomer 9A is
most probable one detected in our experiments.

The most stable structure of HC;,S™ (isomer 104) is a linear
structure with a C,, chain and a terminal H-C bond and
a terminal C=S bond. Isomer 10B contains a C,, chain with
a bend of terminal H-C bond. Isomers 10B and 10C are higher
in energy than isomer 10A by 1.60 and 1.91 eV, respectively. The
theoretical VDE of isomer 10A is 3.47 eV, in excellent accord
with the experimental value (3.49 eV). In Fig. 4, the simulated
DOS spectrum of isomer 10A is much similar to the experi-
mental spectrum of HC,,S™ . Therefore, isomer 10A is the most
probable structure of HC,,S™~ detected in our experiments.

As for HC4S™, the structures of isomers 11A and 11B both
are of C., symmetry in different electronic states, in which the
H and S atoms locate at two ends of the C;; chain. Isomer 11C
consists of a triangle of C; with the H atom and linear CgS unit
connecting to the two C atoms of C; respectively. Isomers 11B
and 11C are higher than isomer 11A by 0.42 and 1.02 eV in
energy respectively, so their existence can be ruled out in our
experiments. The calculated VDE (3.17 eV) of isomer 11A is close
to the experimental value (3.05 eV). As we can see in Fig. 4, the
simulated DOS spectrum of isomer 11A can fit the experimental
spectrum very well. As a result, we suggest that isomer 11A is the
most probable one detected in our experiments.

Neutral HC,S (n = 4-11). We have also calculated the
structures of the neutral HC,S clusters and found the most
stable isomers of HC,S (n = 4-11) neutrals are all C.,
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symmetric linear configurations with the H and S atoms
locating at two ends of the C, chain (Fig. S21) while the other
isomers for each cluster are much less stable than the most
stable ones. The bond lengths of the most stable isomers of the
anionic and neutral HC,S (n = 4-11) clusters are displayed in
the ESI (Fig. S4t). It can be seen that the C=C and C=S bond
lengths are different for the anionic and neutral states. There-
fore, it is expected that the breathing-type stretch modes of the
neutrals will be excited upon detaching one electron from the
anions. For HC,S neutral, we calculated a vibrational frequency
of the breathing-type stretch mode of the carbon chain to be
1979 cm ™! (Table S2 in the ESI{). This is in good agreement with
the corresponding vibrational spacing of 2020 cm™ ' observed
experimentally in this work and the value of 2072 cm ™" calcu-
lated by Reilly et al.>* For HC,S with n = 5-11, our calculations
show that the vibrational frequencies of the breathing-type
stretch modes of the carbon chains are 1678, 1941/2144, 1725/
1952, 1905, 1746/1877, 1837/2100, and 1756/1800 cm ',
respectively (Table S2f). These values are all in reasonable
agreement with the corresponding vibrational separations of
1450, 1940, 1770, 2020, 1860, 2020, and 1770 cm ™' observed
experimentally in this work. In addition to the high frequency
vibrational modes of the carbon chains, some low frequency
vibrational modes could also be excited. However, they cannot
be resolved in our experiments due to the limited instrumental
resolution.

In summary, the most stable isomers of the anionic and
neutral HC,S (n = 4-11) clusters are all linear structures with
the H and S atoms locating at two ends of the C, chain. We have
also considered the HSC,, type of structures with the H atom
interacting with the S atom, but found their energies are much
higher than the HC,S type of structures. This is in agreement
with the previous calculations of Liu et al.*® Because the most
stable structures of HC,S (n = 4-11) neutrals are similar to those
of the corresponding anions, we can estimate the EAs of HC,,S (n
= 4-11) neutrals to be 2.93, 1.97, 3.19, 2.34, 3.37, 2.61, 3.49, and
2.82 eV respectively, based on the vibrational resolved spectra of
their corresponding anions.

3.3. Discussion

In Fig. 4, we can see from the simulated DOS spectra of HC,S™
that there is only one electronic state at the low EBE side. That
confirms that the low EBE features in the photoelectron spectra
of HC,S™ (n = 4-11) are from the vibrational structures of the
electronic ground states of HC,S neutrals instead of the
different electronic states.

In Fig. 1 and 2, we can see that the spectral features of HC,S™
with even-n are much sharper than those of HC,S™ with odd-n,
indicating that the structure differences between the anion and
neutral for HC,S with even-n is relatively smaller than those of
odd-n. For example, the C=S bond of HC,S™ anion is longer
than that of HC,S neutral by 0.047 A while the C=S bond of
HC;5S™ anion is longer than that of HC5S neutral by 0.060 A. In
addition, the changes of the C=C bond lengths between HC,S™
and HC,S are in the range of 0.004-0.013 A, much smaller than
those (0.015-0.037 A) between HC5S ™~ and HC;S (Fig. S4t). Fig. 5
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Fig. 5 Experimental and theoretical VDEs of HC,S™ (n = 4-11) versus
n, the number of carbon atoms.

shows the change of experimental and theoretical VDEs versus
the number of carbon atoms. It can see that the calculated VDEs
are in excellent agreement with the experimental VDEs. The
VDEs of the HC,S™ (n = 4-11) clusters exhibit the strong odd-
even alternation: the VDEs of even-n clusters are higher than
those of adjacent odd-n clusters. For HC,S™ (n = 4-11) in both
odd and even series, the VDEs increase with increasing n. It is
worth mentioning that this odd-even alternation of the VDEs
for HC,S™ is similar to that observed for C,,S”.** The odd-even
alternation of the VDEs of HC,S™ can also be explained by their
electronic configurations. The ground state of HC,S neutral has
an electronic configuration ©* and the formation of a HC,S™
anion produces a close-shell electronic configuration 7* with
a '=" electronic ground state; while the ground state of HCsS
neutral has an electronic configuration 7" and the formation of
a HCsS™ anion produces an open-shell electronic configuration
m* with a ®=~ electronic ground state. Therefore, the electron
affinity of HC,S neutral is higher than that of HC5S neutral.
Based on the discussion above, we can infer that the VDEs of
HC,S™ with even n are higher than those of adjacent HC,,S~ with
odd n because the even-numbered HC,S~ have close-shell
electronic configurations with fully-occupied m-orbitals while
the odd-numbered HC,S™ have open-shell electronic configu-
rations. This odd-even alternation is also in agreement with the
observed mass peak pattern for HC,S™ (Fig. S5 in the ESI{): the
mass peak intensities of HC,S~ with even n are stronger than
those of HC,,S™ with odd n.

It would be interesting to compare the structures of the HC,S
clusters with those of the isovalent HC,O clusters which were
investigated in the literature.*”~** HC,O is reported to have bent
planar geometries with a ZHCC angle of ~160°,* which is
different from the linear structure of HC,S. The most stable
structures of the neutral HC,,O (n = 5-7) clusters reported in the
literature** are similar to those of the corresponding neutral
HC,S (n = 5-7), which all have linear structures with the H and
O/S atoms locating at two ends of the C,, chain. The structural
difference between HC,O and HC,S is probably because HC,O
is subjected to a strong Renner-Teller interaction, resulting in
a complete quenching of the orbital angular momentum in
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a nonlinear molecular structure. The HC,,O with n = 5-7 are all
linear structures, which is because the Renner-Teller interac-
tions are fairly weak and their orbital angular momentums are
not quenched.*

4. Conclusions

HC,S™ (n = 4-11) cluster anions were investigated with anion
photoelectron spectroscopy. Their VDEs exhibit a strong odd-
even alternation with increasing number of carbon atoms. We
observed the partially resolved vibrational progressions of the
HC,S™ (n = 4-11) clusters. The structures of these cluster
anions and their corresponding neutrals were also studied by
DFT calculations. We found that the most stable isomers of the
anionic and neutral HC,S (n = 4-11) clusters are all linear
structures with the H and S atoms locating at two ends of the
carbon chain. We obtained the EAs of HC,S (n = 4-11) neutrals
based on the partially resolved vibrational spectra of HC,S™ (n =
4-11).
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