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Abstract

The products of a CShydrocarbon discharge are elucidated through a combination of mass spectrometry and laser spectroscopy. Sulfur
containing species are identified and their structures proposed using spectroscopic considerations. The resonant 2-color 2-photon ionization
ATl « X2IT spectrum of HGS is presented, confirming previous non-mass selective identification. The origin band ithe-AX?I1
transitions of HGS and HG,S were measured at 14838.4(1) and 13333.7(5) &ipcavity ringdown spectroscopy. The near linear relationship
of absorption wavelength and chain length characterizes these species as molecular nanowires exhibiting cumulenic bonding. From these date
HC,,S is estimated to absorb at 8206 nm.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the sulfur terminated carbon chains can absorb strongly and
may be considered as candidate carriers of the diffuse in-
Sulfur-bearing conjugated carbon systems are of interestterstellar bands. Confirmation as carriers of diffuse inter-
to many fields of scientific enquiry ranging from molecular stellar bands can only come from a direct comparison with
electronics to astrophysics. As molecular electronic devices gas-phase optical laboratory spectra. As sulfur-bearing car-
they are invoked due to the propensity of the sulfur terminal bon chains such as,S and HGS are radicals, they must
to bond to a gold surfacg]. Single sulfur-bearing conju-  be produced as transient species. This is usually performed
gated molecules have been placed between gold electrodewith a sulfur-seeded hydrocarbon discharge.
with voltages applied between them, thereby allowing the  Such discharges have been utilized to produce laser-
measurement of current passing through a single moleculeinduced fluorescence spectra of the transient specieg$C
[2]. The current—voltage characteristics observed depends(n = 1-3) and the SCCSanion[8-11], and pure rotational
critically upon the electronic structure of the bridging spectraof HES (z = 2-8)[12,13]and G,;S (» = 4-9)[14].
sulfur-bearing conjugated carbon systfgh Despite the importance of this discharge system for the pro-
It is known that sulfur plays an important part in the duction of sulfur-bearing species relevant to astrophysics, it
chemistry of the interstellar mediup]. Sulfur-bearing car-  has never been studied by a mass-selective technique.
bon chains such as3zS and GS have been discovered in The paper is arranged as follows. Thexf5H; discharge
space by rotational spectroscof7]. Sulfur heteroatoms  is analyzed by time-of-flight (TOF) mass spectrometry. The
terminating carbon chains cause strong polarization of the sulfur-bearing species are identified and structures are pro-
w-electron cloud and increases the oscillator strength of its posed. Mass-selective resonant 2-colour 2-photon ionization
electronic transitions. As such, despite the lower abundance(R2C2PI) spectroscopy is used to confirm the previous as-
of sulfur in the interstellar medium as compared to carbon, signment of the optical spectrum of HE by laser-induced
fluorescence spectroscoff0]. The origin bands of HES
mpon ding author. Tel+41-61-267-38-07: and HQOS and their deuterated.ana}logs are presented for
fax: +41-61-267-38-55 the first time, measured by cavity ringdown spectroscopy
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combined to provide a diagnosis of the chemistry taking aged ringdown time as a function of the laser frequency,

place in the C&C4H> discharge. calibrated by a wavemeter.
2. Experiment 3. Ab initio calculations
2.1. R2C2PI TOF spectroscopy Quantum chemical calculations were performed using the

GAMESS computational packad&7]. The basis set em-

The R2C2PI TOF experimental set-up has been describedployed for all calculations was the double-zeta basis of Dun-
elsewherg[15]. It consisted of a molecular beam coupled ning and Hay{18]. Ground state equilibrium geometries of
to a linear TOF mass analyzer. The source used to produceHC,S (» = 2—6) were calculated at the multi-configuration
sulfur-bearing carbon chains was a pulsed valve coupledquasi-degenerate perturbation theory (MCQDPT) level of
to an electric discharge. A gas mixture pulse of 0.5% of theory[19] with a minimal self-consistent field (SCF) refer-
butadiyne (HCCCCH) in Ar (backing pressure 8bar) was ence wavefunction. Single point calculations for the neutral
passed through an ice-cooled reservoir ohb @8d subse-  HC,S species and their ions were then performed by MC-
quently expanded through the ceramic body of the source.QDPT using SCF and multi-configuration self-consistent
A high voltage pulse (600-900 V) from a home-built pulse field (MCSCF) reference wavefunctions. The latter calcula-
generator was applied between the electrodes placed eithetions were performed with a complete active space compris-
side of the ceramic spacer. The emerging beam enteredng six orbitals with five electrons fat = 3, 5 and seven
the ionization region through a 2 mm skimmer. The neutral electrons fom = 2, 4, 6. Estimates of the vertical ioniza-
molecules were then ionized and the ions extracted in ation potentials (IPs) of these species were made by taking
two-stage acceleration setup towards a multichannel platethe difference between the energy of the neutral and ionic
detector. The signal from the detector was fed into an oscillo- species at the same level of theory.
scope after pre-amplification and transferred to a computer.

R2C2PI spectra were recorded in the near UV and visi-
ble range. Excitation photons in the UV range came from 4. Results and discussion
the frequency doubled output of a dye laser (bandwidth
0.1cn ) pumped by the second harmonic of a Nd:YAG 4.1. Mass spectrometry
laser. Visible photons were produced by an excimer pumped
dye laser. The ionizing photons at 157 nm were produced Time-of-flight mass spectra recorded at ionization wave-
by an F, excimer laser with the energy of a few mJ/pulse. lengths of 157 and 193nm are presentedFig. 1 The
Photons of wavelength 193 nm were produced by an ArF 57 nm spectrum exhibits many more peaks than the 193 nm
excimer laser with pulse energies of 100 mJ. The excitation spectrum. This is a reflection of the number of species
laser was anticollinear while the excimer laser was perpen-produced in the discharge for which the IP is lower than
dicular to the molecular beam. Since the laser beams werethe photon energy. While the energy of a 193nm photon
unfocussed, multiphoton transitions were not expected. is quite low (6.4 eV), it is sufficient to ionize thexC 1Hs

2.2. CRD spectroscopy

The experiment is composed of a cavity ringdown (CRD)

. . 193 nm
spectrometer sampling a supersonic planar plasma. The
plasma was generated by a discharge through a gas pulse
(—600V, 30Hz repetition rate) of a premixed precursor * N L e b s

gas passing through a 3 «t800p.m multilayer slit nozzle R B B S T B e
(backing pressure 10 bar). For production of ¢8qDGgS) BB T 891 T 916 AT
a 0.5% GHy (and/or GD2) with 0.1% C$ mixture in
argon was used while for production of K¢S (DCpoS),
CoH> was substituted by 0.4%4El> (and/or GD>). Rota-
tional temperatures of the order of 20—40 K were routinely
achieved. The nozzle was mounted in an optical cavity
where the expansion was intersected approximately 2mm ____*»—~_~ ~
downstream by the pulsed beam of a tunable dye laserss 45 57 & 81 9 105 17 129 141 153 165 177
(resolution 0.15cm?). The light leaking out of the cavity
was detected with a photodiode, the resulting ringdown

event being used as input for standard ringdown analysisrig. 1. Typical mass spectra from a £6,H, discharge at two ionization
[16]. The spectra were recorded by determining an aver- wavelengths. Peaks determined to be sulfur-bearing are marked with **

157 nm

mass (amu)
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Table 1 LULLLLLLLLLLULLLLL, sttt
Selected mass peaks observed in the/Cg8H,/Ar discharge irradiated
with either 193 or 157 nm i — a—

P IP
Mass Molecular formula — LUMO LUMO —
40 Ar _ + _ __f__ HOMO HOMO —f‘—— ——?——
44 Cs
15 s H H
50 HCCCCH
64 S +H - H
69 HCcces
74 HGH HC H HC,,, S
87 CHs 2ntl 2n
93 Hcccees
9 H2CCCCCSH UL, LU,
111 GHs
117 HCcccceees
119 H,CCCCCCCSH
135 GiHs P —_— — LuMO — 1P
143 H,CCCCCCCCCSH oo nowo
167 H.,ccccccccceesH | L T o T wo 4= —

Sulfur-bearing carbon chains are emboldened. The formulae ascribed to

- +
masses 95, 119, 143 and 167 are tentative and are discussed in the text. _H_ _H_ _H_ _H_

series[20] which dominates the mass spectrum. The struc- A=+ A=A A=t A=A

ture_ o_f these species has not bee_n unambiguously identi_fied HC,,H HC),+1S
yet it is probable that they comprise a three-membered ring
which possesses aromatic stability in its ionic form. While Fig. 2. A cartoon description of the electronic ground states of,HIC
the intensity of the 193 nm radiation was two orders of and HGS. Indicated is the IP and, the projection of orbital angular
magnitude larger than that of the 157 nm beam, the |argemomentum onto the molecular axis. It is seen that the,HES species
ks in th t t beli dt T f possess electrons occupying orbitals above the Fermi level (dotted line) of

peaxs in e m_ass_ Spectrum are not believed o arise _romthe corresponding all-carbom-system (HG,H). This accounts for these
two-photon ionization. Some of the smaller peaks (certainly species’ low IPs.
mass 40, AT) derive from ionization of molecules trapped
in long lived metastable states. ) )

Variation of the concentration of GSn the discharge 8.5 eV, as discussed below. The results of quantum chemical
made it possible to determine the sulfur containing species. calculations are presented fiig. 3. Overall, the calculated
Assignments of prominent peaks to molecular formulae are Values seem low, yet all levels of theory are in agreement
given inTable 1 On increasing the ionization photon energy With respect to the odd—even alternation.
from 6.4 eV (193 nm) to 7.9 eV (157 nm), many more species The second series, 14 mass units heavier, commences at
are observed. Two notable series are the,HgS (1 = 1-3) 95 a.m.u., which woglq correspond to a molec_ule of for-
chains and another 14 mass units heavier. mula GH3S. The addition of CHto the HG,S chains may

The appearance of the HC.1S series as strong peaks result in methyl-terminated chains. It has been shown that
under irradiation at 7.9eV suggests quite low IPs. This
is predicted by ab initio calculations and may be justified . . . . .

by invoking simple Hickel considerations. The terminal ZZZ A
sulfur atom is capable of taking part in thebonding net- S g5 | 1
work. As such, after taking account of one electron for the = oo ] 1
sigma-bond to its neighbouring carbon atom, and two elec- % 775 ] ]
trons for a lone pair, this leaves three electrons to allocate 2 7504 ]
to the delocalizedr-system. Because the-system is more B 725 ] ]
than half filled for odd numbers of carbon atoms, the IP will S 7.00] -
be low (seeFig. 2. However, since the peaks are not ob- 6.75 ]
served in the 193 nm mass spectrum, the IPs of these chains 6.50 ]
must lie above 6.4 eV. This situation does not arise for the 2 3 4 5 6
HC,,S chains. Since HS was not observed strongly in number of carbon atoms

the spectrum presented kig. 1, it is supposed that the , _ ,
IP of this species lies above 7.9eV. Since the excitation Fig. 3. The calculated vertical IPs for the K€ (» = 2—6) carbon chains.
p : ) MCQDPT values are given as open symbols and those of MCSCF as filled

spectrum of HGS was measured by R2C2PI spectroscopy ones. The SCF (squares) and (5, 7/6) MCSCF reference wavefunctions
utilizing 193 nm as the ionizing laser, its IP must lie below (triangles) both indicate odd—even alternation of IPs as justified in the text.
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methyl substitution for a hydrogen is prevalent in a hydro- the intensity of this wavelength was about two orders of
carbon dischargf1]. However, in this case the pattern of magnitude weaker than that at 193 nm and in this case not
substitution seems unlikely. While the peak corresponding intense enough to produce observable signal. (The spectrum
to C7H3S could be caused by GBsS, this species should of HCgS utilizing 157 nm as the ionizing wavelength has
have an IP and excitation spectrum similar to the unsubsti- been subsequently observed in our laboratory.)
tuted species, HES. As will be shown below, such a spec- A search for HGS using R2C2PI spectroscopy was un-
trum is not observed. In order to have low IPs, similar to the successful. Utilization of 193 nm as the ionizing wavelength
HCy,+1S series, ther-system must contain an even number while exciting HGS around 677 nm produces a combined
of atoms (including the-S moiety). Moving one hydrogen photon energy of 8.26 eV. It is possible that the IP ofg3C
from the methyl group of CkLCy,S to the sulfur terminal, lies above this value, yet it should lie below 8.5 eV (the up-
results in species of formulaj€y,;1SH, which will behave per limit for HGgS) assuming the normal trend of IP to de-
in a similar way to the Hg;, 1S series with respectto IP. The crease with chain length. The non-observation is suggested
structurally similar cumulenethiones8,S (» = 4-7) have to be caused by a short lifetime=ps) in the upper state.
been observed by rotational spectroscfi®)], but were not Observation of HES was also unsuccessful using 157 nm,
observed by mass spectrometry of the discharge source. for the reasons outlined above.

In addition to the species discussed above, numerous oth- Also observed by 2-colour and 1-colour ionization spec-
ers were observed. Those easily identifiable by their R2ZC2PItroscopy in this discharge were the,CS, CCS and €

spectra included CS, HCS, SCCS and Ca molecules. The B2~ « X3x%~ spectrum of CCS was mea-
sured for the first time in the gas phase, following the identi-
4.2. |onization spectroscopy fication of the band system in a neon maf{®]. However,

rotational profiles were not obtained, and thus a test of the

The mass spectrometry detailed above was used as a toopredicted bond lengths was not possible.
to tune the discharge conditions to produce desired carbon Since the peak in the mass spectrum for mass 119 was
chain speciesFig. 4 shows the origin band and one hot observed to be strong, it is assumed that the molecule re-
band of HGS. The mass-selective measurement of this band sponsible for this peak is abundant in the discharge. Were
confirms the observation of this species by laser-induced this molecule to be a methyl-substituted version ofglSC
fluorescencg10]. One new band of this molecule was ob- namely CHCgS, then one would expect to have observed
tained 782.9 cm! to lower energies than the origin. Theg a R2C2PI spectrum under the same conditions as that for
stretch is observed to be around 500¢nin these HG,S which HGsS was observed. The negative result and obser-
specieg8-10], yet as high as 863 cnt for CCS. Since the  Vvation of low IPs for the HCz,,1S series suggests an alter-
C=S stretches in the ground states of similar molecules lie native identity for this series as discussedsiction 4.1
much lower than the 782.9 cth energy difference observed
here, the band is assigned as a hotband starting from doublet.3. Cavity ringdown spectroscopy
excitation of a bending mode in the ground state.

The spectrum of HES was obtained readily utilizing Fig. 5 shows the measured origin bands of ¢8Cand
193nm as the ionizing wavelength. This places the IP DCgS measured by CRDS. The origin position of 82
of HCgS below 8.5eV. Despite 157 nm photons being

energetic enough to ionize electronically excited §3C Lo
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Fig. 5. The origin band of HgS (left) and DGS (right) measured by
Fig. 4. Bands of HES measured by R2C2PI spectroscopy. The CRDS. The origin of HgS lies 80cm?! to the blue of the prediction
mass-selective measurement confirms the identification by LIF spec- in Ref. [5], based on a linear relationship of the absorption wavelength
troscopy (Ref.[10]). The hotband 782.9cnt to the red is assigned to and chain length. Simulations were performed using the spectroscopic

doubly excited bending in the ground stat‘g)(s constants listed imable 2
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Fig. 6. Origin bands of H&S (left) and DGoeS (right) measured by Fig. 7. A plot of the origin band wavelength of the WG series as a

CRDS. From the broadening of the bands the excited state lifetime is fynction of the number of carbon atoms in the chaim, Phe relationship

estimated to be about 2.6 ps. is remarkably linear, a reflection of the cumulenic bonding in these
systems. A quadratic fit to the points measured foe 2-5 yields an
estimate for the absorption position of IS of 820 nm.

14838.4 crml, is only 80 cnt? to the blue of that predicted
by a linear relationship between chain length and origin
wavelength, extrapolated from the smaller speciesp$IC
HC4S, and HGS[9,10]. The slight deviation from linearity
is continued for HgeS and its deuterated analog, BS.
The broad spectra of these species are showign6é. The
origin positions of HGeS and DGS cannot be estimated
better than the laser resolution (0.15¢Hh due to the se-
vere lifetime broadening. Spectroscopic constants fog$C
DCgS, HCG oS and DGoS are given inTable 2

The strongly linear relationship between absorption
wavelength and chain size is a reflection of the cumu-
lenic bonding structure in the HS species induced by
the carbon—sulfur double bond. The bonding pattern was
confirmed by the quantum chemical calculations described
above. This relationship is also seen in thgHC an-
ions [23], where one end of the chain exhibits cumulenic
bonding which merges smoothly to acetylenic character
on moving to the terminal hydrogen. It is this acetylenic

character, induced at the hydrogen terminal, which explains
(at the Huckel level of theory) the deviation from linearity.

It has been shown that for the long carbon chainsgH{Z

the relationship between chain length and absorption wave-
length is strongly non-lineafl5]. As the near-linear rela-
tionship is expected to continue, a prediction can be made
for the origin position of HE;S. Based on the present
data (making a small correction due to non-linearity),
this species is expected to absorb at &®&nm. (See
Fig. 7.)

The shift in origin band position upon deuterium substitu-
tion is caused by the difference in zero-point energies in the
ground and excited states. This is 23¢hto higher ener-
gies for HGS and 17 cm? for HC10S. This compares with
35cnt ! for HCS and 54 cm? for HC4S. The decreasing
deuterium shift upon increasing the chain size reflects the
decreasing effect that the electronic excitation has on the
vibrational modes involving motion of the hydrogen (deu-

terium) moiety. With this in mind, it is expected that the
Table 2 . .. A 1
The origins and the effective rotational constants (iméyrof the vibronic origin band position of DS will lie about 12.cm™ to the

bands of the HES and HGgS radicals, and their deuterated analogs blue of the HG,S band position.
It has been noted that the excited state lifetimes of

T, B" B A . e . ;
° Ahso the HG,S series decrease with increasing chain length.
HCeS 14838.4(1)  0.00938 0.00954(2) 0.7 Laser-induced fluorescence work has estimated the lifetimes
38838 1322;?8 g'ggggf% 8'88222% g; of HC4S and HGS to be 30ns and 270 ps, respectively
10 . . . . e .
DCioS  13350.8(5)  0.00541@Y  0.00535(5) 2.5 [9,10]. The lifetime of HGS is thus expected to be shorter

still. Due to lack of resolution, the lifetime could not be
Spin orbit constants are in the vicinity of 25ch Only the change in estimated from the spectrum displayedl—“i'rg. 5 The line
Aso could be determined accurately by the fitting procedure. . . .
2 Previously determined by microwave Spectroscéis]. width qsed in the simulated sp_ectra was that pf the laser
b Rotational constants in the excited state were extrapolated using the '€Solution used, 0.15 cm. If the lifetime broadening is no
rotational constant rati®” /B’ of HCsS and HGS. Reported errors were ~ more than this order of magnitude, a conservative lower
estimated during the fitting procedure. limit for the lifetime can be made of 70 ps. From spectral

¢The rotational constants of the deuterated species in the ground statesimu|ati0n, the lifetime of the AT excited state of HGS

were calculated according to the assumption that the structure of deuterated . . e
species is unchanged upon isotopic substitution. Is estimated to be 2.6 ps. Short excited state lifetimes have

dThe rotational constant of HGS in the ground state was estimated IMplications f(_)r selecting the energy of the second photon
under consideration of increasing chain length. when measuring R2C2PI spectra.
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