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Cumulenic polycarbons SCnS (n ) 2-27) were generated by laser ablation of mixtures of elemental carbon
and sulfur. The resulting molecules were analyzed in a time-of-flight mass spectrometer. The spectra exhibited
ideal odd/even intensity alternation attributed to their relative stability and the formation mechanism of the
clusters. The structures and energies of the neutral and charged carbon chains capped with two sulfur atoms
were also studied by density functional theory. The computational results were consistent with the experimental
observations. Evidence of sulfur poisoning of fullerene formation was observed and explained in terms of
one of the existing models for fullerene formation and growth.

I. Introduction

Cumulenic polycarbons and polycarbons terminated by het-
eroatoms are of particular interest because of their involvement
in the chemistry of the diffuse interstellar medium1,2 as well as
their extraordinary electrical properties.3 XCn and XCnX chain-
like molecules have been studied via interstellar band spectra,
by means of computational chemistry, and have been synthe-
sized and characterized in the laboratory.

In general, due to their high reactivity, bare carbon chains
are readily terminated by a wide variety of atoms and groups
of atoms.4 Capping heteroelements have been reported to include
B, Al, P, As, Bi,5 Ge,6 and, additionally, atoms of the transition
metals: Ti, Zr, V, Cr, W, Fe, and Ni.7 Recently, Ball et al.
have reported cavity ring down spectroscopy detection of linear
odd-numbered HCnH molecules obtained by supersonic expan-
sion of a dilute mixture of diacetylene in argon through a pulsed
discharge nozzle.8 It has also been shown that tangible amounts
of NCnN molecules could be produced9,10 and used as reagents
in organic synthesis.11

Group VIa elements are particularly efficient capping
agents.12-14 Small even- and odd-numbered polycarbon disul-
fides SCnS (n ) 2-6) were generated using electron impact
ionization of 2H,5H,8H-benzo[1,2-d:3,4-d′:5,6-d′′]tri(1,3-dithiol)-
2,5,8-trion and studied by collisional activation.15 Small (n )
1-5) asymmetric and symmetric carbon sulfur clusters have
been produced in an argon matrix. For these clusters, absorption
spectra were recorded and the chemical nature of the absorbing
species was identified using computed frequencies of structurally
optimized linear clusters.16 Longer chain SCnS+ and SCnS-

clusters were generated and detected in a TOF mass spectrom-
eter.17

Typically in cluster experiments, spectroscopic identification
is combined with a computational approach. Thus, there have
been previous theoretical reports of the properties of such
molecules.18,19Recently, our group has described the results of
a DFT study of long (n e 16) CnS anionic and cationic
clusters.20 Continuing our previous work, here we report the

results of a combined experimental and theoretical study of SCnS
clusters that include up to 27 carbon atoms.

II. Experimental Details

The polycarbon mono- and disulfide chains were generated
in a time-of-flight mass spectrometer by laser ablation using a
Nd:YAG laser (Spectra Physics DCR-11) operated at the
fundamental (1064 nm) and the second (532 nm) harmonic in
the Q-switched (∼7 ns pulse) regime with a repetition rate of
10 Hz. The laser beam was focused onto the target with a 50
cm focal length quartz lens to provide combined fluences of
up to 4.5 J cm-2. Various molar ratio mixtures of graphite (Alfa
Aesar) and sulfur (Mallinckrodt) powders were employed as
ablation targets. Targets of both packed pellets and gently
pressed powder mixtures were employed. Mass spectra were
independent of the sample preparation technique. Postgeneration,
the clusters spatially spread toward the extraction and accelera-
tion regions. Application of the extracting and accelerating high-
voltage pulses, delayed by 55 or 80 ms, provided improved
detection of smaller or larger species, respectively. At the exit
of the acceleration region, all positively charged clusters have
750 eV kinetic energy and travel toward the detector through a
2.28 m field-free flight tube. Species of different masses are
discriminated by their respective times-of-flight and detected
by a Channeltron electron multiplier (Galileo Electro Optics).
Signals from the detector are averaged over 2000 sweeps and
processed in a PC. The base pressures in the ablation and
detection regions were approximately 1× 10-6 Torr. The
working pressure in the ablation region was higher but never
out of the 10-6 Torr range. The working pressure in the detection
region was essentially unchanged.

For analysis of neutral clusters, an electron gun was employed
to ionize the neutral species remaining in the plasma after a
suitable delay that allowed plasma cooling. The electron gun
was oriented to eject electrons in the direction perpendicular to
the cluster flow as the ablated material exits the target region
(Figure 1). To prevent deflection of the laser-produced positive
clusters by the outer grid of the electron gun, the normal polarity
of the system was reversed. The grid was grounded and a
negative 50-200 V potential was applied to the electron gun
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filament to provide the repulsive field needed to direct the
electrons toward the clusters.

III. Theoretical Calculations

All DFT calculations, at the B3LYP level of theory with the
6-311G** basis set, were performed using the GAUSSIAN 98
suite of programs.21 Single-point calculations at the same level
of theory were performed at the optimized neutral cluster
geometries in order to find vertical ionization energies and
electron affinities of the neutral species. Adiabatic properties
were obtained using optimized geometries to calculate total
energies for both the ionic and neutral clusters.

IV. Results and Discussion

Experimental Results.Figure 2a and b presents TOF mass
spectra obtained by direct laser vaporization, using the combined
1064 and 532 nm beams, of a 2:1 (carbon to sulfur) molar
mixture with two different values of delay time. All spectra
exhibit signals from three species of clusters: Sn

+, CSn
+, and

SCnS+. The mass peaks corresponding to 160 and 256 amu have
the largest intensities because they represent the sum of two
contributions to the overall signal: C8S2

+ plus S5
+ and C16S2

+

plus S8
+, respectively. The sulfur magic numbers, 5 and 8 for

both positive and neutral sulfur clusters, are well-known from
experiment and theory.22,23Apart from the double-contribution
case, the signals from the mono- and disulfides exhibit alternat-
ing intensities arising from the odd- and even-carbon clusters.
Unless otherwise noted, these signals result from direct produc-
tion of ions in the plasma by laser irradiation.

CnS+. In the spectrum obtained at a delay time of 55µs
(Figure 2a), the three peaks from C3S+, C4S+, and C5S+

represent the only mass peaks from this family of clusters.
Among the three, the C4S+ mass peak is approximately four
times less intense than its neighboring family members. Com-
monly, such an intensity alternation is assumed to be indicative
of the relative abundance of the corresponding species from
the ablated material in the microplasma and, therefore, of the
relative stability.16,18 In keeping with this interpretation, we
conclude that the odd-carbon molecular ions of this series are
favored.

SCnS+. The intensity alternation for disulfides is opposite that
observed for the monosulfides (Figure 2a and b). In the mass
spectrum, clusters with an even number of carbon atoms
demonstrate larger intensities than their odd-numbered neigh-
bors. We have carried out a complementary experiment to study
the abundances of neutral clusters in the cloud traveling from
the source toward the extraction region. Soft electron impact
ionization, 50-200 eV, of neutral species allowed us to probe
the distribution of these clusters. Even-carbon peak intensities

in the time-of-flight mass spectra rapidly increase as the voltage
is increased from 50 V, but the peak intensities plateau very
quickly. Peak ratios then remain unchanged as the electron
energy is further increased to 200 V. Above 200 V, the field
from the electron gun distorts the TOF spectrum. Comparing
the two mass spectra in parts b and c of Figure 2, one can
observe the net change in the relative intensities due to the
ionization of neutral clusters. The overall intensity pattern is
visibly altered in Figure 2c, with the intensities of peaks
corresponding to clusters havingn + 1 (n is any even value
from 2 to 10) increasing significantly from the corresponding
intensities in Figure 2a and b.

An interesting observation from any of the spectra shown in
Figure 2 relates to the formation of fullerenes. In our apparatus,
during the ablation of pure carbon, we observe strong signals
from C60 and C70 at 160 and 173µs TOF, respectively, as well
as signals from other fullerenes Cn, wheren ) 34-120 (∆n )
2). The mass spectra of graphite mixed with sulfur exhibit no
fullerene signal at any flight time; see for example Figure 2b.
Fullerene formation is completely poisoned in the presence of
sulfur.

Computational Results.In the computational portion of this
work, we have determined the optimized geometries and
energies of SCnS neutral clusters as well as the corresponding
anionic and cationic forms. The electronic ground state of the
neutral clusters with an even number of carbon atoms is3Σ,
and for those with an odd number of carbon atoms, it is1Σ. All
charged forms have a2Π electronic ground state. Here, we report
the bond lengths, Mulliken charge distributions, and atomization
energies of only the neutral SCnS clusters up ton ) 18 (Table
1). (Data for the optimized geometries of the positively and
negatively charged forms of polycarbon disulfides are available
directly from the authors.) The sulfur-carbon bond length is
in the range 1.560-1.570 Å and is consistent with the accepted
sulfur-carbon double-bond length. The carbon-carbon bond
lies in the 1.272-1.286 Å range, indicating cumulenic behavior,
which is more pronounced in odd-numbered clusters. As in the
case of the CnS clusters,20 sulfur atoms carry the positive charge,
whereas the negative charge is distributed along the chain of
carbon atoms for those clusters with seven or fewer carbon
atoms. Larger clusters include carbon atoms that also carry
positive charge. Since the clusters are symmetric, the molecules
do not have a permanent dipole moment. The only available
comparison point for the calculated atomization energies is the
published value24 for CS2. Our calculated result, 11.71 eV, is
in excellent agreement with the accepted value, 11.73 eV.

For the SCnS+ clusters, the carbon-sulfur bond length is in
the range of 1.546-1.559 Å, shorter than that in the corre-
sponding neutral clusters. The carbon chain length (cluster length
minus the distance of the carbon-sulfur bonds), however, is
slightly elongated in small clusters and approximately unchanged
in longer molecules. The SCnS- clusters exhibit longer carbon-
sulfur bonds in comparison to those of the neutral clusters,
1.595-1.644 Å, while the carbon chain length is increased over
those of the neutral molecules. The behavior of the carbon-
sulfur bond lengths and carbon chain lengths as a function of
net cluster charge may be understood with the help of the
relevant molecular orbitals (Figure 3). Because the even-
numbered neutral clusters have a triplet ground state, the HOMO
must be considered both for ionization and electron addition.
The antibonding character (of what is nominally a nonbonding
component) between the carbon and sulfur atoms in the overall
bonding HOMO(Figure 3a) explains the bond elongation when
an electron is added to the neutral cluster and the bond

Figure 1. Electron gun-sample configuration.Uacc is the electron
acceleration potential.
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Figure 2. Mass spectra of the 2:1 mixture of carbon and sulfur powder at delay times of 55µs (a), 80µs (b), and 80µs with the electron gun (c).
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shortening when a cation is formed. The electron is added into
or removed from this orbital in which the sulfur atomic orbital

with nonbonding electrons plays a major role. In the case of
the odd-numbered neutral clusters, which are singlets, the

TABLE 1: Optimized Geometry and Mulliken Charge Distribution for Neutral SC nS Clusters

TABLE 2: Incremental Atomization Energies, Ionization Energies, and Electron Affinities for SCnS Clusters

SCnS incremental atomization energy, eV ionization energy, eV electron affinity, eV

n neutral cation anion adiabatic IE vertical IE adiabatic EA vertical EA

1 10.13 10.13 0.14 -0.04
2 5.06 6.55 7.19 8.64 8.79 2.26 2.09
3 7.34 6.87 6.41 9.11 9.14 1.33 1.18
4 5.48 6.49 6.87 8.11 8.27 2.71 2.54
5 7.06 6.68 6.38 8.49 8.53 2.03 1.91
6 5.70 6.45 6.69 7.74 7.90 3.03 2.86
7 6.89 6.57 6.36 8.06 8.11 2.50 2.39
8 5.83 6.42 6.60 7.47 7.63 3.27 3.11
9 6.78 6.51 6.35 7.74 7.79 2.84 2.74
10 5.93 6.41 6.54 7.26 7.41 3.46 3.30
11 6.70 6.47 6.34 7.49 7.54 3.10 3.01
12 6.00 6.40 6.51 7.09 7.24 3.61 3.46
13 6.64 6.44 6.33 7.29 7.34 3.31 3.22
14 6.05 6.39 6.48 6.95 7.10 3.74 3.59
15 6.59 6.42 6.32 7.12 7.17 3.48 3.40
16 6.09 6.39 6.47 6.83 6.98 3.85 3.70
17 6.55 6.40 6.32 6.98 7.02 3.62 3.54
18 6.13 6.38 6.46 6.72 6.87 3.95 3.80
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LUMO must be examined in the formation of the anion and
the HOMO for the ionization process. Both the HOMO and
the LUMO have antibonding character along the carbon-sulfur
bond, as described for the even-numbered clusters (Figure 3b
and c), and thus, the same behavior with respect to electron
addition or ionization is expected of the carbon-sulfur bond in
the odd-numbered clusters as in the even-numbered ones. The
sulfur atomic orbital contribution to both the HOMO and LUMO
is very large.

Single-point energy calculations for the positively and
negatively charged species, at the optimized geometry of the
neutral clusters, were performed to compute vertical ionization
energies and electron affinities for all SCnS clusters. The
corresponding adiabatic values were obtained as the differences
between the energies of optimized, or relaxed, charged and
neutral structures. The electron affinities, as usual, are reported
as the negative of the energy change that occurs for the SCnS
+ e- f SCnS- vertical and adiabatic processes. The electron
affinities of even-numbered clusters are energetically lower
because the addition of an electron to theπ-orbital having two
unpaired electrons is more favorable than placing an electron
in the next highest energy vacant orbital, as is required for the
odd carbon clusters. The negative vertical electron affinity for
the SCS cluster indicates that its anion is not stable. The
summarized data, including incremental atomization energies,
ionization energies, and electron affinities, are presented in Table
2. Incremental atomization energies were calculated in the
standard fashion from the atomization energy differences,
∆E(SCnS) ) Ε(SCnS) - E(SCn-1S), for ions and neutrals.
Figure 4 graphically shows how these properties vary with the
number of carbon atoms.

The formation of the doubly sulfur terminated carbon chains
appears to be a favored process. If one assumes that the
monosulfide chains are formed rapidly, the termination of the
chain growth by the addition of a second sulfur atom may be a
controlling process in the yields of the respective ions. The
capping of the monosulfide clusters, CnS and CnS+, after carbon
chain propagation could result from any of three different
processes:

The three reaction channels were treated computationally. These
calculations employed the energies of the CnS reactants from
our previous work.20 Reaction energies for the three possible
channels for the chain termination were determined, as shown
in Figure 5.

Discussion. In our previous theoretical work,20 we have
computed the properties of optimized linear CnS and CnS+

clusters. The calculated ground-state incremental atomization
energies of the positive and neutral clusters with an even number
of carbon atoms were shown to be lower than the atomization
energies of those with an odd number of carbon atoms. The
latter were characterized as more stable, in agreement with the
experiments for CnS and CnS+ reported here.

Figure 3. (a) HOMO-R orbital of the SC6S cluster; (b) HOMO-R
orbital of the SC7S cluster; (c) LUMO-R orbital of the SC7S cluster.
The orbitals populated withâ spins lie along the same chain axis but
are in the plane perpendicular to that of theR-orbitals. These two
clusters are representative of the even- and odd-carbon clusters,
respectively.

Figure 4. Incremental atomization energies (a), ionization energies
(b), and electron affinities (c) of SCnS clusters versus number of
clustering carbon atomsn.

SCn + S f SCnS (1)

SCn
+ + S f SCnS

+ (2)

SCn + S+ f SCnS
+ (3)
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In the experiments discussed above, the even-numbered
SCnS+ clusters exhibited higher intensities than the odd-carbon
clusters for direct ion formation within the plasma. This
observation does not agree with the computational results for
stability based on the incremental atomization energy point of
view (Table 2). Since the thermodynamics do not appear to
control produce yield, one must look to kinetic factors. We may
consider two of the possible channels, reactions 2 and 3, for
sulfur capping leading to the formation of a cation in the ablated
sample. The reaction energies for reaction 2, whenn g 4, are
nearly independent of the number of carbon atoms, as shown
in Figure 5. Thus, this capping mechanism cannot be the source
of the observed even-odd alternation. In contrast, the energy
for reaction 3 strongly alternates from even to odd numbers of
clustering carbon atoms, favoring the even carbon clusters. This
is consistent with the experimental results. In addition, reaction
3 requires the presence of S+ in the plasma, which seems to be
abundant in the laser-ablated vapor, as shown in the mass
spectrum in Figure 2a. Thus, we conclude that the relative
abundances of SCnS+ clusters produced directly by laser
irradiation appear to be kinetically controlled.

The use of soft electron ionization of the cooled plasma
resulted in an increase in the apparent abundance of the odd
clusters. The effect of electron impact ionization was observed
by examining the differences in the spectra shown in Figure 2b
and 2c. These changes in intensity result from the ionization of
neutral clusters whose intensities are added to those of the
cations produced directly by the laser. The neutral cluster
abundances are not explained by kinetic factors, that is reactions
1-3, since the only applicable process, reaction 1, predicts yields
for the ion intensities that would be energetically independent
of the number of carbon atoms in a chain. Instead, the odd-
even alternation for neutral clusters results from energetically
controlled processes that produce the odd-carbon clusters in
greater yield. The spectral intensities of the neutrals are seen to
agree with theoretical predictions based on the incremental
atomization energies (Figure 4a); the physical basis is usually
cited as the determining factor in such studies.16,18

The plots of vertical and adiabatic ionization energies of
neutral SCnS clusters versus the number of cluster carbon atoms
(Figure 4b) indicate that the ionization process is energetically
much less expensive for even-numbered clusters than for odd-
numbered ones. This computational result is consistent with the
experimental results from direct production of SCnS+ clusters
as well as production of neutral clusters by electron impact.
The difference in ionization energy for odd- and even-numbered
clusters is predicted to be significant for smaller molecules, to
decay as the chains lengthen, and to finally disappear for larger
species. For laser production of the cations, a process with
relatively low available energy, the magnitude of the ionization

energy is an important variable and exerts a major influence
on the ion distribution. For electron impact, the available energy
is sufficiently large that the value of the ionization energy is
no longer a controlling factor.

The poisoning of fullerene formation provides information
relevant to the fullerene formation mechanism. According to a
number of the existing models for fullerene formation,,25-27

carbon chains (n e 10) play a crucial role in the growth initiation
of fullerenes. As the chains become larger than 10 carbon atoms,
cyclic clusters preferentially form.28-30 The cyclization is
impossible if one end of a carbon chain is terminated with sulfur,
since the formation of cyclic carbon-sulfur clusters was
computationally demonstrated in our previous work20 to be
energetically unfavorable. Thus, the termination of one end of
a carbon chain by a sulfur atom prevents further aggregation
toward large cyclic and polycyclic structures, instead stimulating
further propagation of the chain to at least 27 carbon atoms,
the limit of our experimental observations. Chain growth can
be stopped by attachment of the second sulfur atom at any step.

V. Conclusion
We have successfully generated linear polycarbon mono- and

disulfides with a chain length of up to 27 carbon atoms. The
ions were analyzed in a time-of-flight mass spectrometer. The
observed intensity alternation of SCnS+ mass peaks was opposite
that predicted by incremental bonding calculations. This ob-
servation was explained from a kinetic point of view. Soft
electron ionization was successfully used to estimate the
abundances of the neutral clusters whose intensities were
consistent with the incremental atomization energies or ther-
modynamic control. Properties of SCnS clusters and their
positively and negatively charged ions were calculated using a
DFT approach at the B3LYP level of theory. The observed
poisoning of fullerene formation was shown to be consistent
with the general mechanism for the fullerene formation.
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