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The +(a,) fundamental vibration of ‘2; S&C3 has been observed using a laser 
vaporization-supersonic cluster beam-diode laser spectrometer. Forty rovibrational transitions were 
measured in the range of 1965.8 to 1970.9 cm-’ with a rotational temperature of lo-15 K. A 
least-squares fit of these transitions yielded the following molecular constants: 
~~((+,~)=1968.188 31(18) cm -‘, B”=0.031 575 l(60) cm-‘, and B’ =0.031 437 4(57) cm-‘. These 
results are in excellent agreement with recent Fourier transform infrared (FTIR) measurements of 
Si,C, trapped in a solid Ar matrix [J. Chem. Phys. 100, 181 (1994)] and with ab initio calculations 
[J. Chem. Phys. 100, 175 (1994)] which suggest cumulenic-like bonding for Si&, analogous to the 
isovalent Cs carbon cluster. 0 1994 American Institute of Physics. 

I. INTRODUCTION 

The subject of structure and bonding in silicon-carbon 
clusters has attracted considerable attention in recent years, 
at least partly owing to the apparently ubiquitous presence of 
these species in astrophysical environments. In particular, 
Sic.’ SiCZ.‘.’ and Sic, (Ref. 4) have all been observed in the 
circumstellar shell of the carbon star IRC+ 10 216. In addi- 
tion. silicon carbide grains have been found to be among the 
most abundant components in the dust surrounding IRC 
+ IO 3 16 and other carbon stars,” as well as in cometary 
dust,” and it is possible that gas-phase silicon-carbon clus- 
ters play an important role in the formation of these dust 
grains. 

The numerous industrial applications of silicon carbide, 
arising from its resistance to high temperature and corrosive 
atmospheres, its mechanical strength and hardness, and its 
semiconductor properties, have also contributed to an in- 
creasing interest in silicon-carbon clusters. The manufacture 
of silicon carbide for industrial purposes is accomplished 
through a variety of techniques, including chemical vapor 
deposition. For example, thin films of silicon carbide are 
produced when silane is reacted with a gas-phase hydrocar- 
bon as it flows over a heated substrate. Through a series of 
gas-phase and surface reactions, silicon carbide eventually 
coats the substrate. A number of gas-phase carbon, silicon, 
and silicon-carbon clusters have been implicated as possible 
reaction intermediates in the modeling of silicon carbide 
chemical vapor deposition processes.7 Thus, a complete 
characterization of these processes requires knowledge of the 
structures and spectroscopic properties of these clusters. 

Most of the existing information about the structures of 
small silicon-carbon clusters has been obtained from ab ini- 
tic) calculations.X-‘J The structural properties of these clus- 
ters are found to be intermediate between those of small 
carbon clusters, which generally prefer linear geometries, 
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and silicon clusters, which form cyclic and three- 
dimensional cage structures.‘5 Silicon-carbon clusters ex- 
hibit linear, bent, cyclic, and three-ditnensional cages de- 
pending upon the cluster size and the ratio of carbon to 
silicon atoms. Some examples of the rich variety of struc- 
tures found in these molecules include the T-shaped SiC,,9 
bent Si,C. I0 rhombic SiC3, ” and bipyrimidal Si,C.‘4 The 
predicted ground state structures are partly governed by the 
energetics of the C-C, Si-C, and Si-Si bonds that form. 
Usually the higher C-C bond energy gives rise to structures 
which maximize the number of C-C bonds while minimiz- 
ing the number of Si-C and Si-Si bonds. 

Experimental data on silicon-carbon clusters is rather 
sparse. Early mass spectrometric studies of the equilibrium 
composition of silicon carbide vapor at 1800-2300 K found 
Sic, to be the most abundant cluster in the equilibrium va- 
por, followed by S&C, while Sic, Si&, S&C,, and Si,C 
were detected as trace components at higher temperatures.‘6 
A recent mass spectrometry study by Parent of silicon- 
carbon cluster cations produced by laser vaporization found 
a much broader distribution with prominent mass peaks for 
Sic: (n =0- 12), Si,CJ (n =0-l l), and Si,Cl (n =0-3).17 
Some structural information was inferred in this study from 
reactions of the cations with acetylene. 

Prior to the work reported here, the only silicon-carbon 
clusters which had been characterized in the gas-phase by 
high-resolution spectroscopy were Sic, SIC,, and Sic,. Sic, 
has been well characterized by microwave3”* and high- 
resolution electronic spectroscopy” both in the laboratory 
and in circumstellar shells. Recently, the available experi- 
mental data were fit to a semirigid bender Hamiltonian to 
characterize the unusually large amplitude hindered internal 
rotation exhibited by this molecule.*’ In addition, Sic has 
been studied by submillimeter astronomy’ and laboratory mi- 
crowave spectroscopy. ‘**I Several excited electronic states of 
this molecule have also been observed.** Finally, the pure 
rotational spectrum of Sic4 has been detected by laboratory 
and astrophysical measurements.4 

Recently, Graham and co-workers have measured vibra- 
tional spectra of a number of silicon-carbon clusters trapped 
in solid argon matrices. Several infrared active absorption 
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FIG. 1. The ground state equilibrium skucture of ‘2: Si,C, from Ref. 14. 
Arrows indicate the nuclear displacements of the vj(v,J normal mode. 

pulse, is followed by the absorption signal 15 ,us after the 
firing of the excimer, corresponding to the transit time of the 
clusters between the source and the probe laser beam. Fre- 
quency calibration of the data is accomplished by referenc- 
ing the transitions to the fringe spectrum of a 486.6(1.5) 
MHz free spectral range Ge etalon and the rovibrational 
spectrum of allene in the region of 1965 to 1971 cm-‘. At- 
mospheric water lines in this spectral region were removed 
by enclosing the spectrometer in a Plexiglas container and 
purging with dry nitrogen. 

bands of SiC2,23 Si2C,24 Si3Cz5 SiC4,26 and Si,C, (Ref. 27), 
and their isotopomers have been observed in this way. 

Si,C, has also been the subject of recent theoretical and 
experimental investigations. Graham and co-workers as- 
signed two infrared absorption transitions of silicon carbide 
vapor trapped in a solid argon matrix at 1955.2 and 898.9 
cm-‘, to the ~~(a;) and u4(oU) bands, respectively, of the 
centrosymmetric linear Si=C==C====i molecule.27 All 
of the ‘sC substituted isotopomers, and one each of a 29Si 
and a 3oSi substituted isotopomer were also observed through 
isotopic enrichment. Rittby performed Hartree-Fock and 
second-order many-body perturbation theory calculations to 
obtain relative energies, harmonic frequencies, and infrared 
(IR) intensities for nine different structural isomers of 
Si,C,. I4 This study found the ‘Xl centrosymmetric linear 
structure to be the ground state by over 30 kcal/mol. Figure 1 
shows the equilibrium structure which has been calculated 
for this molecule along with the nuclear displacements of the 
v3 vibrational mode. The v3 mode was found to have a very 
strong infrared intensity (8193 km/mol). We report here the 
first observation of the gas phase rovibrational spectrum of 
linear, centrosymmetric Si2C3 arising from the y antisym- 
metric stretch vibration. 

Two source geometries are used in these experiments, 
which differ by the length of the channel between the vapor- 
ization source rod and the exit slit of the nozzle. The small 
carbon clusters C3-C, and Ca can all be produced using both 
source geometries. However, from this experiment and our 
recent measurement of linear C,3,3’ we found that Si2C3 and 
C,, can only be observed using the longer channel length 
source. Thus, it appears that these molecules require more 
time to condense before entering the collision free region of 
the molecular beam. 

Ill. RESULTS AND DATA ANALYSIS 

II. EXPERIMENT 

The Berkeley supersonic cluster beam/diode laser spec- 
trometer has been used to measure rovibrational spectra of 
the linear C,-C,, C,, and C,, carbon clusters.28-31 The ex- 
perimental procedure for producing silicon-carbon clusters 
is identical to the carbon cluster experiments except that a 
silicon carbide rod is used in the laser vaporization source in 
place of a graphite rod. Figure 2 depicts the experimental 
apparatus. Briefly, a rotationally cold (Trot= lo-20 K) pulsed 
molecular beam of silicon-carbon clusters is produced by 
KrF excimer laser ablation of the silicon carbide rod, which 
rotates and translates in the throat of a supersonic slit nozzle. 
The molecular beam is intersected 10 mm downstream from 
the nozzle by 18-24 passes of a focused infrared diode laser 
beam. Transient absorption signals are measured using a 
HgCdTe photoconducting detector, the output of which is 
passed through a bandpass filter, amplified, and then detected 
by gated boxcar integration. The boxcar output is collected 
with a PC computer which also controls the scanning of the 
diode laser by stepping the laser frequency in 20 MHz inter- 
vals after averaging 30- 100 shots. The averaged time profile 
of the detector output, measured using a Tektronix TDS 320 
digital oscilloscope, is displayed in Fig. 3. The large peak at 
T=O, due to radio frequency (RF) pickup of the excimer 

Guided by the recent assignment of the Ar matrix ab- 
sorption band of Si2C3,27 the region from 1960 to 1975 cm-’ 
was searched. Forty of the most intense absorption lines 
measured in this region were found to be assignable to the v3 
vibrational band of this molecule with J values up to 34 in 
the P branch and 46 in the R branch. Higher J transitions 
were not observed in the P branch due to incomplete laser 
coverage. Figure 4 displays typical experimental data along 
with the J assignment of the transitions, and Table I lists the 
observed frequencies and residuals determined from a least- 
squares fit. An unambiguous assignment of the spectrum was 
achieved since the lowest J transitions in both the P branch 
and the R branch were observed. Since both “C and ‘%i 
have zero nuclear spin, only symmetric energy levels with 
even J values are populated in the ground state due to 
nuclear spin statistics, giving rise to a spectrum in which 
every other transition is missing. 

The observed transitions were analyzed by a least- 
squares fit to the following expression for the rovibrational 
energy levels: 

E(J)=(u+))u,+B,J(J+ l)-D,J2(J+ l)Z. (1) 
Molecular parameters obtained from this fit are displayed in 
Table II. In the fit to observed frequencies, the upper and 
lower state rotational constants were found to be highly cor- 
related. This correlation was removed by fitting the combi- 
nation differences R(J)-P(J) for upper state levels and 
R(J)-P(J+ 2) for lower state levels. Rotational constants 
obtained in this way were identical to those calculated from 
the direct fit to observed transitions. Centrifugal distortion 
constants were not statistically determinable from the current 
data set. The value presented in Table II, estimated from the 
least-squares fit, is thought to be within an order of magni- 
tude of the upper and lower state centrifugal distortion con- 
stants. 

These rovibrational transitions have been assigned to the 
‘cl structure of Si2C3 based upon the following criteria. As 
pointed out above, the observed spectrum is characteristic of 
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FIG. 2. A schematic diagram of the Berkeley laser vaporization-supersonic cluster beam-diode laser spectrometer. 

a centrosymmetric linear molecule with zero nuclear spin cal rotational constants is typical for the small linear carbon 
weights for antisymmetric energy levels. Also, absorption clusters. Finally, the measured band origin is within ten per- 
signals were only observed by vaporization of silicon car- cent of the theoretical prediction for the v3 antisymmetric 
bide. When the silicon carbide rod was replaced by a graph- stretch (see Table II), which is also typical for the small 
ite rod, no transitions were detected in this spectral region. In carbon clusters, and is 13 cm-’ above the matrix value. From 
addition, the measured rotational constants are in excellent previous studies of linear carbon clusters, it was found that 
agreement with the ub inirio values presented in Table II. the matrix environment induces a redshift on the band origin 
This level of agreement between experimental and theoreti- relative to the gas phase value which increases systematically 
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PIG. 3. Th.e time profile of the HgCdTe detector output with the diode laser 
on resonance with a P-branch transition of SisCs. The signal is passed 
through a bandpass filter, amplified with a gain of 10 and signal averaged 
over 32 laser shots. The absorption transient appears approximately 1.5 p 
after firing the excimer laser, representing the cluster transit time between 
the source and the probe laser. The width of the peak is indicative of the 
cluster distribution in the molecular beam. The peak which occurs at T=O is 
due to RF pickup of the excimer pulse. This signal was achieved using an 
excimer pulse energy of 250 ml/pulse and 150 psi of He behind the pulsed 
nozzle. 

as the cluster size increases. The matrix induced redshift ob- 
served for Si,C, is similar to that found for C, (10 cm-1).32 
Moreover, we expect silicon containing clusters to experi- 
ence a larger redshift in the matrix than pure carbon clusters 
due to the greater polarizability of the silicon atom. 

Under strong vaporization conditions it is possible to 
observe very weak transitions which we presume to arise 
from the (y + v7) - v7 hot band of Si,C3. Figure 5 displays 
experimental data obtained under these conditions. These 
transitions are too weak to perform a rotational assignment at 
this time; however, analysis of this hot band will provide 
useful information about the lowest frequency bending 
mode. Rittby calculated the y(~~) bending frequency at 85 

FIG. 4. A portion of the vs(on) rovibrational spectrum of ‘2: SizCs. Rela- 
tive intensities can be approximately reproduced by assuming a Bohzmann 
distribution and a rotational temperature of lo-15 K in the molecular beam. 

TABLE I. Observed frequencies assigned to the ‘+(a,) antisymmetric 
stretch fundamental of Si,Cs. Residuals are from a least-squares fit of the 
observed transitions to Eq. (1). The standard deviation of the fit was 
0.000 58 cm-‘. 

R(J) Ohs.-Calc. pwb Ohs.-Calc. 
J  (cm-‘) (X 10e4 cm-‘) (cm-‘) (X low4 cm-‘) 

0 [1968.251 181 
2 1963.37777 16.7 1968.06187 1.4 
4 1968.50026 3.4 1967.9343 1 2.6 
6 1968.62255 -0.9 1967.80606 7.9 
8 1968.74416 -1.0 1967.675 10 -2.9 

10 1968.864 96 1.9 1967.544 57 1.6 
12 1968.984 60 4.1 1967.412 67 3.3 
14 1969.10225 -2.5 1967.27905 -1.1 
16 1969.219 23 -4.8 1967.14392 -9.7 
18 1969.33561 -2.2 1967.00986 3.4 
20 1969.41'070 -1.4 1966.87408 10.3 
22 1969.56389 -8.7 1966.736 13 6.3 
24 1969.67896 13.8 1966.59645 -4.0 
26 1969.78936 0.5 1966.45679 -3.3 
28 1969.90062 6.7 1966.31724 9.4 
30 1970.01045 9.5 1966.17467 2.8 
32 1970.118 08 1.3 1966.031 10 -3.0 
34 1970.225 11 -2.1 1965.887 79 4.6 
36 1970.33143 -1.8 
38 1970.43751 7.0 
40 1970.54145 5.2 
42 1970.64412 1.4 
44 1970.74637 4.2 

1970.84656 -2.8 

W ’e R(0) transition was not included in the fit due to the low signal-to- 
noise ratio of this line. 

“Higher J  P-branch lines were not observed because of incomplete diode 
laser coverage. 

cm-‘, which is low enough for the bending mode to be popu- 
lated at the vibrational temperatures typically observed in the 
molecular beam. 

IV. DISCUSSION 

The chemical bonding which has been found in ab initio 
calculations for the ground state of Si2C3 is analogous to that 
found in the isovalent C, carbon cluster.‘4 A qualitative de- 
scription of C, bonding is that four of the 20 valence elec- 
trons in the cluster are paired in nonbonding molecular or- 

TABLE II. Molecular parameters from a least-squares fit of the vs funda- 
mental frequencies of SizCs to Bq. (1). Uncertainties are lo. 

Parameter 

v. (cm-‘) 
B” (cm-‘) 

@lo-* cm-‘) 
B’ (cm-‘) 

Gas phase 

1968.188 31(18) 
0.031 575 l(60) 

0.1 
0.0314374(57) 

Matrix 

1955.2’ 

Ab initio 

2114b 
0.0317’ 
0.0304d 

“Reference 27. 
bHF/6-31G* (Ref. 14). 
‘MBPT(2)/DZP (Ref. 14). 
dHP/DZP (Ref. 14). 
‘Centrifugal distortion constants were not statistically determinable from the 
present data set. The value presented here is an estimate, averaged over the 
ground and upper state distortion constants, believed to be correct to within 
an order of magnitude. 
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bitals associated with the two terminal carbon atoms, eight 
occupy a 2s- and 2p,-derived system of localized u orbitals, 
and eight fill a mutually perpendicular, delocalized network 
of 2p,,,-derived rr orbitals to form a series of cumulated 
double bonds. Small carbon clusters generally adopt linear 
geometries due to the readiness with which carbon partici- 
pates in this kind of double bonding. For silicon, however, 
single bonding is strongly favored over double bonding pos- 
sibly because the larger silicon bond length reduces the side- 
ways overlap of the p orbitals in the pw-pr bond and be- 
cause of the possibility of low-lying d orbitals mixing in 
with s orbitals to stabilize the (+ bonds. Thus, pure silicon 
clusters are predicted to adopt singly bonded, cyclic or cage 
structures for clusters as small as Si3.15 A few transient mol- 
ecules containing Si double bonds have been known for 
some time, but stable molecules of this kind were isolated 
only recently.“” The Si-C bond length calculated by Rittby 
for Si,C, (Fig. 1) is similar to that observed for the Sic 
molecule,22 for which rr bonding is known to occur.* Al- 
though a direct experimental measurement of the Si-C bond 
lengths cannot be obtained from the data report here, the 
excellent agreement between the observed and calculated ro- 
tational constants strongly supports the existence of 
cumulenic-like double bonding for Si2C3. 

Furthermore, the observed spectrum is consistent with 
the predicted ‘2: ground electronic state.14 The fact that 
every other transition is missing from the spectrum confirms 
that the molecule is in a 2 state, and the absence of fine- 
structure splittings due to electron spin interactions supports 
the prediction that the ground state is a singlet. In addition, 
the observed relative intensities of the lowest J P- and 
R-branch lines (Fig. 4) indicate that these transitions arise 
from even-numbered rotational energy levels, since the R(0) 
transition is expected to have the lowest relative intensity in 
the region of the spectrum near the band origin. This obser- 
vation is consistent with the prediction that the electronic 
state is symmetric. 
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