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Abstract 

The v I fundamental vibration of linear SiC 4 has been observed by infrared diode laser spectroscopy of a supersonic 
cluster beam. Twenty-four rovibrational transitions were measured in the spectral region of 2094.6 to 2097.1 cm -1, the 
rotational temperature was 10 K. A combined least-squares fit of these transitions with previously reported microwave data 
yielded the following molecular constants: v1=2095.45806(37) cm -1, B"=0.051161131(52) cm -1, and B ' =  
0.0509157(96) cm-1. These results are compared to vibrational spectroscopy measurements of SiC 4 trapped in a solid Ar 
matrix and to ab initio calculations. 

1. Introduction 

The structures and spectroscopic properties of 
silicon-carbon clusters have been under investiga- 
tion recently because of the possible role of these 
species in astrophysics and in the manufacture of 
silicon carbide thin films by chemical vapor deposi- 
tion (CVD). In particular, the penta-atomic silicon- 
carbon clusters, including the linear isomers of S i C  4 

and Si2C3, have been studied by both experimental 
[1-4] and theoretical [5,6] techniques. Graham and 
co-workers have observed vibrational absorption 
spectra of these clusters trapped in solid Ar matrices 
[1,2]. In addition, the S i C  4 cluster has been the 
subject of recent interest due to the detection of this 
molecule in the circumstellar shell of the carbon star 
IRC + 10216. Ohishi et al. [3] detected six spectral 

1 Present address: I. Physikalisches Institut der Universit~it zu 
K61n, D-50937 K61n, Germany. 

lines by astronomical measurements which were 
identified as pure rotational transitions of linear S i C  4 

in its 1~ ÷ ground electronic state. This identification 
was subsequently confirmed by laboratory mi- 
crowave spectroscopy [3]. We recently reported our 
own observation of the v 3 rovibrational spectrum of 
1~-  Si2C 3 [4]. A theoretical study of penta-atomic 
silicon-carbon clusters concluded that the structural 
properties of these molecules are intermediate be- 
tween those of pure carbon clusters, which prefer 
linear, double bonded cumulenic structures, and pure 
silicon dusters, which form single bonded cyclic and 
cage structures [5]. 

Moazzen-Ahmadi and Zerbetto [6] performed ab 
initio calculations to predict the equilibrium geome- 
try and the infrared spectrum of rE÷ SiC4" The 
linear isomer was found to be a local minimum with 
a calculated rotational constant of 0.05030 cm-1,  in 
agreement with the value observed by Ohishi et al. 
[3]. The frequency of the v 1 vibrational mode was 
predicted to be 2227 cm -1 with a very strong IR 
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intensity of 1808 km/mol .  This mode corresponds 
to the antisymmetric stretching vibration of the four 
carbon atoms, with virtually no displacement of the 
Si atom. The calculated intensities of the other vibra- 
tional modes were less than 3% of that for the v 1 
mode. 

Withey and Graham [1] identified the 2080.1 cm-1 
absorption line in the spectrum of silicon carbide 
vapor trapped in solid Ar as the vl transition of 
linear SiC 4 based on extensive 13C isotopic substitu- 
tion data. The isotope shifts that they measured were 
found to agree with the predictions of Moazzen- 
Ahmadi and Zerbetto [6]. Here we report observation 
of the rovibrational spectrum of linear SiC 4 in the 
gas-phase, arising from the v I stretching vibration. 

2. Experimental  

Our laser vaporization/supersonic cluster beam 
diode laser spectrometer has proven to be a useful 
technique for observing infrared rovibrational spectra 
of gas-phase carbon [7] and silicon-carbon [4] clus- 
ters. The experimental apparatus has been described 
previously [4,7], so only a brief description will be 
given here. A supersonic cluster beam is produced 
by pulsed UV-laser ablation of silicon carbide 
(Carborundum) at 40-60 Hz. The vapor produced is 
then entrained in a pulsed He expansion which inter- 
sects 26 passes of a focused infrared diode laser 
beam. A HgCdTe detector (Santa Barbara Research 
Center) is used to monitor the diode laser power as a 
function of frequency. The transient absorption sig- 
nals are measured using dual gated boxcar detection. 
Data acquisition and diode laser control is accom- 
plished using a PC computer which steps the diode 
laser in 20 MHz frequency intervals after averaging 
30 to 50 shots. Precise frequency calibration of the 
absorption transitions is obtained by simultaneously 
recording the fringe spectrum of a Ge 6talon and the 
rovibrational spectrum of OCS in the region of 2095 
c m  -1 [8]. 

3. Results and discussion 

Guided by the matrix measurements of Withey 
and Graham [1], we searched the spectral region 
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Fig. 1. Representative experimental data and a calculated stick 
spectrum of the v 1 rovibrational band of 1•+ SiC4 . The experi- 
mental data displayed are the R(3)-R(9) transitions. Relative 
intensities of these transitions can be approximately reproduced by 
assuming a Boltzmann distribution and a 10 K rotational tempera- 
ture of the molecular beam. 

from 2090 to 2100 cm -1. Twenty-four absorption 
transitions were observed in this region with a spec- 
tral pattern characteristic of a linear molecule in a 1X 
electronic state. P-branch transitions up to J"= 8 
and R-branch transitions up to J"=  15 were mea- 
sured. Higher J transitions were not observed in the 
P-branch due to incomplete diode laser coverage. 
Fig. 1 displays representative experimental data, and 
Table 1 presents the measured transition frequencies. 
Approximate relative intensities can be reproduced 
by assuming a rotational temperature of -- 10 K. 

The observed transitions listed in Table 1 were 
analyzed by a least-squares fit to the standard ex- 
pression for the rovibrational energy levels of a 
linear polyatomic molecule. The ground state rota- 
tional constant obtained from this fit was 
0.051153(29) cm -1, which agrees with the value 
observed by Ohishi et al. [3]. This agreement be- 
tween the rotational constants obtained in our work 
and the microwave measurements confirms our as- 
signment of this band to the v 1 transition of SiC 4. In 
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Table 1 
Observed frequencies assigned to the v 1 stretching mode of linear 
SiC 4. Residuals are obtained from a simultaneous least-squares fit 
of  the observed transitions and the microwave data in Table 2. 
The standard deviation of  the fit was 0.00090 cm-  l 

J R(J )  Obs.-calc.  p ( j )  a Obs.-calc.  
(cm -~ ) (X 103/cm -~) (cm - t )  (X 103/cm -~) 

0 2095.56099 1.10 
1 2095.66238 1.15 
2 2095.76357 1.47 
3 2095.86387 1.39 
4 2095.96246 0.06 
5 2096.06179 -0 .07  
6 2096.16169 0.80 
7 2096.25926 - 0.23 
8 2096.35734 -0 .35  
9 2096.45470 -0 .81 

10 2096.55345 0.47 
11 2096.65078 0.66 
12 2096.74758 0.62 
13 2096.84363 0.10 
14 2096.93957 -0 .29  
15 2097.03651 0.50 

2095.35293 -2 .81 
2095.25266 -0 .26  
2095.14941 -0.21 
2095.04532 -0 .52  
2094.94205 0.47 
2094.83913 2.27 
2094.73117 -0 .51 
2094.62609 0.03 

a Higher J P-branch lines were not observed because of incom- 
plete diode laser coverage. 

order to improve the precision of the S i C  4 molecular 
parameters, we have performed a simultaneous fit to 
the rovibrational transitions presented here and the 
microwave measurements of  Ohishi et al. [3]. Table 
2 lists the pure rotational transitions which we have 
included in our fit. Due to the extremely high preci- 
sion of the microwave frequencies, these transitions 
have been weighted 103 times more heavily than the 
infrared transitions in the least-squares fit. Table 1 
displays the residuals of  the infrared transitions ob- 
tained from this fit, while Table 2 compares the 

Table 2 
The observed microwave frequencies of Ohishi et al. [3], used in 
the combined fit 
j~ j .  a b O)ob s tOob s _ tOcalc tOob s 10)calc 

(cm -1 ) (X 106/cm -1 ) (X 106/cm -1 ) 

42 41 4.29695763 - 1.20 - 1.15 
43 42 4.39923896 0.03 0.06 
44 43 4.50151858 1.50 1.58 
47 46 4.80833861 -0 .33  - 0.21 
48 47 4.91060812 -0 .43  -0 .30  

Residuals reported by Ohishi et al. [3]. 
b Residuals obtained by a combined fit with the infrared transi- 
tions reported here. 

residuals of  the microwave transitions from the pre- 
sent work with those reported by Ohishi et al. [3]. 

The molecular parameters obtained from a simul- 
taneous fit to the infrared and microwave transitions 
are presented in Table 3. These values are compared 
to the parameters obtained from ab initio calculations 
and matrix work. As we observed in a previous 
paper [9], the ratio D"/B", in the absence of pertur- 
bations, can be taken as an indication of the relative 
rigidity of  a linear polyatomic molecule. For S i C 4 ,  

we find D"/B" X 10 6 to be 0.04, which is character- 
istic of  a semirigid molecule with a fairly harmonic 
bending potential. The centrifugal distortion constant 
for the upper state is anomalous both in magnitude 
and sign. Large, negative distortion constants were 
also measured for C 7 [10] and C 9 [9] and were taken 
as evidence for perturbations to the energy levels. 

The band origin that we have measured is larger 
than the matrix value by 15.4 c m - t .  Previous studies 
indicate that the matrix environment induces a red- 
shift on the band origin of a molecular transition 

Table 3 
Molecular parameters of SiC 4 obtained by a combined fit of the /"1 fundamental frequencies and the microwave transitions. The numbers in 
parentheses are 1or uncertainties of  the last digits 

Parameter This work Microwave a Matrix Ab initio c 
work b 

t' 0 (cm- 1 ) 2095.45806(37) 2080.1 2227 

B" (cm- 1) 0.051161131(52) 0.051161128(49) 0.0503 
/2" (10-8 cm-1)  0.1944(13) 0.1944(12) 

B' (cm- 1) 0.0509157(96) 
D' (10- 8 cm-  i) - 10.0(3.8) 

a Ref. [3]. b Ref. [1]. ¢ MP2/6-311G(d) level of theory [6]. 
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relative to the gas phase value. This red-shift gener- 
ally increases systematically as the size of the 
molecule increases. However,  the matrix induced 
red-shift of  SiC 4 is unusually large when compared 
to that of  Si2C 3 (13 cm -1)  [4]. Comparison of the 
measured band origin with the ab initio value sug- 
gests a scaling factor for the calculated harmonic 
frequency of  0.94. This value is typical for harmonic 
frequencies obtained at the MP2 level. 

The data presented here are consistent with previ- 
ous rotational spectroscopy, matrix spectroscopy, and 

• • 1 + • 

theoretical calculations on ~ S1C 4. We have per- 
formed precise measurements of  the rovibrational 
transition frequencies, the vibrational band origin, 
and the molecular  parameters of the v 1 stretching 
mode. The isovalent C~ [11], SiC 4, and Si2C 3 [4] 
clusters have all been studied by high-resolution 
spectroscopy. Molecular  structure calculations for 
these clusters reveal bond lengths o f  1.28 to 1.30 ,~ 
for C - C  bonds and 1.67 to 1.70 A for S i - C  bonds 
[5,6]. These bond lengths are characteristic of a 
cumulenic double bonding configuration, in which 
the Px- and py-derived valence electrons are delocal- 
ized in two mutually perpendicular networks of  -rr 
orbitals. Thus, according to ab initio calculations, the 
bonding configurations for the ground state struc- 
tures of  these molecules are completely analogous. 
Due to the excellent agreement between the molecu- 
lar parameters observed by high-resolution spec- 
troscopy and those obtained from the calculated 
structures, it appears clear that the experimental data 
reported here support this picture. 

We have speculated that carbon and s i l i con-  
carbon clusters may play an important role in the 
formation of interstellar dust and in the gas-phase 
chemistry which takes place in chemical  vapor depo- 
sition. Silicon carbide has been found to be an 
important component  in the dust surrounding carbon 
stars [12] and in the tails of  comets [13]. In addition, 
gas-phase carbon, s i l icon-carbon,  and silicon clus- 
ters have been implicated as possible reaction inter- 
mediates in the modeling of silicon carbide CVD 
processes [14]. The data presented here for SIC4, as 

well as that from our earlier study of  SieC 3 [4], may 
offer a route to the in situ detection of  these clusters 
in astrophysical sources and CVD systems. 
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