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Twenty-four rotational lines associated with the u5 (o,) antisymmetric stretch vibration of C, have been measured by high 
resolution diode laser absorption spectroscopy of a supersonic carbon cluster beam. A simultaneous fit of spectra connecting the 
ground state with v= 1 ofv, (J.R. Heath el al., Science 249 (1990) 895, J.R. Heath and R.J. Saykally, J. Chem. Phys. 94 (1991) 
1724) and v5 produces the following molecular constants for the v5 state (in cm-‘): Us= 1898,3758(a), 5’ =0.030556( I S), 
D’=-0.16(11)x10~‘,H’=-0.44(31)~10-”. 

1. Introduction 

Small carbon clusters have been shown to play a 
critical role in the high temperature chemistry of car- 
bon rich environments [ l-51. Indeed, under certain 
non-equilibrium chemical conditions, these clusters 
may actually dominate such chemistry [ 6 1. We are 
attempting to elucidate the nature of these clusters 
by systematically determining their structures and 
rovibrational properties. To this end, we have de- 
veloped the two new techniques of infrared and far- 
infrared laser absorption spectroscopy of supersonic 
carbon cluster beams. These methods have thus far 
been successfully applied to structural determina- 
tionsofthec, [7],C, [S],C, [9],C, [lO,ll] and 
C, [ 121 clusters. 

Two recent papers on the C, cluster [ lo,11 ] have 
reported measurements of rovibrational transitions 
in the v4 (u, ) antisymmetric stretching fundamental 
and in the v= 1’ and u= 2’ hot band levels of the v,, 
(n,) bend associated with the vq stretch. These mea- 
surements have shown C, to have a linear ‘C, ground 
state, consistent with ab initio predictions for this 
cluster [ 13,141. In addition, they also indicate that 
C, is highly non-rigid, with a shallow (and probably 
highly anharmonic) bending potential for the u,, 
(x,) (bending about the central carbon atom) co- 
ordinate. In addition, large and negative quartic and 
sextic distortion constants were measured for the 
ground state and the vq= 1 state of this cluster, in- 

dicative of perturbations to these levels. However, 
the strong stretch-bend interactions which charac- 
terize the non-rigid C, cluster [ 7,15-l 81 were not 
obviously evident in the v, coordinate of C,. 

Ab initio calculations predict that a second strongly 
allowed o, antisymmetric stretch (Ye) lies 150-250 
cm-’ to the red ofthe 2138 cm-’ Y, band [ 13,141. 
In order to better characterize this important carbon 
cluster, we have measured the rovibrational struc- 
ture of this stretch. In this paper we report 24 lines 
associated with the vg (0,) vibration. A simulta- 
neous fit of spectra connecting the C7 ground state 
with v= 1 of V~ and ug gives the following excited state 
molecular constants for the singly excited v, stretch: 
v,=1898.3758(8) cm-‘, B’=O.O30555(14) cm-‘, 
D’=-0.16(11)X10~’ cm-‘, H’=-0.44(31)X 
lo-” cm-‘. In addition, the fit reproduces the large 
negative quartic and sextic distortion constants for 
both the ground state and the vq excited state of this 
cluster. 

2. Experimental 

The experimental apparatus used to produce car- 
bon clusters and interrogate their infrared spectra has 
been described elsewhere [ 111. Briefly, laser abla- 
tion is employed to produce carbon clusters by fo- 
cusing a KrF excimer laser (300 mJ/puIse) to a 0.5 
mm by 5 mm line on a rotating, translating graphite 
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target placed in the throat of a pulsed, planarjet. The 
clusters are entrained into a pulse of argon carrier 
gas ( 10 atm backing pressure) and subsequently ex- 
panded into a vacuum chamber pumped by a 2500 
cfm Roots pumping system. The jet-cooled cluster 
pulse bisects lo- 12 passes of an infrared diode laser 
over a time scale of 15 us. The transmitted diode laser 
beam is focused onto an InSb detector and the ab- 
sorption transient is measured directly by gated de- 
tection of the filtered, amplified detector output. The 
diode laser is stepped in = 15 MHz frequency inter- 
vals every 40-50 excimer laser shots, and the ab- 
sorption signal is averaged over a 100 shot time con- 
stant. Absolute frequency calibration was performed 
by simultaneous absorption measurements of a static 
gas cell containing the frequency standard OCS [ 191. 
A temperature stabilized germanium ttalon was 
scanned immediately following each carbon cluster 
experiment for relative frequency calibration. The 
frequency precision of the measurements is esti- 
mated to be better than 0.0025 cm-‘. 

3. Data analysis and discussion 

The 24 absorption lines reported here are listed in 
table 1. Typical data and a simulated u5 spectrum are 

presented in fig. I. The lines reported here represent 
the only absorption lines observed in the frequency 
region 1895- 1902 cm- ‘. They are assigned to the z15 
(0,) antisymmetric stretch of C, based upon: ( 1) 
excellent agreement of the measured band origin with 
ab initio predictions [ 12,131, (2) the fitted lower 
state molecular parameters are, within experimental 
error, identical to those measured for the uq band. 
The data reported here, along with previously re- 
ported data for the vq band, were simultaneously fit 
by the method of least squares to the standard energy 
expression, 

+H”[J(Jt l)]3. 

Molecular parameters derived from the fit for the 
C, ground state, as well as ti= 1 of the v, and v5 ex- 
cited states, are presented in table 2. Theoretical pre- 
dictions for the vg frequency are also presented. 

This simultaneous fit gives negative quartic and 
sextic distortion constants for the vs state, as well as 
reproducing the negative distortion constants for the 
ground and vq states. Even with the simultaneous fit, 
the fitted ground state and vq molecular parameters 
are still highly correlated (0.99). 

At first glance, the negative quanic distortion con- 

Table I 
Measured transition frequencies and their assignments for the us (a,) band of C, 

R(J) Frequency 
(cm-‘) 

Obs. - talc. 
(X IO’cm-‘) 

P(J) Frequency 
(cm-‘) 

Obs. -talc. 
(X IO’cm-‘) 

4 1898.6603 0.1 

22 1899.7548 3.4 
24 1899.8693 1.7 
26 1899.9809 -2.4 
28 1900.0945 -3.8 
30 1900.2100 -2.1 
32 1900.3280 1.5 
34 1900.4405 1.0 
36 1900.5520 0.2 
38 1900.6625 -0.7 
40 1900.7752 1.3 
42 1900.8830 -0.8 

2 1898.2530 -0.2 
4 1898.1290 -1.1 
6 1898.0065 -0.1 
8 1897.8831 0.4 

10 1897.7595 1.3 
12 1897.6329 -0.3 
22 1896.9988 -1.3 
24 1896.8713 -0.4 
26 1896.7425 -0.2 
28 1896.6150 1.9 
30 1896.4827 -0.0 
32 1896.3534 1.6 
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Fig. 1. Typical data and calculated stick spectrum for the vg (gU) 
band of C,. The R(34) through R(38) transltions were mea- 
sured in a 0.25 cm-’ scan beginning near 1900.42 cm-‘. The 
calculated spectrum is from a least squares tit to the frequencies 
reported here as well as frequencies previously reported for the 
vq (0,) band. The rotational temperature of C, is estimated to be 
near 20 K. 

stants present a very unphysical picture, indicating 
that the C, energy level spacings increase with ro- 
tational excitation, relative to the undistorted spac- 
ings. However, in this case, the large negative sextic 
distortion constants essentially overcome this effect, 
and the energy level spacings actually decrease with 

rotational excitation, typical of a normal linear mol- 
ecule. These states are thus experiencing some sort 
of perturbation which, although accounted for in the 
polynomial expansion, renders a standard interpre- 
tation of the fitted distortion constants invalid. 

Martin, Francois, and Gijbels have published cal- 
culated frequencies and infrared oscillator strengths 
for the ground state of C, [ 141. These numbers are 
presented in table 2. Depending on the level of the- 
ory, the oscillator strength of the ui band is predicted 
to be from 1.6 to 5 times less than that of the vq band. 
We can experimentally determine the relative 
strengths of these two bands from signal-to-noise 
measurements only if our ultimate sensitivity to an 
absorption transient does not change between the two 
frequency regions. The dominant source of noise in 
the measurements of both the v4 and vs bands was 
the same: fluctuations in diode laser power and fre- 
quency stability. The diodes used in these experi- 
ments exhibited similar noise characteristics, and 
thus signal-to-noise measurements of the two bands 
do provide a reasonably good characterization of the 
relative oscillator strenghts. The v5 band is measured 
to be 5 to 7 times weaker than the uq band. 

The analysis of the uq and u5 bands of C, indicates 
very little direct evidence for any of the strong 
stretch-bend coupling which dominates the vi (0,) 
spectrum of the non-rigid C3 cluster. We have re- 
cently described the development of a tunable far-in- 
frared laser technique for directly probing the ab- 
sorption spectrum of the low frequency (71,) bending 
modes of carbon clusters [ 71. Such low frequency 
( x50-1 50 cm-‘) bending modes give small carbon 
clusters anomalously high vibrational state densities 

Table 2 
Fitted molecular parameters (in cm-‘) for the ‘Z, ground state and !I= I of the uq (IS.) and us (0,) excited states of C,. The parameters 
are from a simultaneous fit of 59 lines assigned to the vq transition and 24 lines assigned to the v5 transition. The standard deviation of 
the tit was 0.0018 cm-’ 

Parameter Ground state 

v, 2138.3152(5) 1898.3758(g) 
2281 a), 2364 b’, 2132a’,2131 b’, 
2338 ‘) 2405 d’ 1880 c’, 1962 d, 

5, 0.030613( 14) 0.0;0496(14) 0.030556(15) 
&(X10’) -0.233(U) -0.251(91) -0.16(11) 
H,(XlO”) -0.54(15) -0.59( 17) -0.44(31) 

a) Calculated value, ref. [ 131 (RHF/6-3lG). b1 Calculated value, ref. [ 141 (RHF/4-21G). 
c) Calculated value, ref. [ 141 (MP2/4-2lG). d1 Calculated value, ref, [ 141 (MP2/6-3lG). 
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near dissociation, and may explain the facile carbon 
cluster chemistries which occur in high temperature, 
carbon-rich environments. A critical next step to- 
ward understanding the C, cluster will be to measure 
the spectrum of the lowest frequency vi, (?c,) bend 
with the Berkeley far-infrared spectrometer. 
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