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The C, Cluster: Structure and Infrared Frequencies 

Observation and characterization of the C7 cluster are reported. Carbon clusters are 
produced by laser vaporization of a graphite target followed by supersonic expansion 
of the vaporized material within a gas dynamically focused argon jet. Thirty-six 
sequential rovibrational lines of the v4 antisymmetric stretch fundamental of C7 are 
probed by gated detection of  diode laser absorption. The observed spectrum is 
characteristic of a symmetrical linear molecule. Analysis of the spectrum indicates an 
effective average bond length of 1.2736(4) angstroms and a vibrational frequency of 
2138.1951(10) reciprocal centimeters, in excellent agreement with ab initio calcula- 
tions. This work will facilitate the astrophysical detection of this cluster. 

S MALL CARBON CLUSTERS (LESS THAN 

12 atoms) have recently attracted the 
attention of numerous investigators 

from a wide variety of disciplines. This is 
largely due to the ubiquitous nature of these 
species; they have been'observed in astro- 
physical sources (I), in sooting flames (2), in 
acetylene photolysis (3, 4), and in plasmas 
produced by laser vaporization of graphite 
(5-7). This suggests that unsaturated carbon 
clusters play a critical, if not central, role in 
the high-temperature chemistry of carbon- 
rich environments. 

metric technologies has enabled researchers 
to study carbon cluster cation photofrag- 
mentation (6) and anion photoelectron 
spectroscopy (7). Results from these experi- 
ments have been consistent with theory. 
Only recently, however, have definitive ex- 
periments capable of testing detailed theo- 
retical predictions been possible. Over the 
past 2 years a number of research groups 
have characterized the C3 cluster with high- 
precision laser techniques and have obtained 
sufficient information for the construction 
of an accurate molecular potential surface (3, 

Ab initio and semiempirical theory of 12-14). Last year we acc&~~lished a detailed 
small carbon clusters has been under con- laboratory characterization of the C5 cluster 
stant development for several decades (8, 9). (5) using infrared laser spectroscopy. That 
Much of this work has recently been re- experiment was reported simultaneously 
viewed by Weluler and Van Zee (10). Odd- with the detection of C5 in the carbon star 
numbered clusters of up to 11 atoms are IRC+10216 by Bernath, Hinkle, and 
expected to have linear '2 ground states, Keady (1). Additional bands of C5 have 
with the lowest triplet states existing at been detected and analyzed by Moazzen- 
much higher energy. Even-numbered clus- Ahmadi, McKellar, and Amano (4, 15). Ab 
ters of up to 10 atoms are predicted to have initio calculations are in close agreement 
two low-energy configurations: an open with those experimental results. - 

shell linear 38 state and a monocyclic singlet In this paper we describe direct observa- 
state. There is much debate regarding the tion and characterization of the C7 cluster, 
detailed properties of these even clusters carried out with an infrared laser spectrosco- 
(10). odd-numbered clusters up to C; are py technique similar to that used in our 
predicted to be more stable than the adja- study of C5. Thirty-six sequential rovibra- 
cent even clusters (9). tional lines have been measured and as- 

Despite this high level of theoretical activ- signed to the v4 antisymmetric stretch vibra- 
ity, experimental results have been sparse. tional transition of C7. The observed spec- 
The development of tandem mass spectro- trum is characteristic of a symmetrical linear 

molecule with a closed electronic shell. Anal- 

Department of Chemistry, University of California, ysis the spectrum indicates a ground state 
Berkeley, CA 94720. rotational constant of 0.030929(21) cm-', 
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and an effective average carbon-carbon bond 
length of 1.2736(4) A. This supports the 
theoretical prediction of cumulene-like 
bonding in this system, although the inner, 
middle, and outer carbon-carbon bond 
lengths are not expected to be identical (9). 

In a previous report, we discussed a tech- 
nique for studying the infrared spectra of 
supersonically cooled carbon clusters at high 
resolution (5) .  Both the experimental detec- 
tion system and the cluster source have been 
substantially improved, and a description of 
these modifications is provided here. The 
carbon cluster beam is generated by focus- 
ing a KrF excimer laser (248 nm) onto a 
graphite target placed in the throat of a 
pulsed planar nozzle (2 rnrn by 10 mm). The 
nozzle (20-atm Ar backing pressure) is fired 
such -that maximum carrier gas density 
passes over the target coincident with laser 
ablation. The carrier gas entrains and cools 
the carbon clusters, &d the cluster-gas mix- 
ture expands into a vacuum chamber 
pumped by a 2800 cfm Roots pump, where 
it intersects an infrared diode laser beam. A 
multipass optical cell (16) is used to align 10 
to 12 passes of the diode laser through the 
supersonic expansion. Absorption reso- 
nances are detected by monitoring the diode 
laser power with an InSb detector. The 
diode laser frequency is typically increment- 
ed 20 MHz after signal averaging for 30 
excimer shots. ~resuencv calibrations are 

A ,  

performed as previously described (5) .  
Two fundamental experimental difficul- 

ties have been addressed with the current 

Table 1. The v4 = 1 + 0 transitions in C7 (vObS) 
measured in this work. The calculated values 
(vc,lc) are from a fit to a model (Table 2). 

Table 2. Molecular constants and effective bond distance for C7. The effective bond distance is 
calculated assuming all bond lengths are equal. For the first column the uncertainties in the last digits 
are 2 SD (SD of the fit was 0.0041 cm-I). All ab initio values taken from (9).  

Parameter This work Ab initio 

*Ground state effective C-C bond length, compared with ab initio equilibrium values. Ab initio values correspond to 
the outer, central, and inner C-C bond distances, respectively. 

generation of this apparatus. The first in- 
volves the time profile of the absorption 
signal. This signal lasts only about 15 ps, 
which, when coupled with a repetition rate 
of 100 Hz, produces an experimental duty 
cycle of 0.15%. The transient nature of the 

5; 
signal implies a corresponding broad fre- .E 
quency spectrum, and it is difficult to filter 
diode laser and detector noise without sig- 
nificantly altering the time profile and am- 
plitude of an absorption signal. This prob- .- 
lem has been addressed by careful selection g 
of high- and low-pass signal filters, which 2 
reduce laser and detector noise by approxi- 
mately a factor of 100. Such filtering modi- 
fies the absorption signal because of ac 
coupling, giving it both positive and nega- 
tive voltage components, and causes a 70% 
amplitude reduction. Two boxcar signal 
averagers are triggered 12 ps apart, and each 
sam~les the filtered detector o u t ~ u t  for 3 ~ s .  
~ h l n  the laser is on iesonance'the boxcars 
sum negative and positive signal compo- 
nents. and when the laser is off resonance 
the boxcars subtract background fluctua- 
tions. 

A second experimental problem emanates 
from the nature of a supersonic expansion 
through a circular orifice. Such an expan- 
sion, when interrogated at right angles by a 
high-resolution laser operating near 2100 
un-', will exhibit Doppler-broadened ab- 
sorption linewidths of 200 to 300 MHz. 
The diode laser, however, has a frequency 
bandwidth of only 30 to 40 MHz. Thus, at 
an absorption maximum, the laser may only 
probe 10% of the clusters. This difficulty has 
been addressed by gas-dynamic focusing of 
the molecular beam through a slit. Clusters 
are generated at the center of the slit where 
the expanding gas has a compressed Dopp- 
ler width along the diode laser axis (17). 
Single pass measurements of C3 and Cs 
absorption resonances indicated a reduced 
Doppler width of 45 MHz. The use of a 
multipass cell increases that width to about 
60 MHz. The slit orifice also allows for 200 
to 300 mJ of the vaporizing laser to be 
focused to a line on the target, thereby 
increasing the effective path length of the 
clusters in the infrared laser beam. These 
source and detection system improvements 

2137.000 . 2140.00 
Frequency (cm-') 

Fig. 1. Calculated rovibrational spectra for the v4 
(u,) fundamental C7. The R(16) and R(18) 
transitions (top) were observed in a 0.2 cm-' scan 
beginning at 2139.2 cm-' (30 samples per point 
and 6 ps per sample). 

have increased the experimental sensitivity 
by a factor of 10, and the spectral resolution 
by a factor of 3. 

A set of P- and R-branch transitions 
characteristic of a linear closed electronic 
shell carbon cluster was observed near the 
end of an exhaustive search over the region 
2020 to 2142 un-'. The measured transi- 
tions and their spectral assignments are pre- 
sented in Table 1. Typical data and the 
calculated spectrum are shown in Fig. 1. 
The spectrum is assigned to. the C7 cluster 
based on the following observations: (i) the 
behavior of this absorber with' respect to 
experimental conditions is similar to that of 
C; and C3; (ii) the rotational constant is in 
excellent agreement with ab initio predic- 
tions (9); and (iii) the vibrational band 
origin is in good agreement (6% lower) 
with theoretical predictions (9) ,  roughly the 
same error as analogous predictions for the 
C5 and C3 clusters. The rotational tempera- 
ture of the C7 cluster in the beam is .estimat- 
ed to be about 15 K. 

The observed spectrum was fit with the 
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standard formula for rovibrational levels of a 
linear molecule (18). Three molecular pa- 
rameters, the vibrational band origin (v4) 
and the lower and upper state rotational 
constants (B" and B'), were determined by 
least-squares analysis, and the uncertainties 
were evaluated from the resulting covariance 
matrix. Statistical analysis indicated that the 
two rotational constants are highly correlat- 
ed (0.99). 

C3 is thought to be slightly quasi-linear 
(13, 14). Quasi-linearity is a result of a small 
barrier to linearity in the molecular bending 
potential (11). Molecules exhibiting this 
phenomenon are characterized by highly 
anharmonic low-frequency bending vibra- 
tions and strong stretch-bend interactions. 
Quasi-linearity manifests itself in the anti- 
symmetric mbde of the C3 cluster in the 
average molecular structure becoming more 
compact (the rotational constant increases 
by 1.2%) upon excitation of the antisym- 
metric stretch vibration. The rotational con- 
stant of a normal linear molecule would be 
expected to decrease upon similar vibration- 
al excitation. C5 and C7 have low-energy 
bending vibrations and are also potentially 
quasilinear. Recent spectroscopic measure- 
ments on CS indicate that its bending vibra- 
tions are reasonably harmonic, and no evi- 
dence for quasi-linearity is observed (1.5). 
The results presented here similarly do not 
evidence quasi-linearity in the case of C7. 
Upon excitation of the v4 vibration the 
rotational constant is found to decrease by 
about 0.35%, and thus the average'length of 
the molecule increases. While this is not 
suggestive of quasi-linearity in C7, it does 
not rule it out either. 

The detection of the CS and C3 clusters in 
the carbon star IRC+ 10216 bv Bernath and 
co-workers (1, 19) with infrared astronomy 
highlights the importance of carbon clusters 
in astrophysical processes. The following 
ion-molecule reaction scheme has been pro- 
posed by Suzuki (20) for astrophysical pro- 
duction of carbon chains: 

Calculations done by Freed, Oka, and Su- 
zuki (21) compared unimolecular dissocia- 
tion rates versus rates for infrared emission. 
Cluster growth was shown to proceed at the 
Langevin rate for n r 4. This may explain 
the high C5 abundance observed in 
IRC+10216 (1). It follows from the model 
that C7 should also be abundant. The C7 
absorption spectrum reported here was a 
factor of 3 to 5 less intense than the v3 
spectrum observed for C5. This is expected if 
the oscillator strength of the v4 transition of 
C7 is similar to that of the v3 transition of C5. 

The observed decrease of absorption intensi- 9. K. Raghavachari and J. S. Binkle~, J .  Chem. phyr. 
87, 2191 (1987). ty comes from an increased ground-state 10. W. Weltner, Jr., and R. J .  Van Zee, Chem. Rev. 89, 

partition function for the larger C7 cluster 1713 (1989). 
and an expected slight decrease in the rela- 11. L. Fusina and I. M. Mills, J .  Mol .  Spectrorc. 79, 101 

(1980).. density C7 in the beam ( 6 j  12. K. Kawaguchi et al.,  J .  Chem.  Phyr. 91, 1953 
22). If the interstellar C7/C5 abundance ratio (1989). 
is not too small, then the frequencies report- 13. E. A. Rohlfi"g, ;bid. 893 6103 (1988). 

14. C. A. Schmuttenmaer et al., Science 249, 897 
ed here will make astronomical observation (1990). 
of this molecule ~ossible. This, in turn, will 15. N. ~bazzen-Ahmadi, A. R. W. McKellar, T. 

Amano, J .  Chem. Phyr. 91, 2140 (1989). constitute an step in understand- 16. D .  K m  et al., Appl. Op t .  29, 119 (1990). 
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Tunable Far-IR Laser Spectroscopy of Jet-Cooled 
Carbon Clusters: The v2 Bending Vibration of C3 

Seven rovibrational transitions of the (01'0) + (00'0) fundamental bending band of 
C3 have been measured with high precision with the use of a tunable far-infrared laser 
spectrometer. The C3 molecules were produced by laser vapori2;ation of a graphite rod 
and cooled in a supersonic expansion. The astrophysically important vz fundamental 
fkequency is determined to be 63.416529(40) cm-'. These measurements provide the 
basis for studies of C3 in the interstellar medium with far-infrared astronomy. 

T HE STUDY OF CARBON CLUSTERS BY 

both theory and experiment has re- 
ceived a great deal of recent attention 

(1-3). These species have proven to be re- 
markably ubiquitous. They are observed, for 
example, in flames and electrical discharges, 
in carbon stars, and in laser-produced plas- 
mas of various polymers. They are implicat- 
ed in the process of soot formation and in 
the aggregation of interstellar dust grains. 
Many investigations have evidenced new 
closed structures of carbon composed of five 
and six membered rings. 

The elucidation of the roles of carbon 
clusters in these various contexts has been 
seriously impeded by the absence of spectral 
and structural data for them. In fact, detailed 

laboratory spectra have been measured only 
for Cz, C2-, CZ+, C3, and C5, although both 
infrared and electron spin resonance data 
have been obtained for several other species 
from studies in cryogenic matrices (4). We 
are attempting to improve this situation. In 
a previous report (5 )  we described a general 
new technique for measuring carbon clus- 
ters with mid-infrared laser absorption spec- 
troscopy, and infrared (IR) spectra of the Cs 
cluster were presented as an initial demon- 
stration of the method. The detection of Cs 
in the carbon star IRC+10216 by infrared 
astronomy was presented at the same time 
by Bernath et a l .  (6). In this report, we 
describe a new experiment for measuring 
far-infrared (FIR) (10 to 350 cm-') spectra 
of carbon clusters with high precision 
(1 x lo-'? and high sensitivi6. and present 

Department of  Chemisuy, and Materials and Chemical 
' u ,, L 

Sciences Division, Universi of  California and Lawrence the first direct measurement of the astro~hy- 
Berkeley Laboratory, Berkgy, CA 94720. sically important 63 cm-' bending mode of 

24 AUGUST I990 REPORTS 897 




