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INTRODUCI’ION 

The questions of how and in what form that carbon is distributed in the Universe are critical ones for 
understanding the evolution of dust and planets, and for elucidating the origin of life on Earth and the prospects 
for discovering it elsewhere in the cosmos. While the abundant CI and CII atoms and CO molecule, which 
together account for a large fraction of the total carbon budget, have been thoroughly studied in many sources, and 
a large number of organic molecules have been detected in cold dust clouds, two potentially large reservoirs of 
carbon remain essentially unexplored. These are the PAH’s and pure carbon clusters. The former are strongly 
suspected to be important components of interstellar dust, while the latter have essentially been ignored. Most 
probably, this simply reflects the fact that relatively little information exists regarding the structures, properties, 
and in particular, on the transition freauencies of pure carbon clusters that would permit their study by 
astrophysical methods. The work described below’is designed to mitigate these deficiencies through the study of 
pure carbon clusters (C,) in the size range n=3-20 by high resolution infrared (350-3000 cm-‘) and far infrared 
(lo-350 cm-‘) laser spectroscopy. The specific goal of this work is to provide a precise inventory of laboratory 
frequencies and physical properties for these carbon clusters, such that a serious effort can be made to detect them 
in cold interstellar sources by far-IR astronomy. 

The Berkeley infrared diode laser cluster spectrometer/l/ and tunable far infrared laser spectrometers /2/ have been 
described in full detail elsewhere, and we refer the reader to these accounts of the experimental design. In both 
systems, carbon clusters are produced and cooled by vaporization of a graphite rod with a pulse from a 248 nm 
excimer laser, into a planar supersonic expansion of argon. Rotational temperatures of lo-30K are achieved in 
this way, while the vibrational temperatures are considerably higher /l/. Vibration-rotation transitions in the 
clusters are then observed with Doppler limited resolution through direct absorption measurements. 

The state of our knowledge of carbon clusters as of 1988 has been reviewed by Weltner and Van Zee /3/. 
Theoretical calculations indicate that odd numbered clusters in the range C3-C9 have linear singlet ground 
electronic states, whereas the even clusters in this range have both a linear triplet state and singlet monocyclic ring 
form at nearly the same energy. Clusters larger than C, are predicted to exist only in the ring forms, and those in 
the range Cg - C ls probably have polycyclic or briged ring ground state structures. So far, experiments have 
substantiated this qualitative picture. All of these small clusters are likely to be nonpolar as a result of symmetry, 
thus precluding their detection by rotational spectroscopy and millimeter astronomy. However, they are generally 
very nonrigid, while is manifested in the existence of very low frequency bending vibrations (30-120 cm-‘). It is 
these far infrared bending vibrations that could provide the means for detecting carbon clusters with ISM, if 
idata It is toward that end that we have undertaken the work 
described in this paper. In the following we summarize our far-IR study of C, and our mid-IR studies of C,, C,, 
C,, CT, and Cs. This latter work is a necessary step for carrying out the FIR measurements because of the severe 
spectral search problem concomitant in this very high resolution (sub-MHz) experiment. 

NEW TECHNIQUES FOR IR AND FIR SPECTROSCOPY OF CARBON CLUSTERS 

We feel that the best way to systematically investigate the properties of carbon clusters is to directly measure the 
structure and vibrational dynamics of the isolated species. The currently used methods for measuring properties 
of covalently bound clusters rely on ion counting techniques such as photofragmentation, photoionization, 
photoelectron spectroscopy, etc. Although the sensitivity of these techniques is unparalleled, none have yet 
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demonstrated the capability of producing definitive structural information. In addition, they lack generality, i.e. all 
rely on the cluster doing something after a photon is absorbed (fragmenting, losing an electron, etc.) High 
resolution infrated (IR) spectroscopy can, in principle, provide detailed structural and dynamical information, but 
absorption of an infrared photon by a strongly bound cluster does not usually produce any secondary effects. 
Thus, the only way to extract the desired information is to measure the infrared absorption of a cluster directly - a 
much less sensitive approach than ion counting. 

In order to carry out direct absorption experiments on carbon clusters, one must overcome a variety of 
experimental impediments. The foremost of these is simply to detect an absorption signal in the first place. This, 
in turn, is difficult because of two problems. 

The first problem is simply that of producing a detectable number carbon clusters. We accomplish this by using 
pulsed vaporization of a carbon target and cooling in a supersonic expansion, This difficulty is also partially 
overcome by narrowing the Doppler width of the clusters in the region where they are probed by the IR FIR laser. 
For example, clusters expanding through a circular orifice will exhibit a 200-300 MHz absorption line width (20 
MHz) IR diode laser at 2000 cm-‘. This implies that the diode laser will only probe 7-10% of the clusters at any 
one time. In the cluster source implemented here the supersonic expansion is planar, rather than circular. A 
planar expansion is used to reduce the Doppler width along the axis probed by the IR laser, and the result is an 
absorption line width reduced to 45-60 MHz. This Doppler narrowing gives a factor of 4-6 increase in absorption 
signal intensity. In addition, a planar expansion allows one to focus the ablating laser to a line, rather than a spot. 
The result is approximately a factor of three increase in the amount of material vaporized per laser shot. 

A second difficulty associated with this experiment involves the transient nature of the absorption signal. A pulse 
of clusters produced by laser ablation will bisect the small spatial region of an IR or FIR laser multipass cell in a 
time of ca. lo-15 l.tsec. Thus, even when the experiment is cycled at 100 Hz, the duty cycle of an absorption 
signal is only 0.1%. This implies a broad frequency spectrum associated with the absorption transient, and makes 
separation of an absorption signal from experimental noise (laser noise, detector noise, etc.) quite difficult. This 
problem is overcome in our experiments by the use of a series of carefully selected low- and high-pass filters. 
These filters reduce experimental noise by a factor of 100, while only causing a 30% reduction in the amplitude of 
an absorption signal. The absorption transient is, however, ac-coupled by the filters, resulting in positive and 
negative voltage components, separated in time by lo-15 l.tsec. Two boxcar integrators (A and B) are timed such 
that A measures the positive voltage component, and B measures the negative voltage component. By monitoring 
A-B, the full signal amplitude is recovered when the laser is on-resonance, and, when off-resonance, background 
subtraction is effected. 

Finally, the identity of the absorbing species must be definitively established since a broad distribution of cluster 
size is usually produced. One straightforward approach to this problem is to use very high resolution IR and far- 
infrared (FIR) lasers to measure the absorption spectrum of carbon clusters produced and cooled in a supersonic 
jet. The cooling greatly simplifies the absorption spectrum, and the identity of the absorber may be 
unambiguously and uniquely assigned from the molecular constants exnacted from the spectroscopic fit. (Recall 
that rotational spectroscopy was the most accurate method for mass determination until about 20 years ago!) 

The experimental technique outlined above is independent of the particular laser system employed, and the 
experiments carried out at Berkeley employ both a tunable IR diode laser as well as a tunable FIR laser system. 

A schematic of the diode laser spectrometer used for carbon cluster studies at Berkeley is shown in Figure 1. This 
spectrometer operates in the frequency region from 350-2700 cm‘ l. Frequency calibration of observed spectral 
lines is performed by simultaneous measurements of the absorption spectrum of a reference standard gas (N@, 
NH3, or OCS) and the fringe spectrum of an air-spaced germanium etalon as a cluster absorption spectrum is 
measured. 

A schematic of the Berkeley EIR spectrometer is shown in Figure 2. This laser system, which currently operates 
in the range of lo-150 cm- , IS tuned by mixing microwave sidebands with a single fixed frequency far-infrared 
laser in a Schottky-barrier diode. This laser system has been described elsewhere /2/. The ultimate measurable 
fractional absorptions of both of these spectrometers is approximately 30 ppm for a scan with a 100 shot time 
constant. 

A SUMMARY OF RESULTS 

In the remainder of this paper, we summarize the results of our recent studies of carbon cluster IR and FIR 
spectra, we refer the reader to the original work for details. 
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Fig. 1. Diode laser spectrometer for IR absorption measurements of supersonically cooled carbon clusters. 

Fig. 2. Tunable FIR spectrometer for probing the low frequency bending vibrations of jet cooled 
carbon clusters. 
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A. FIR Soectroscopy of C, 

C3 is the most stable of the smallest (4 atoms or less) carbon clusters. It is also the smallest of the C,, C-,, C, I 
series, all of which have tt, HOMOs and thus are expected to be quite nonrigid. The optical spectrum of C3 was 
detected as early as 1881 in a comet /3/. The infrared spectrum has been detected as a product of acetylene 
photolysis /4/, and in the circumstellar of the carbon star IRC 10216 /5/. C, is also the primary neutral product of 
the photofragmentation of carbon clusters in the size range 4-30. The cluster has been studied in detail by 
electronic emission and absorption spectroscopy /3/, stimulated emission pumping spectroscopy /6/, and matrix 
isolation and gas phase infrared spectroscopy /3/. These experiments have shown that C3 is extremely nonrigid, 
possibly slightly quasilinear, with a very shallow, anharmonic bending potential (the v2 coordinate). 

The selection rules scss and + * - allow the v2 = 1 t0 energy splitting to be determined only by direct 
measurement of this FIR transition, not through combination differences of infrared and optical transitions. 
Detection of the v2 band at FIR wavelengths with the Berkeley cluster spectrometer /2/ has facilitated an extremely 
precise determination of ground state and v2 molecular constants of C3, information which is critical for 
understanding the bending potential of this prototypical nonrigid molecule. In addition, the detection of the v2 
band origin is of considerable astrophysical interest because it can facilitate detection of C3 in the interstellar 
medium (ISM) at FIR wavelengths. As C3 has no permanent dipole moment, and hence no pure rotational 
spectrum, this bending vibration will be the lowest frequency emitted or absorbed by C,, and may be the only 
way to detect C3 in cold, dense molecular clouds. 

Molecular constants for the ground and v2 states of C3 are presented in Table 1. Values to note in this table 
include the extremely low v2 vibrational frequency. For CO,, which has four more electrons, and thus a n 
HOMO, v2 is greater than 600 cm-t. Also note that a large positive change occurs in B when v=l of v2 is excited! 
This is indicative of extremely large amplitude bending motion in the upper state. The anharmonicity of the 
bending potential is reflected in the large distortion constants, and in the large R-type doubling constants. 

1 TABLE Molecular Constants for linear C, obtained from IR and FIR spectroscopy. 
Here, ‘und’ indicates that the particular constant is not determined. A value 
of 0.0 indicates that the particular constant was set to 0.0 for the fit. 

C” vo 
(cm-‘) 

B 
(cm-‘) 

D 
( 10m5 cm-‘) (*O-gHcrn_t) 

state 
0.4305723(56) 0.1472(13) 0.1333(59) 

63.416529(40) 0.4424068(52) 0.2361(16) 0.267(12) 

2040.0192(6) 

1548.9368(21) 

2169.4410(2) 
118(3) 
(und) 

218(13) 

1959.85852(18) 

2138.3152(5) 
1898.3758(g) 

(und) 
(und) 

2014.3383 

q R=0.0056939(21 j 
0.435704(19) 

Q,D=0.0869(27 j 
0.4238(31) 

0.16452(5) (und) 
0.164867(7) 0.87(19) 

0.0853133(29) 
0.0848933(29) 
0.0856235(24) 
0.08591 l(7) 
0.085654(4) 

0.00053(4) 
0.00053(4) 
0.00042(4) 
0.00093( 16) 
0.00082(S) 

0.048479( 10) 
0.048410(9) 

0.030613(14) 
0.030496(14) 
0.030556( 15) 
0.03583(40) 
0.0374(30) 

0.014319(16) 
0.014286(15) 

0.0022(9) 
0.0030(8) 

-0.00233(85) 
-0.00251(91) 
-0.0016(11) 
0.0 
0.0 

0.00 14(6) 
O.OOll(5) 

%8=0.027(23) 
0.994(23) 

i::: 
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Table 1 also contains molecular constants for v=l of the v3 (cr,) antisymmetric stretch. Note that the rotational 
constant actually increases with the excitation of a stretching motion. This is unusual behavior for a linear 
molecule, and is indicative of strong stretch-bend interactions. 

B. IR SD~~X~O~~ODV of C4 

Within the family of small carbon clusters, C, has received a particularly notable amount of attention, both 
theoretically and experimentally. Indeed, C4 has become a standard for quantum chemical calculations. The 
energy difference between the linear 3&- and the rhombic ‘As structures of this cluster has been intensely 
debated, with the consensus being that the two structures are essentially isoenergetic /3/. Although C, has also 
been the subject of numerous experimental studies, definitive evidence for the existence of either of the two 
structures has been elusive, and, indeed, many experiments appear contradictory. Evidence for both bent and 
linear structures has been reported for C4 isolated in rare gas matrices. Evidence for both rhombic and linear 
structures has been reported from Coulomb explosion and photoelectron experiments on photodetached C;. 

The ~3 (O ) vibrational band origin of C4 isolated in an argon matrix has been determined to lie near 1544 cm-l. 
This numl?er orovides excellent auidance for an IR snectral search for eas ohase C,. The eas nhase snectrum of 
the v3 band, measured with the B:rkeley IR spectrometer /I/, is shown x Figure 3. kolecu&r donstan& extracted 
from the fit to this data are presented in Table 1. Analysis of this band indicates that triplet C, is linear. If C, 
were bent by more than ca. 9, a second set of K=ltl rovibrational lines would be detectable with a signal to 
noise ratio of at least 3 to 1. K is the quantum number for the axis of rotation parallel to the molecular axis. As 
zero-point bending amplitude is typically on the order of or greater than S’, it is possible to establish the linearity 
of triplet C, with a high degree of certainty. 

r v~(G,) Fundamental of 31, C4 

I 
Frequency (cm-l) 

Fig. 3. The v, rovibrational spectrum of triplet C,. The stick spectrum is calculated from the fitted 
molecular constants. Typical data showing the spin multiplets partially resolved are also presented. 

The laser ablation technique for producing carbon clusters is, br nature, a very high temperature synthesis, and 
with all other things being equal, this will favor formation of the C,- structure from entropy considerations. It is 
thus quite probable that the predicted low-lying rhombic isomer does exist, but it still awaits definitive detection. 



3130 J. R. Heath ef ul 

c. IR Spectroscopv of Cs 

The C, cluster is substantially more stable than either the C4 or C, clusters, and should be a major component of 
carbon vapor. The vibrational band origin of the v3 (0,) antisymmetric stretch has been measured for Cs isolated 
in a rare gas matrix to lie near 2164 cm-’ /3/. The gas phase rovibrational spectrum of the vg band has been 
measured with the Berkeley IR spectrometer /8/. This measurement coincided with detection of C, in the 
circumstellar shell of IRC 10216, and was critical in confirming that detection /9/. The v3 band and associated hot 
bands from low frequency bending vibrations have been measured by diode laser spectroscopy of the products of 
acetylene, ethene, and allene photolysis /lo/. Molecular constants for the v3, ~5 (x ), and v7 (7~ ) bands are listed 
in Table 1. The fitted molecular constants indicate that C5 is a linear, rigid molecule with cumuknic bonding and 
relatively harmonic bending modes. 

D. IR SDCCtrOSCODb'OfC, 

As with other small, even numbered carbon clusters, C, is predicted to exist with a low-lying singlet monocyclic 
ring state and a linear cumulene 3&* state. We have observed the highest frequency antisymmetric stretching 
vibration of the linear cluster with resolution of the triplet structure and detection of several bending hot bands 
/l l/. A spectrum is shown in Figure 4, and molecular constants are presented in Table 1. 

P(3) R(1) R(3) 
J=43 2 J=l 2 J=2 34 

1659 1960 1961 

Frequency (cm-l) 

Fig. 4. The ~4 rovibrational spectrum of triplet C,. 

E. IR SDCCtl’OSCOD~ Of c7 

The C7 cluster is the second in the C3, C,, Ctt series which is predicted to be nonrigid from simple MO 
arguments. The infrared spectrometer has been used to observe four separate rovibrational bands of this cluster. 
The vq (0,) antisymmetric stretch/l2/and the v=l’ and v=2’ levels of the associated vll (nJ bending hot band 
have been measured /I/. In addition, a second relatively strong fundamental, the vs ((r ) antisymmetric stretch, 
has now been measured /13/. Molecular constants for the various vibrational levels and the ground state of C7 are 
listed in Table 1. 



Pure Carbon Clusters in the ISM (3)31 

The infrared spectroscopy of C7 indicates that it is, as expected, a linear molecule. However, note that the quartic 
distortion constants (D) for the ground state and the o, levels are not only large, but are negative as well. This is 
unusual, and appears to present an unphysical picture for this molecule. Taken alone, these distortion constants 
would indicate that the molecule becomes more compact as it rotates. However, the sextic constants for these 
levels are also very large and are non-negative, and they offset the quartic distortion constants. Thus, the 
molecule does lengthen as it rotates, as one expects. The unusual distortion constants indicate that the energy 
levels of C7 are influenced by a perturbation, possibly a Coriolis interaction with the low-lying a, bending levels. 

Dramatic evidence for the nonrigidity of C7 comes from analysis of the hot bands /l/. The molecular constants for 
these states indicate extremely large amplitude motion in the lowest frequency bending coordinate. This 
coordinate, (v,,), corresponds to motion about the central carbon atom. Note the very large, positive change in 
the rotational constant (B) that occurs when one and two quanta of v1 1 are excited. The vlt frequency is predicted 
to lie near 70 cm-‘. The molecular constants for vll indicate that, with 2 quanta (100-150 cm-‘) of vibrational 
excitation, the bending amplitude of C, about the central carbon atom is ca. 45”. Such low energy, large 
amplitude motion is unprecedented in strongly bound molecular systems. These data strongly argue that the low- 
frequency bending motions provide a mechanism for the isomerization from chains to rings. It also illustrates 
quite nicely that the very simple rt 
Although high resolution infrare $ 

R, HOMO argument for alternating rigidity in linear C, works rather well. 
spectra of Ctt have not yet been obtained, it is interesting to note that the 

photoelectron spectrum of Cl,- indicates that two structures, probably the linear and cyclic forms (of the anion), 
are present in the molecular beam. 

Fig. 5. 

c9 v6 kb) Fundamental 

I 
fvw RW RWJ) B(24) 

2014.9000 

Frequency (cm-l) 

Experimental data showing the R( IO)-R(26) rovibrational lines of the ~~(0”) spectrum of CL+ 
This spectrum is strongly perturbed by a large number ‘dark’ states, and these perturbations 
are. manifested as slight frequency shifts, intensity fluctuations, line splittings, and asymmetric 
line shapes of the rovibrational transitions. 
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F. IR Spectroscoov of Cs 

C, is the largest cluster for which a linear structure is predicted for the ground state. The infrared spectrum of the 
vg (~3,) antisymmetric stretch fundamental is presented in Figure 5 /14/. This spectrum is affected by a large 
number of perturbations. Note the strong intensity fluctuations in the observed intensities. The low-J lines of this 
spectrum, up to J=lO, are actually split into doublets. In addition, analysis of this spectrum results in a very poor 
fit. However, the ground state may be fit separately from R(J-2)-P(J) combination differences, and this fits quite 
well to (l), indicating that the strong perturbations are confined to the upper state, and that the structure of Cp is, 
in fact, linear. The ground state distortion constant is quite large, however, possibly indicative of Conolis 
perturbations from low lying K levels. With the ground state molecular parameters held constant, upper state 
constants may be fit, although the physical interpretation of these parameters is questionable. Molecular 
parameters for both states are presented in Table 1. In general, if a molecule experiences a discrete perturbation, 
accurate molecular parameters for both the bright and dark state may be obtained from simple second order 
perturbation theory. However, in the case of C,. the perturbations are too numerous and too severe to extract 
such a description. 

The high degree of perturbation to the vibrational spectrum of C, is not really surprising, even at excitation 
energies as low as 2000 cm-‘. C, is predicted to have several very low frequency degenerate n: and x modes. 
From the predicted vibrational frequencies, it is possible to estimate the density of vibrational sta&s at 2tj00 cm-’ 
above the zero point energy from a semiclassical density of states calculation. At 2000 cm-*, that densitv is 
lOs/cm-’ ! With-such a high-number, it seems surprising that the vg spectrum is not even more strongly perturbed. 
However. the measured DODDkr linewidths reoorted here (60-90 MHz) are at least a factor of 100 treater than the 
expected natural linewidth’s’of such rovibratonal transitions. Thus, only the few strongest perturbations are 
detectable with this experiment. 

The current sensitivity of the IR apparatus is sufficient to permit the detection of hot bands originating in the low- 
lying rt states. Thus, conclusions regarding the rigidity of C, will be made upon analysis of the new data. 

High resolution IR and FIR laser spectroscopy provides a powerful probe of the structures and vibrational 
dynamics of small carbon clusters, as well as a precise data base for designing astronomical probes for carbon 
clusters in the ISM. In accordance with ab inifio quantum chemical predictions, the C,, C,, C7, and C, clusters 
are determined to have linear ‘c ground states, while the C, and C, clusters are shown to have low-lying 
(possibly the ground state) 3& electronic states. In addition, simple argument based on the symmetry of the 
HOMO for odd linear C, appears to work quite well for predicting the level of rigidity in these molecules. Low 
frequency, anharmonic K bends, coupled with the rc, HOMO symmetry of C,, C,, and Cl, do provide a 
compelling pathway for the growth and/or isomerization of the chain structures to form monocyclic rings. This 
may have important consequences in the dynamics of dust formation and other processes in the ISM. 
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