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Infrared Laser Spectroscopy of the 
Linear C,, Carbon Cluster 

T. F. Giesen,* A. Van Orden, H. J. Hwang,"f. S. Fellers, 
R. A. Provengal, R. J. Saykally 

The infrared absorption spectrum of a linear, 13-atom carbon cluster (C,,) has been 
observed by the use of a supersonic cluster beam-diode laser spectrometer. Seventy-six 
rovibrational transitions were measured near 1809 wave numbers and assigned to an 
antisymmetric stretching fundamental in the '8,+ ground state of C,,. This definitive 
structural characterizationof a carbon cluster in the intermediate size range between Cl0 
and C,, is in apparent conflict with theoretical calculations, which predict that clusters of 
this size should exist as planar monocyclic rings. 

T h e  structure and bonding in oure carbon- * 

molecules have been of interest for many 
years because of the importance of these 
species in many contexts, ranging from dust-
grain formation in the interstellar medium to 
soot formation in combustion systems. Re-
cently, this interest in carbon clusters has 
intensified because of the dramatic emer-
gence of fullerene science, centered primar-
ilv about the discovew and characterization 
oi  the C,, molecule and other members of 
this "third form of carbon." A review article 
by Weltner and Van Zee describes research 
conducted before 1989 (1) . Experimental 
(2) and theoretical (3) evidence suggests 
that the formation of C,, and other 
fullerenes proceeds by a mechanism in which 
small carbon clusters undergo condensation 
from 1inear.chains through monocyclic rings 
and finally to large three-dimensional, cage-
like structures. A detailed characterization 
of this mechanism, as well as those for 
related orocesses like soot formation. re-
quires a ;borough understanding of how the 
structure and bonding evolve in smaller 
carbon clusters as the cluster size increases. 
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*Present address: I .  Physikalisches Institut, der Uni-
versitat zu Koln, 50937 Koln, Germany. 
tPresent address: Department of Chemistry, Kyung 
Hee University, Seoul, 130-701, Korea. 

Extensive theoretical and ex~erimental 
efforts have been under way for several years 
to elucidate these mechanisms. From theo-
retical considerations, the picture that has 
emerged is that the small, odd-numbered 
clusters of C3 to Cg exist exclusively as 
cumulenic linear chains with '8,+ ground 
electronic states, whereas the even-num-
bered clusters of C4, C,, and C8 have two 
nearly isoenergetic structural isomers, a 38-
linear chain and a nearly planar singfet 
cyclic ring (4-6). Above C, a transition 
occurs, and the ground-state structures of 
both even and odd clusters become planar 
monocyclic rings, while the corresponding 
linear structures become relatively high in 
energy (5, 7, 8). This trend is thousht to 
continue for C,, to C,,. As the cluster size 
increases toward C,,, high-level ab initio 
calculations become unfeasible, although 
several calculations at lower levels of theory 
have been reported (9, 10). Ion mobility 
measurements indicate that a rich varietv of 
structures begins to form above C,,, includ-
ing planar monocyclic and polycyclic rings 
(11). Some calculations suggest that clusters 
as small as C18may exist as fullerenes (lo), 
although there is no experimental evidence 
to support this suggestion. However, it is 
clear that fullerenes become the most stable 
structures at sizes larger than C3,. 

Experimental verification of this picture 
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is by no means complete. During the last 
few years, the linear structures of C, (12, 
13), C4 (12, 14), C5 (12, 1 3 ,  C, (161, Ci 
(12), and C, (17) have been definitively 
characterized through high-resolution laser 
spectroscopy. Cyclic isomers, which are 
predicted to exist for even-numbered car-
bon clusters in this size range, have so far 
eluded detection by spectroscopic tech-
niques. Indirect evidence for the existence 
of nonlinear isomers of small carbon clus-
ters, including the rhombic form of C4, has 
been obtained from coulomb ex~losionim-
aging experiments and from measurements 
of electron photodetachment cross sections 
(18). Structural data for neutral carbon 
clusters in the range of Clo to C2, are 
extremely sparse. The linear triplet form of 
Clotrapped in an inert gas matrix has been 
observed with electron spin resonance spec-
troscopy (19), and indirect evidence for 
cyclic Cloas well as both the linear and the 
cyclic forms of C l l  has been obtained from 
anion photoelectron spectroscopy (20). 

The only other experimental structural 
information for carbon clusters in this in-
termediate size range has been extracted 
from reactivity (21) and mobility (11, 22) 
studies of carbon cluster ions. Relative cross 
sections and product distributions for car-
bon cluster cation reactions with simple 
gas-phase molecules (for example, 02, 
H,O, and NH,) have been deduced from 
mass s@ectrometry (20). These measure-
ments generally suggest the existence of 
linear structures for C5+ and C6+, both 
linear and cyclic isomers for Ci+ to Clef, 
and cyclic structures for cluster ions larger 
than Clo+. However, Smalley and co-
workers claim evidence for linear chain 
structures of neutral carbon clusters as large 
as C30, on the basis of reaction product 
distributions (23). Mobility data from gas-
phase ion chromatography measurements 
by Bowers and co-workers (I I )  provide 
more extensive structural information and 
isomer distributions for cluster ions as large 
as C,,+. Mobility measurements on carbon 
cluster cations confirm reactivity measure-
ments that indicate the existence of both 
linear chains and monocyclic rings for Ci+ 
to Clof and monocyclic rings for C l l +  to 
C2,+. Indeed, the only structures indicated 
in the intermediate size range between C l l +  
and C,,+ were monocyclic rings. In similar 
mobility measurements on carbon cluster 
anions, the surprising result that linear struc-
tures coexist with monocyclic rings for Clo-
to C2,- was obtained (22). In fact, under 
certain conditions the chain structures of 
Cl l - to C,,- are most abundant. These 
latter results are consistent with an earlier 
photodetachment spectroscopic study that 
found indirect evidence for linear carbon 
cluster anions larger than C,- (24) and with 
a recent Fourier transform mass spectrometry 

study of anion distributions that concluded 
that the transition from chains to rings 
occurs at C13- or C14- (25). Bowers and 
co-workers suggest that the existence of lin-
ear Clop to C2,- may mean that linear 
neutral carbon clusters also exist in this size 
range, because electron attachment to neu-
tral carbon clusters is a possible mechanism 
for anion formation. 

The C13molecule has been the subject 
of a recent theoretical investieation. Hutter-
et al. performed density functional theory 
calculations to determine ground-state ge-
ometries and relative stabilities for C2 to 
C,, (9). The cyclic isomer of C13was found 
to be 20 to 30 kcallmol more stable than 
the linear form. The results of these calcu-
lations are largely in agreement with early 
molecular orbital theory calculations (4), as 
well as modem high-level ab initio studies 

(5, 7, 8), that predict monocyclic ring 
structures for carbon clusters larger than C,. 

We report the measurement and analysis 
of the rovibrational spectrum of linear C13, 
arising from an antisymmetric stretching 
fundamental in the region near 1809 cm-'. 
This definitive structural characterization of 
a carbon cluster in the intermediate size 
range between Clo  and C2, provides direct 
evidence for the existence of low-energy 
linear isomers for neutral carbon clusters 
larger than Cl l .  The rovibrational band of 
C13 reported here was obtained with the 
Berkeley supersonic cluster beam-diode laser 
spectroscopy apparatus (12, 16, 17) (Fig. 1). 
Three infrared (IR) absorption bands at 
1804, 1818, and 1844 cm-' observed from 
carbon clusters trapped in a rare-gas matrix 
have been tentatively assigned to cyclic Clo  
and C,,  by Martin et al. on the basis of ab 

Fig. 1. The Berkeley su-
personic cluster beam-
diode laser soectrome-7 i 

exclmer 

ter. A pulsed 'superson-
ic molecular beam of 
carbon clusters is pro-
duced by the 248-nm 
excimer laser [Questek 
(Acton,Massachusetts) 
vp] ablation of a high-
density graphite rod 
(POCO Graphite, Deca-
tur, Texas),which rotates 
and translates in the 
throat of a 1 mm by 15-
mm slit nozzle. A 1000-
to 2000-kPa pulse of He 
is delivered by a Series9 
General Valve operated 
by an IOTA 1 Pulse Driv-
er (General Valve, Fair-
field, New Jersey) that 
sweeps the carbon va-
por through the nozzle 
and into a vacuum 
chamber maintained at 
a pressure of 100 mtorr 
by a 1000 s-I roots - 1 -

blower backed by two 
dual-stage mechanical 
pumps (Edwards, Sus-
sex, United Kingdom). 
The molecular beam is 
intersected 10 mm 
downstream from the 
nozzle by 18 to 24 
passes of a-focused IR 
diode laser beam that 
is produced by a 1790-to 1900-~m-~Pb, -,Sexdiode (Mutek,Herrsching,Germany) operated by 
a Laser Analytics (Bedford, Massachusetts) spectrometer (Fm, frequency modulator).Transient 
absorption signals are measured with a HgCdTe photoconductive detector (SBRC) and gated 
boxcar integration (SRS, Sunnyvale, California), and the data are collected by a PC 486-DX 
computer that steps the diode laser in 20-MHz frequency intervals after averaging 30 to 100 points. 
The averaged time profile of the detector output is observed with a Tektronix TDS 320 digital 
oscilloscope that enables precise adjustment of the boxcar gates. The timing sequence of the 
experiment is controlled with an SRS DG535 pulse generator. Frequency calibration of the data is 
accomplished by referencing the lines to the fringe spectrum of a vacuum-spaced 285.3(8)-MHz(at 
1800cm-l) free spectral-rangeetalon (LaserAnalytics) and three rovibrational transitions of H,O in 
the region between 1808 and 1810 cm-I (28). 
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initio calculations at the Hartree-Fock level 
(8). However, the only absorption signals 
that we have measured in this spectralregion 
are those reported here. Seventy-sixrovibra-
tional transitions were detected in the fre-
quency region between 1808.1 and 1809.7 
cm-I, all of which have been assigned to an 
antisymmetric stretching vibration of linear 
CI3with values of the rotational quantum 
number, J, of up to 80 in the P branch and 
74 in the R branch (Fig. 2). The observed 
spectrum is characteristic of a linear cen-
trosvmmetric molecule with nuclear s ~ i n  
weights of zero for antisymmetric rotational 
energy levels, in that every other rovibra-
tional transition is missing from the spec-
trum. The assignment of the spectrum was 
complicated by the fact that three of the 
lowest ] transitions near the band origin 
were not detected. which allows for more 
than one possible rotational assignment. 
The assienment resented here was selected-
because the lowest ] P- and R-branch lines 
have nearlv the same relative intensitv. 
Therefore, these transitions are assumed to 
arise from the same rotational energy level. 
This condition is satisfied only if these low-
est J lines are assigned as P(4) and R(4) (Fig. 
2). The rest of the spectrum is assigned 
accordingly. In any case, all possible rota-
tional assienments vield similar rotational 
constants. he relative intensities of all 
transitions in this band can be reproduced 
approximately by assuming a rotational tem-
perature of 10 K. 

Observed frequencies and ground- and 
upper-state combination differences were 
analyzed by a least-squares fit. The molec-

ular parameters obtained from this fit are 
presented in the caption to Fig. 2. An 
excellent fit (SD = 4.5 x cm-') was 
obtained without the inclusion of distortion 
constants; therefore, only lower- and upper-
state rotational constants are given. Cen-
trifugal distortion parameters are statistical-
ly determinable from the data, and the 
inclusion of these constants improves the 
quality of the fit somewhat. However, dis-
tortion parameters obtained in this way are 
anomalous both in magnitude and in sign in 
the fit to both observed freauencies and 
combination differences, and no physical 
significance can be assigned to them. A 
similar effect was observed for C, and C,, 
for which large, negative distortion con-
stants were taken as evidence for slight 
perturbations to the energy levels (12, 17). 
The inclusion of distortion constants in the 
fit to the present data set does not substan-
tially alter the magnitude of the rotational 
constants, so they were not included in the 
final fit. In the fit to observed freauencies. 
the upper- and lower-state rotational con-
stants were found to be highly correlated. 
This correlation was removed by fitting the 
combination differences, R(J) - P(J) for 
upper-state levels and R(]) - P(J + 2) for 
lower-state levels. The rotational constants 
obtained in this wav were identical to those 
calculated from thi  direct fit to observed 
transitions. 

These rovibrational transitions have 
been assigned to the linear C,, carbon 
cluster on the basis of the following criteria: 
The introduction of impurities containing 
N,,O,, and water vapor into the He carrier 

Flg. 2. A part of the rovi-
brational spectrum of an 
antisymmetric (u,) stretch 
fundamental of linear C,,. 
Seventy-six rovibrational 
transitions were measured 
in the 1808.1-to 1809.7-
cm-I region and as-
signed to Jvalues as high 
as 80. Analysis of these 
transitions yielded a band 
origin of 1808.96399(7) 
cm-I and rotational con-
stants of 0.0047324(6) 
cm-I for the ground state 
and 0.0047218(6) cm-I 
for the upper state (val-
ues in parentheses are 
uncertainties in the last 
digit).The standard de-
viation of the nonlinear 
least squares fit to the 
measured peak posi- 1808.4 1808.6 1808.8 1809.0 1809.2 1809.4 
tions was 4.5 x Frequency(cm") 
cm-'. An average car-
bon-carbon bond length of 1.2770(5)A was obtained fromthe rotational constant. Relative intensities 
for these transitions can be reproduced by assuming a Boltzmann distribution and a rotational 
temperature of 10 K. The fact that only even Jstates were observed,as well as the absence of other 
features in this region, confirms that the carrier is a centrosymmetric linear molecule. 

gas caused a substantial decrease in the 
intensity of the transitions. This observa-
tion provides evidence that the absorber is a 
pure carbon cluster rather than a long-
chain hydrogen-, oxygen-, or nitrogen-con-
taining carbon molecule. Assignment of 
these transitions to a pure carbon cluster is 
also consistent with the observed nuclear 
spin statistics and with findings from our 
earlier experiments. Additionally, precise 
values for the rotational constants of linear 
C3 to C, and C, have been measured (12, 
14, 16, 17), from which it is possible to 
calculate average carbon-carbon double 
bond lengths for each cluster. These aver-
age bond lengths range from 1.27 to 1.30 A 
and are in excellent agreement with theo--
retical predictions for the bond lengths of 
cumulenic structures (5-7). The average 
bond lengths for larger linear carbon clus-
ters should be close to this range. Linear 
C13is the only carbon cluster for which an 
average carbonsarbon bond length within 
the above range reproduces the measured 
rotational constant. The C13- anion has 
been ruled out as a carrier of these transi-
tions because, if the molecular orbitals of 
larger linear clusters follow the same trends 
as C, through C,, C13-should have a 'II 
ground electronic state, in which case both 
even- and odd-numbered transitions would 
be observed in the spectrum. Furthermore, 
we strongly suspect that neutral species 
greatly outnumber ions in the molecular 
beam. 

A cumulenic bonding configuration (all 
double bonds) with a 'Z,+ electronic state 
has been assumed in the assignment of these 
transitions, analogous to the odd-numbered 
C, through C, clusters. The fact that every 
other transition is missing from the spec-
trum confirms that the molecule is in a X 
state, and the lack of strong evidence for 
fine-structure splittings due to electron spin 
interactions is consistent with a singlet 
electronic state. In addition. the observed 
similarity in the relative intensities of the 
lowest J P- and R-branch lines [labeled P(4) 
and R(4) in Fig. 21, as discussed above, 
suggests that these transitions arise from the 
same, even-numbered rotational-energy 
level. The assignment of odd numbers to 
the transitions would reauire these two 
lines to arise from different rotational-ener-
gy levels. Therefore, a symmetric electronic 
state is assumed. 

It is not certain whether these C1, data 
can be assigned to a known matrix IR 
absorption band. The best candidate is a 
matrix absorption at 1804 cm-'. However, 
in previous measurements of smaller linear 
carbon clusters. the matrix environment 
induced a red shift of the band origin that 
increased systematically as the cluster size 
increased (12). For C,, the band origin 
observed in the matrix was red-shifted by 
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more than 15 cm-' compared to the gas- 
phase value (1 7). Thus, the observed ma- 
trix band of C,, should be in a frequency 
region between 1780 and 1795 cm-'. 

From the data observed so far, it appears 
for neutral and anionic carbon clusters from 
C,, to C,, that linear and cyclic isomers 
coexist in laser-vaporized graphite, despite 
theoretical predictions that the cyclic rings 
should be considerably more stable [ r 2 0  
kcallmol (7-9)] than the linear chains. At 
the high temperature (approximately 4000 
K) of graphite vaporization, entropy strong- 
ly favors the formation of linear over cyclic 
isomers because of the higher density of 
states that results from the low bending 
frequencies of the linear structures. There- 
fore, it may be that the cyclic structur'es 
must be vastlv more stable than the linear 
structures to be observed under these con- 
ditions. Furthermore. in the molecular 
beam source used for this experiment, the 
graphite vapor is rapidly cooled by super- 
sonic expansion, which may result in the 
"freezing-out" of high-energy structures 
produced in the initial vaporization. Re- 
cently, von Helden and colleagues reported 
an experimental (26) and theoretical (27) 
study of C7+ that illustrates these points. 
Both linear and cyclic isomers of C7+were 
observed in mobility measurements. Ab 
initio calculations revealed that the cvclic 
structure should be approximately 20 kcall 
mol more stable than the linear structure. 
A barrier to isomerization was also calculat- 
ed to be about 50 kcallmol. Thus, despite 
the large energy separation between the two 
isomers, a substantial number of linear 
structures form because of entropy and are 
subsequently frozen out because of the large 
barrier to isomerization. On the basis of 
these considerations, it seems likely that 
large linear carbon clusters play a major role 
in the chemistry of high-temperature, car-
bon-rich environments, despite the greater 
stability of the cyclic isomers. 
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Direct Spectroscopic Detection of a 

Zwitterionic Excited State 


Daniel S. Engebretson, Jeffrey M. Zaleski, George E. Leroi, 

Daniel G. Nocera* 


Two electrons in two weakly coupled orbitals give rise to two states (diradical) with electrons 
residing in separate orbitals and two states (zwitterionic) with both electrons paired in one 
orbital or the other. This two-electron, two-orbital state manifold has eluded experimental 
confirmation because the zwitterionic states have been difficult to locate. Two-photon 
excitation of fluorescence from Mo,CI,(PMe,), (D,d has been measured with linearly and 
circularly polarized light. From the polarization ratio and the energy of the observed 
transition, the 2'A1 (S*S*) excited state has been located and characterized. In conjunction 
with the one-photon allowed 'B, (86") excited state, the zwitterionic state manifold for the 
quadruply bonded metal-metal class of compounds is thus established. 

T w o  electrons in weakly coupled orbitals 
on two centers give rise to four states: two 
low-energy f'diradical" states arising from 
one electron in each orbital with spins 
opposed (singlet) and parallel (triplet), re- 
spectively, and two higher energy "zwitter- 
ionic" singlet states derived from the anti- 
svmmetric and svmmetric linear combina- 
tions, respectively, in which both electrons 
are paired in one orbital of either center. In 
this model, the singlet and triplet diradical 
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states are energetically far removed-from 
the ionic states, and the energy gaps within 
the diradical and zwitterionic states are 
small and eaual. When the two orbitals are 
uncoupled, the diradical states are degener- 
ate. as are the zwitterionic states. This 
two-electron, two-orbital manifold of states 
holds a central place in bonding descrip- 
tions. After their espial in the valence bond 
theory of Heitler and London (I) ,  these 
states were invoked by Mulliken to describe 
ethylene upon twisting (2) and dihydrogen 
at long internuclear distances (stretched 
hydrogen) (3). They were subsequently rec- 
ognized in Coulson and Fischer's treatment 
of dehydrogen by molecular orbital theory 
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