
C6
- Carbon Cluster Anion: An Infrared Absorption and Resonance Raman Isotopic Study

Jan Szczepanski, Edward Auerbach, and Martin Vala*
Department of Chemistry and Center for Chemical Physics, UniVersity of Florida, GainesVille, Florida 32611

ReceiVed: August 4, 1997; In Final Form: September 30, 1997X

The Fourier transform infrared and resonance Raman spectra of the C6
- carbon cluster anion has been measured

in argon matrices. Fundamental symmetric stretching modes have been observed at 2086, 1775, and 634
cm-1, together with the overtone of a symmetric bending mode at 467 cm-1. The major asymmetric stretching
mode lies at 1936.7 cm-1. Theoretical calculations utilizing Hartree-Fock (HF/6-31G*), Moller-Plesset
perturbation (MP2/6-31G*), density functional (B3LYP/6-31G*), and quadratic configuration interaction
QCISD/6-31G*, including triples QCISD(T)/6-31G*, support the assignment of these bands to the C6

- cluster
and indicate that it is linear with an acetylenic-like structure. Frequency shifts determined from infrared and
resonance Raman studies of12C/13C isotopically substituted C6- are generally in excellent agreement with
the calculated isotopic frequency shifts, although not all isotopomeric bands were observed. The combination
of resonance Raman and Fourier transform infrared spectroscopies with theoretical computations is shown to
be a powerful approach for the study of carbon clusters and their anions.

I. Introduction

Carbon clusters are of current interest because of their integral
part in soot, fullerenes, nanotubes, and astrophysics. While the
bulk of the information currently available on small carbon
clusters deals with neutral clusters, some work has been reported
on carbon cluster ions. In particular, carbon clusters and their
anions have been studied using a variety of experimental ap-
proaches: photoelectron spectroscopy,1-3 zero kinetic energy
spectroscopy,4,5 gas-phase ion chromatography,6 resonant mul-
tiphoton detachment spectroscopy,7-9 photodissociation and
photodetachment spectroscopy,10 collision-induced dissocia-
tion,11 electronic absorption12 and emission,13 and infrared spec-
troscopy14,15in rare gas matrices. Theoretical studies have been
reported on several cluster anions.16-20 Some studies have dealt
with the vibrational frequencies of carbon cluster anions,1,2,7,13,19

but usually only symmetric mode frequencies in excited elec-
tronic states have been specified. Some work has been reported
on ground-state symmetric modes, usually gotten indirectly from
hot band structure. The asymmetric modes of some small linear
carbon cluster anions Cn- (n < 10, n * 8) in Ar matrices14,20

and Cn- (n ) 5-10, 12) in Ne matrices15 were recently
investigated via infrared spectroscopy.
Fourier transform IR absorption spectroscopy of small neutral

isotopically labeled carbon clusters isolated in noble gas matrices
has been very successfully used in the past for the identification
of the size and structure of specific clusters.22-28 This technique
can be used for the study of ionic carbon cluster species as well.
Very recently we reported on12/13C isotopic studies of theν3
mode of the C3- carbon cluster. An analysis of its six
isotopomeric bands established its linear structure.21

In our recent study of carbon cluster anions,14 an IR band at
1936.7 cm-1 (in Ar) was assigned to theν4(σu) asymmetric
stretching mode of the linear C6- cluster anion. This assignment
was based on the following: (1) an energy threshold of 4.7 eV
for photobleaching of the 1936.7 cm-1 absorption band was
found. This energy was linked to the 4.185 eV electron
detachment energy2 of gaseous C6-, with the higher energy in
Ar matrices due to the stabilization of the C6- ions in the matrix.
(2) A good intensity correlation was found between the C2Πg

- X2Πu (000) electronic transition of C6- at 615.8 nm (in Ar)

and the IR band at 1936.7 cm-1. (3) The calculatedν4(σu)
transition using B3LYP/6-31G* density functional theory (scaled
by 0.95) matches the 1936.7 cm-1 experimental frequency and
shows a large calculated intensity (726 km/mol). Also very
recently Freivogel et al.15 reported the 1938.5 cm-1 ν4 mode
frequency for C6- in a Ne matrix.
To support this IR assignment and to study the C6

- cluster
further, we present here an infrared and resonance Raman study
of isotopically labeled C6- cluster anions. Isotopic mixtures
have long been used in infrared investigations on molecules of
unknown structure. We apply this approach also to resonance
Raman spectra of the C6- cluster. It is shown that the use of
isotopic mixtures gives rise, upon excitation with a single laser
wavelength, to a Raman spectrum composed of spectrally
dispersed bands of all isotopomers simultaneously. Comparison
of the observed Raman and infrared bands to density functional
calculational results lends strong support to our band assign-
ments. The combined use of resonance Raman spectroscopy,
infrared spectroscopy, and density functional theory calculations
is shown to provide a powerful approach to the study of any
small clusters.

II. Computational Methods

Geometry optimization (yielding optimum bond lengths) and
harmonic vibrational frequencies for linear ground-state12C6

-

were calculated using the GAUSSIAN 94 program package.29

In our earlier study,14 stable structures for both the linear and
cyclic isomers of C6- were calculated using B3LYP/6-31G*
theory. The linear structure was found to be more stable than
the cyclic (D3h) by 149.8 kJ/mol. The predicted infrared
frequency (B3LYP/6-31G*, scaled by 0.95) for cyclic C6- falls
in the 1530 cm-1 region, far from the observed 1936.7 cm-1

anion band position. Thus, it was concluded that linear C6
-

was responsible for the 1936.7 cm-1 IR band. To investigate
this conclusion further, calculations employing Hartree-Fock
(HF/6-31G*), Moller-Plesset perturbation (MP2/6-31G*), den-
sity functional (B3LYP/6-31G*), and quadratic configuration
interaction QCISD/6-31G*, including triples QCISD(T)/6-31G*,
were performed to determine the optimum geometry and cluster
vibrational frequencies. The results of these calculations are
given in Table 1. The computed bond lengths show that a
single-triple bond alternation is preferred by all methods. TheX Abstract published inAdVance ACS Abstracts,November 15, 1997.
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B3LYP and QCISD results of the computed stretching frequen-
cies agree rather closely, while the HF and MP2 results agree
less well.
Isotopic frequency shift calculations were also undertaken

with B3LYP and QCISD methods. In these calculations, the
geometry and force constants were adopted unchanged from
the 12C6

- cluster results. The computed values of the spin
angular momentum quantum number,〈S2〉, are 0.769 (HF), 0.762
(MP2), 0.750 (B3LYP), and 0.770 (QCISD), indicating almost
no spin contamination in these calculations.

III. Experimental Methods

The dual laser beam experimental setup used for generation
of 12/13C6

- carbon cluster ions is the same as that used in the
C3

- cluster studies reported earlier.21 In brief, the 1064 nm
fundamental from a Nd:YAG laser is dispersed from the 532
nm second harmonic beam and, in part, focused on a piece of
yttrium metal, thereby generating a violet/blue Y/Ar plasma.
Carbon clusters (including C6 ) formed by ablation of a pressed
powder of a12C/13C pellet by the 532 nm second harmonic beam
readily trap electrons from the plasma. The negatively charged
clusters are partially extracted from the vaporization region and
co-condensed with Ar matrix gas on a BaF2 cryostat window
(IR absorption) or on a Al-coated copper block attached to a
cryostat coldfinger (resonance Raman). To increase the con-
centration of C6 vs C3 clusters, a higher photon flux of the
carbon-ablating 532 nm beam was used than in the C3

-

experiments.21 For the above experimental conditions, no
yttrium-bearing species was observed in the 4000-750 cm-1

region. The 1064 nm photon flux on the yttrium surface was
just above threshold for plasma initiation. Even after a 1 h
deposit (10 Hz laser repetition rate), no substantial yttrium loss
from the surface could be observed. The electron photodetach-
ment process of12/13C6

- during photolysis (Hg lamp, 100 W,
full spectral output) caused a bleaching of the anion bands. This
was helpful in identifying the isotopomer absorption bands of
12/13C6

- in the region where neutral and anion12/13C6 cluster
spectra overlap.
The absorption spectra of carbon species isolated in solid Ar

were probed in the IR region using a MIDAC Fourier transform
infrared spectrometer with 0.7 cm-1 resolution.
The resonance Raman spectra of12/13C6

- carbon cluster ions
were measured using a CW dye laser (Spectra Physics 375B)
as the Raman excitation source. The dye laser beam was
spectrally filtered using a highly dispersive prism located 2 m
from a pinhole. This removed the fluorescence and amplified
spontaneous emission from the lasing dye. Spectra were
collected on a Spex 1700 3/4m double monochromator (1 cm-1

resolution), with a cooled RCA C31034 photomultiplier tube
using standard photon-counting electronics.

IV. Results and Discussion

a. Infrared Absorption. Figure 1 presents IR absorption
spectra in the 2000 cm-1 region for clusters (12Cn/12Cn

- and
13Cn/13Cn

-) formed from the pure isotopes and isolated in Ar
matrices at 12 K. The bottom spectrum shows, among
numerous others, the 1936.7 cm-1 band previously assigned to
linear 12C6

-. The band assignments in the13C spectrum (top)
are based on the12C spectrum by accounting for the isotopic
frequency shifts expected from the Redlich-Teller formula. The
band intensity changes during photolysis were also taken into
account (vide infra).
Upon photolysis (20 min, 100 W Hg lamp, full spectral

output), all bands assigned to the cluster anions declined in
intensity, including the 1936.7 cm-1 C6

- cluster band, while
the neutral cluster bands were not much affected (cf. Figure 2).
A newly observed band at 2064 cm-1 also declined in intensity
and is here tentatively assigned to theν5 (σu) asymmetric

TABLE 1: Calculated Stretching Frequencies (Unscaled, in
cm-1) of Linear C6

-, Intensities (in Brackets, in km/mol),
Bond Lengths (R in Å), and Rotational Constants (B in
GHz). A 6-31G* Basis Set Was Used in All Calculations

parameter UHF MP2 B3LYPa QCISD

ν1(σg) 2411.9[0] 2175.1[0] 2193.2[0] 2235.6[0]
ν2(σg) 2024.7[0] 1947.0[0] 1865.4[0] 1869.1[0]
ν3(σg) 697.4[0] 661.3[0] 657.9[0] 654.5[0]
ν4(σu) 2158.9[3663] 1971.5[828] 2036.6[726] 2024.9[1662]
ν5(σu) 1296.5[0.6] 1238.1[20] 1222.4[1] 1216.1[1]
R1(Å)b 1.2565 1.2773 1.2782(1.275c) 1.2820(1.290d)
R2(Å)b 1.3299 1.3320 1.3293(1.325c) 1.3372(1.337d)
R3(Å)b 1.2331 1.2645 1.2569(1.252c) 1.2576(1.266d)
B(GHz) 1.42610 1.432485 1.421836

aReference 14.b Bonds lengths are numbered from the outer to the
central C-C bond.cRCCSD(T)/204c GTO level of theory, ref 19.
dQCISD(T)/6-31 G*, this work.

Figure 1. Portion of the IR spectrum of Cn and C6- carbon clusters
recorded for a laser-ablated13C isotope sample (upper spectrum) and
12C isotope sample (lower spectrum). The frequencies of marked
bands in the lower spectrum are 2078.0 cm-1 (12C9, ν5(σu)),30 2071.5
cm-1 (12C8, ν5(σu)),30 2038.9 cm-1 (12C3, ν3(σu)),22 1998.0 cm-1 (12C9,
ν6(σu)),26 1952.5 cm-1 (12C6, ν4(σu)),24 1936.7 cm-1 (12C6

-, ν4(σu)),14

and 1894.3 cm-1 (12C7, ν5(σu)).26

Figure 2. Effect of photolysis (20 min,100 W Hg lamp, full spectral
output) on the IR band intensities of the Cn

- (n < 10) carbon cluster
anions and neutrals. Bands marked with a * are due to isolated water.

C6
- Carbon Cluster Anion J. Phys. Chem. A, Vol. 101, No. 49, 19979297



stretching mode of linear C8-. The calculated harmonic
frequency for the most intense IR mode of linear C8

- (B3LYP/
6-31G*, scaled by 0.958) matches exactly the observed band
frequency.14

In addition to the pure isotopic runs in Figure 1, several
other isotopic mixtures were used to determine the isotopic
frequency pattern for C6-. Two concentration mixtures (one
with [12C]>[13C] (ca. 4:1) and the other with [12C]<[13C] (ca.
1:4)) were used. These mixtures plus the decrease in band
intensity of the anions with photolysis were helpful in distin-
guishing the12/13C6

- ν4 asymmetric mode isotopomer bands
from the neutral12/13C6 cluster isotopomer bands in the over-
lapped 1936.7-1861.6 cm-1 region. For each mixture an “after-
photolysis” spectrum was subtracted from a “before-photolysis”
run; the subtraction spectra are shown in Figure 3. Interestingly,
not all 36 expected isotopomeric bands attributable to C6

-

appear. This results from the isotopic ratios used to form the
cluster and from the overlapping of some isotopomer bands.
The positions of the observed groups of bands are, however,
consistent with the frequencies of the predicted bands. Table
2 gives the proposed assignments of the observed bands. (The
complete listing of all 36 calculated isotopomeric frequencies
of linear 12/13 C6

- is available from the authors upon request.)
The strongest bands in Figure 3 are due to isotopomers with

either all-12C or singly-13C-substituted C6- clusters (upper
spectrum) or all-13C and singly-12C-substituted isotopomers
(lower). The agreement between calculated and observed band
frequencies is reasonably good (cf. Table 2). The 1928.6 cm-1

band in Figure 2 is almost as intense as the 1936.7 cm-1(12-
12-12-12-12-12) band. It probably results from three
isotopomers, 12-12-13-12-12-12,13-12-12-12-12-12,
and 12-12-13-13-12-12, for which the calculated (B3LYP/
6-31G*) scaled frequencies are 1931.7, 1928.8, and 1928.4 cm
-1, respectively. The other small intensity bands observed in
the figure are tentatively assigned to the following doubly and
triply substituted isotopomers of C6-: 1923.0 cm-1 (13-12-
12-13-12-12 and 13-12-13-12-12-12), 1911.3 cm-1

(12-13-12-13-12-12 and 13-12-13-13-12-12), and
1905.0 cm-1 (12-13-13-12-12-12, 13-12-12-12-13-
12, and 12-13-13-13-12-12). Other proposed assignments
are given in Table 2.

The assignment of specific isotopomers to the experimental
bands in12/13C6

- is not as straightforward as for the12/13C3
-

spectra, reported previously.21 For the 12/13C6
- clusters, the

calculated vibrational frequencies are very sensitive to13C
substitution at the different levels of theory employed, especially
when the calculatedσu modes are close in energy to theσg
modes. This can lead to intensity “sharing” in “broken
symmetry” isotopomers. For example, in the MP2 calculations,
the frequency of theν2(σg) mode is very close to theν4(σu)
mode (only 24.5 cm-1 distant, cf. Table 1). In the 12-13-
12-12-12-12 anion, the vibrational motions for the above
modes can no longer be classified as g or u symmetry. By
breaking the symmetry in this isotopomer the first mode
“borrows” 60% intensity from the second one. This mode
mixing influences the calculated frequency also. Using MP2/
6-31G* level theory (scaled to theν4 experimental frequency),
it is 10 cm-1 higher than that calculated at the B3LYP/6-31G*
level and 9.5 cm-1 higher than from the QCISD/6-31G* output.
This illustrates that calculated isotopic frequency shifts should
be handled with care when comparing them to experimental
shifts, particularly in those cases where calculated mode energies
are very close in value. A similar observation has already been
made in studies of the neutral12/13C7 and 12/13C9 carbon
clusters.27,28

b. Resonance Raman.The inset in Figure 4 shows the
electronic absorption in the origin region of the12C6

- C2Πg-
X2Πu transition. This closely matches previous work.12 Excita-
tion into the 000 band (at 615.8 nm in Ar) results in the resonance
Raman signal observed in Figure 4. Symmetric stretching
modes can be noted at 634 cm-1, ν3(σg); 1775 cm-1,ν2(σg); and
2086 cm-1 ν1(σg). These bands are observed in the ratio 1:0.01:
0.24, respectively. The band at 1261 cm-1 is assigned to 320,
two quanta of vibration in theν3(σg) mode, while the band at
467 cm-1 is assigned to 820, two quanta of theπg bending
vibration. These assignments are given in Table 3. Calculated
harmonic frequencies (B3LYP/6-31G* level, all scaled to the
ν4(σu) experimental mode frequency by the factor 0.9509) are
625.6 (ν3), 1773.9 (ν2), and 2085.6 cm-1 (ν1). These observed
frequencies may also be compared to the anharmonic frequen-
cies of 634 (ν3), 1790 (ν2), and 2124 cm-1 (ν1) calculated by
Schmatz and Botschwina.19 These workers stated that theν1

Figure 3. IR absorption spectra (in Ar) of12C and13C isotopically
labeled C6- carbon cluster ions recorded for [12C] > [13C] (upper
spectrum) and for [12C] < [13C] concentration cases (lower spectrum).
The spectra were obtained by subtraction of an after-photolysis (1 h,
unfiltered 100W Hg lamp) spectrum from a before- photolysis spectrum
of a Cn/Cn

-/Ar matrix.

TABLE 2: Experimental (Ar/12 K) and Theoretical
(B3LYP/6-31G* and QCISD/6-31G*) Isotopomer
Asymmetric ν4 Stretching Mode Frequencies (in cm-1) for
the Linear C6

- Anion

expt. isotopomer B3LYPa QCISDb

1936.7 12-12-12-12-12-12 1936.7 1936.7
1928.6 12-12-13-12-12-12 1931.7 1932.0

13-12-12-12-12-12 1928.8 1928.9
12-12-13-13-12-12 1928.4 1928.5

1923.0 13-12-12-13-12-12 1924.9 1925.2
13-12-13-12-12-12 1922.4 1922.8

1920.0 13-12-12-12-12-13 1920.1 1920.0
1914.3 12-13-12-12-12-12 1913.3 1913.7
1911.3 12-13-12-13-12-12 1911.4 1911.8

13-12-13-13-12-12 1911.2 1911.1
1905.0 12-13-13-12-12-12 1904.0 1905.3

13-12-12-12-13-12 1903.4 1903.5
1887.0 12-13-12-12-13-12 1886.9 1886.8

13-12-13-13-13-13 1886.3 1886.9
1879.3 12-13-12-12-13-13 1878.9 1878.8
1877.1 12-13-13-13-13-12 1878.6 1878.5
1870.9 12-13-13-13-13-13 1870.2 1870.1

13-13-12-12-13-13 1869.7 1869.4
1866.3 13-13-12-13-13-13 1864.4 1864.4
1861.6 13-13-13-13-13-13 1860.7 1860.5

aThe scaling factor for the B3LYP method was 0.950.bThe scaling
factor for the QCISD method was 0.956.
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mode frequency was overestimated. Nevertheless, there is
excellent agreement between the calculated and experimental
values and between the two sets of calculated results.
Confirmation of these assignments can be gotten from

resonance Raman spectra of a12C/13C isotopically labeled
sample. The electronic origins of all 36 possible isotopomers
of C6

- are apparently shifted by less than the bandwidth (fwhm)
of the 000 band, which is 20 cm-1, as shown in Figure 4.
Excitation with a single laser line may thus be able to excite
all 36 isotopomers simultaneously, depending, of course, on the
concentration and effective absorption of each particular iso-
topomer at the excitation wavelength used. Two different
isotopic concentration mixtures were used here. In one mixture
[12C] > [13C] (ca. 4:1), and in the other, the mixture was
reversed, i.e., [12C] < [13C] (ca. 1:4). The resonance Raman
spectra obtained from these ablated mixtures are shown in Figure
5. From a comparison of the observed spectrum to the cal-
culated12/13C6

- isotopomer frequency shifts, it is clear that both
the pure12C6

- and 13C6
- isotopomers were selected in the

resonance Raman process. As will be seen, it is probably safe
to assume that the remaining 34 isotopomers, whose absorption
band maxima lie between these two, were also selected.
For the more intense 634.0 cm-1 parent, five “bands” or

groups of bands are clearly discernible. This is, however, far
from the expected 36 bands! Two factors limit the number of
observed bands. First, the isotopic concentrations chosen tend
to limit the abundance of certain isotopomers, i.e., to those
containing only one or two of the least abundant isotope. And,
second, as Table 4 shows, a number of isotopomers are expected

to exhibit overlapping frequencies. The calculatedν3 frequen-
cies for all 36 isotopomers can be seen to fall into several distinct
groups. These groups vary in frequency spread from 0.7 to
1.9 cm-1. The greater intensity of the 621.8 cm-1 band probably
results from the contributions of eight different isotopomers,

Figure 4. Resonance Raman spectrum of12C6
- in Ar matrix at 12K.

The 16237 cm-1 excitation line position is marked on the C2Πg-X2Πu-
(000) electronic absorption spectrum of12C6

- (inset spectrum). The 2086,
ν1(σg), 1775,ν2(σg), and 634 cm-1, ν3(σg) fundamental modes of the
12C6

- cluster in the X2Πu state are marked. The 1261 cm-1 band is due
to the 2ν3(σg) vibration.

TABLE 3: Resonance Raman Bands of C6- (Ar/12 K) and
Calculated Symmetric Vibrational Frequencies (in cm-1) at
the B3LYP/6-31G* and RCCSD(T)/204c GTOs Levels of
Theory

theory

νexp assignment
B3LYP
(unscaled)

B3LYPa

(scaled)
RCCSD(T)b

(unscaled)

248
467 820

634 310 657.9 625.6 634
1261 320

1775 210 1865.4 1773.9 1790
2086 110 2193.2 2085.6 2124

a Scaled by a factor of 0.9509.bReference 19.

Figure 5. Resonance Raman spectra of isotopically mixed12/13C6
-

carbon cluster anions in Ar (12 K) for theν1 andν3 stretching modes.
Lower spectrum shows bothν1 andν3 modes of C6- obtained from an
isotopic graphitic mixture with [12C] > [13C] and upper spectrum shows
only the ν1 mode obtained with [13C] > [12C]. Excitation energy of
16233 cm-1 from a 50 mW CW dye laser with a 1 cm-1 fwhm laser
line width was employed.

TABLE 4: Experimental (Ar/12 K) and Theoretical
(B3LYP/6-31 G* and QCISD/6-31G*) Isotopomericν3
Stretching Mode Frequencies (in cm-1) for C6

- Anion

expt. isotopomer B3LYPa QCISDb

634.0 12-12-12-12-12-12 634.0 634.0
12-12-13-12-12-12 633.7 633.7
12-12-13-13-12-12 633.3 633.4

629.4 12-13-12-12-12-12 629.4 629.4
12-13-13-12-12-12 629.1 629.1
12-13-12-13-12-12 629.0 629.0
12-13-13-13-12-12 628.7 628.8

626.3 13-12-12-12-12-12 626.0 626.0
13-12-13-12-12-12 625.7 625.7
13-12-12-13-12-12 625.6 625.6
13-12-13-13-12-12 625.3 625.3
12-13-12-12-13-12 624.8 624.7
12-13-12-13-13-12 624.4 624.4
12-13-13-13-13-12 624.1 624.1

621.8 13-13-12-12-12-12 621.7 621.7
13-13-13-12-12-12 621.5 621.5
13-12-12-12-13-12 621.4 621.4
13-13-12-13-12-12 621.3 621.3
12-13-12-13-12-13 621.1 621.1
12-12-13-13-13-13 621.1 621.1
12-13-13-12-12-13 621.1 621.1
12-13-13-13-12-13 620.8 620.8

616.6 13-12-12-12-12-13 618.1 618.1
13-12-12-13-12-13 617.9 617.8
13-12-13-13-12-12 617.6 617.5
12-13-12-12-13-13 617.1 617.1
13-13-13-12-13-13 616.8 616.9
12-13-12-13-13-13 616.9 616.7
12-13-13-13-13-13 616.5 616.5
13-12-12-12-13-13 616.5 613.9
13-13-13-12-12-13 613.7 613.6
13-13-12-13-12-13 613.6 613.5

614.9 13-12-13-13-13-13 613.3 613.3
13-13-12-12-13-13 609.7 609.6
13-13-12-13-13-13 609.4 609.3

609.9 13-13-13-13-13-13 609.1 609.0

a Scaling factor was 0.950.b Scaling factor was 0.956.
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of which the two containing three12C and three13C atoms can
be expected to be smaller contributors. The difference in band
shape, particularly for the 634.0 cm-1 band, between the two
different concentration runs is interesting. With a greater
concentration of12C-bearing isotopomers, the lower spectrum
exhibits a more intense peak than the upper one with a higher
concentration of13C-containing isotopomers. This can be
accounted for if the lower run arises predominantly from the
all-12C species, while in the upper run each of the three
isotopomers contribute more or less equally. The reverse would
be true for the 609.9 cm-1 band.
For the weaker 2086 cm-1 band, Figure 5 (right side) also

shows only five bands. Only the spectrum whose isotopic mix-
ture [12C] . [13C] is shown; the run with the reverse ratio was
too weak to be seen. Table 5 lists the observed bands as well
as the predicted frequencies for isotopomers between 2086.0
and 2045.0 cm-1 . It can be seen that the predicted isotopomeric
peaks fall into five distinct classes. If one assumes that the
isotopomer containing the fewest13C carbons (highlighted in
the table) contributes the most intensity to the band, the match
is excellent.

V. Summary of Vibrational Assignments

Table 6 summarizes the known fundamental mode frequencies
for C6

- in its electronic ground and C2Πu excited states. The
excited C state vibrations were reported from electronic absorp-
tion spectra in Ne matrices12 and from one-color electron
photodetachment spectra in the gas phase.7

In general, electronic excitation lowers molecular vibrational
frequencies. This also occurs for C6- anions where Table 6

shows an 8-34 cm-1 frequency lowering in the electronic
excited state. The gas-phase band at 564 cm-1 assigned7 from
a hot band analysis to theν3(σg) mode in the electronic ground
state is problematic. The same mode in an Ar matrix falls at
634 cm-1. The 70 cm-1 shift between matrix and gas phase
appears to be too high and in the wrong energy direction. This
assignment is also not consistent with the observation that the
same mode in the C excited state is almost isoenergetic in both
the Ne matrix and the gas phase (cf. Table 6). A 1817 cm-1

band, observed in Ne matrices and assigned by Freivogel et
al.12 to theν2(σg) mode of the C state, was later reassigned by
Schmatz and Botschwina to the 30

3 vibration.19

From the spectra in Figure 4, the band at 1261 cm-1 is mostly
likely due to 320, a two quanta vibration in the X2Πg electronic
ground state. For linear C6- clusters the symmetrical bending
motion is expected be seen in the resonance Raman spectrum
as a two-quanta vibration. The 467 cm-1 band (cf Figure 4) is
close in energy to the expected 82

0 πg vibration. This assign-
ment is based on the calculated frequency of ca. 270 cm-1

(B3LYP/6-31G*, scaled by 0.95) and ca. 245 cm-1 (QCISD/
6-31G*, scaled by 0.956). Thus we propose that the 233 cm-1

band is due to the 810 fundamental symmetrical bending
vibration of the C6- cluster.
In summary, FTIR and resonance Raman(RR) spectra have

been obtained for C6- in Ar matrices yielding major bands (and
their symmetries) at 2086 cm-1 (ν1(σg)), 1775 cm-1 (ν2(σg)),
634 cm-1 (ν3(σg)), and 1936.7 cm-1 (ν4(σu)). An RR band at
467 cm-1 has also been assigned to a two-quanta vibration of
the ν8 bending mode.
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