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The Fourier transform infrared and resonance Raman spectra of tleai®on cluster anion has been measured

in argon matrices. Fundamental symmetric stretching modes have been observed at 2086, 1775, and 634
cm, together with the overtone of a symmetric bending mode at 467.cithe major asymmetric stretching

mode lies at 1936.7 cm. Theoretical calculations utilizing Hartre€&ock (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 tg thiSter

and indicate that it is linear with an acetylenic-like structure. Frequency shifts determined from infrared and
resonance Raman studies&€/**C isotopically substituted £ 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 and the IR band at 1936.7 cth (3) The calculated/s(oy)
transition using B3LYP/6-31G* density functional theory (scaled
by 0.95) matches the 1936.7 chexperimental frequency and
shows a large calculated intensity (726 km/mol). Also very
ecently Freivogel et df reported the 1938.5 cm v4 mode
requency for G~ in a Ne matrix.

To support this IR assignment and to study the €luster
further, we present here an infrared and resonance Raman study
of isotopically labeled € 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 thegC 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
tronic states have been specified. Some work has been reporte&alculationalI result.s lends strong support to our band assign-

ments. The combined use of resonance Raman spectroscopy,

on ground-state symmetric modes, usually gotten indirectly from . . - .
hot band structure. The asymmetric modes of some small "near!nfrared spactroscopy, and density functional theory calculations

carbon cluster anions,C (n < 10, n = 8) in Ar matriced*20 is shown to provide a powerful approach to the study of any
and G~ (n = 5-10, 12) in Ne matricé§8 were recently small clusters.
investigated via infrared spectroscopy.

Fourier transform IR absorption spectroscopy of small neutral
isotopically labeled carbon clusters isolated in noble gas matrices Geometry optimization (yielding optimum bond lengths) and
has been very successfully used in the past for the identificationharmonic vibrational frequencies for linear ground-sté@; -
of the size and structure of specific clust&£8 This technique ~ were calculated using the GAUSSIAN 94 program packdge.
can be used for the study of ionic carbon cluster species as well.In our earlier study;' stable structures for both the linear and

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 reportec?
on carbon cluster ions. In particular, carbon clusters and their
anions have been studied using a variety of experimental ap-
proaches: photoelectron spectroscépyzero kinetic energy
spectroscopy-® gas-phase ion chromatographsesonant mul-
tiphoton detachment spectroscopy, photodissociation and
photodetachment spectroscdfycollision-induced dissocia-
tion,!* electronic absorptidd and emissioA2 and infrared spec-
troscopy+1%in rare gas matrices. Theoretical studies have been
reported on several cluster anidfis?® Some studies have dealt
with the vibrational frequencies of carbon cluster anibhs!3.19
but usually only symmetric mode frequencies in excited elec-

[I. Computational Methods

Very recently we reported of23C isotopic studies of thes cyclic isomers of G were calculated using B3LYP/6-31G*
mode of the @ carbon cluster. An analysis of its six theory. The linear structure was found to be more stable than
isotopomeric bands established its linear structtre. the cyclic Osn) by 149.8 kJ/mol. The predicted infrared
In our recent study of carbon cluster anidAsn IR band at  frequency (B3LYP/6-31G*, scaled by 0.95) for cyclig (falls
1936.7 cn! (in Ar) was assigned to thes(o,) asymmetric in the 1530 cm? region, far from the observed 1936.7 ¢

stretching mode of the linearsCcluster anion. This assignment ~anion band position. Thus, it was concluded that linear C
was based on the following: (1) an energy threshold of 4.7 eV was responsible for the 1936.7 chiR band. To investigate

for photobleaching of the 1936.7 cthabsorption band was  this conclusion further, calculations employing Hartr&®ck
found. This energy was linked to the 4.185 eV electron (HF/6-31G*), Moller—Plesset perturbation (MP2/6-31G*), den-
detachment energyf gaseous €, with the higher energy in sity functional (B3LYP/6-31G*), and quadratic configuration
Ar matrices due to the stabilization of thg Qons in the matrix. ~ interaction QCISD/6-31G*, including triples QCISD(T)/6-31G*,
(2) A good intensity correlation was found between tH&Ig were performed to determine the optimum geometry and cluster
— X2[1, (0%) electronic transition of € at 615.8 nm (in Ar) vibrational frequencies. The results of these calculations are
given in Table 1. The computed bond lengths show that a
@ Abstract published irAdvance ACS Abstractdjovember 15, 1997. single—triple bond alternation is preferred by all methods. The
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TABLE 1: Calculated Stretching Frequencies (Unscaled, in
cm™1) of Linear C¢, Intensities (in Brackets, in km/mol),
Bond Lengths R in A), and Rotational Constants @ in .01 gs ;
GHz). A 6-31G* Basis Set Was Used in All Calculations g c Car
=3 d
parameter UHF MP2 B3LYP QCISD _T 37 3
S <
vi(og)  2411.9[0] 2175.1[0]  2193.2[0] 2235.6[0] 3} ) S8 g
voog)  2024.7[0] 1947.0[0]  1865.4[0] 1869.1[0] Z o L, 2;
vaog)  697.4[0] 661.3[0] 657.9[0] 654.5[0] s ! ,
valoy)  2158.9[3663] 1971.5[828] 2036.6[726]  2024.9[1662] § wm
vs(oy)  1296.5[0.6] 1238.1[20] 1222.4[1] 1216.1[1] ) e
Ry(A)>  1.2565 1.2773 1.2782(1.295 1.2820(1.29¢) < e
Ry(A)P  1.3299 1.3320 1.3293(1.395 1.3372(1.339 N /
Rs(R)P  1.2331 1.2645 1.2569(1.292 1.2576(1.268)
B(GHz) 1.42610 1.432485 1.421836
a Reference 142 Bonds lengths are numbered from the outer to the
central C-C bond.c RCCSD(T)/204c GTO level of theory, ref 19.
4 QCISD(T)/6-31 G*, this work. -
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B3LYP and QCISD results of the computed stretching frequen- WAVENUMBERS [em”]

cies agree rather closely, while the HF and MP2 results agreeFigure 1. Portion of the IR spectrum of {and G~ carbon clusters
less well. recorded for a laser-ablatééC isotope sample (upper spectrum) and
. . . 12C isotope sample (lower spectrum). The frequencies of marked

Isotopic frequency shift calculations were also undertaken pands in the lower spectrum are 2078.0-&t2Co, v5(0)),%° 2071.5
with B3LYP and QCISD methods. In these calculations, the cmt (12Cq, v5(0y)),®° 2038.9 cmit (12C3, v3(0y)),22 1998.0 cmit (12Cs,
geometry and force constants were adopted unchanged fromve(oy)),?® 1952.5 cm? (22Cs, va(oy)),* 1936.7 cmt (2%Cq~, v4(0u)),*
the 12Cs~ cluster results. The computed values of the spin and 1894.3 cm' (*C7, vs(0u)).?°
angular momentum quantum numbé#[]are 0.769 (HF), 0.762 D 12 )
(MP2), 0.750 (B3LYP), and 0.770 (QCISD), indicating almost Cy/ °Cy in Arat 12K

no spin contamination in these calculations. Ny = R
Gl - -
. go 3 'g’ g
lll. Experimental Methods 0212 lpmeg I b
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of 1213C4~ carbon cluster ions is the same as that used in the <
Cs~ cluster studies reported earl®r.In brief, the 1064 nm .01 4 | | UNPHOTO A
fundamental from a Nd:YAG laser is dispersed from the 532 L/ \ |

nm second harmonic beam and, in part, focused on a piece of !
yttrium metal, thereby generating a violet/blue Y/Ar plasma.
Carbon clusters (includinggg formed by ablation of a pressed o | !
powder of a?C/A3C pellet by the 532 nm second harmonic beam

b

ABSORBAN
L

readily trap electrons from the plasma. The negatively charged kw.,«
clusters are partially extracted from the vaporization region and , , . .
co-condensed with Ar matrix gas on a Baffyostat window 1800 1800 1700 1e00 1500
(IR absorption) or on a Al-coated copper block attached to a WAVENUMBERS [em']
cryostat coldfinger (resonance Raman). To increase the con-Figure 2. Effect of photolysis (20 min,100 W Hg lamp, full spectral
centration of G vs G clusters, a higher photon flux of the output) on the IR band intensities of the"Qn < 10) carbon cluster
carbon-ablating 532 nm beam was used than in tae C &nions and neutrals. Bands markedhaat* are due to isolated water.
experiment®! For the above experimental conditions, no ) ) o
yttrium-bearing species was observed in the 40080 cnr? regolutlon), with a cooled RQA C31034 .photomultlpller tube
region. The 1064 nm photon flux on the yttrium surface was USing standard photon-counting electronics.
just above threshold for plasma initiation. Even aftel h ) )
deposit (10 Hz laser repetition rate), no substantial yttrium loss !V Results and Discussion
from the surface could be o_bserved. The electron photodetach- 5 |nfrared Absorption. Figure 1 presents IR absorption
ment process of?'%C¢™ during photolysis (Hg lamp, 100 W, gpectra in the 2000 cr region for clusters ¥C,/2C,~ and
full spectral (_)ut_put) (_:aysed a t_)leachlng of the anion bands. ThISl3Cn/13Cn—) formed from the pure isotopes and isolated in Ar
was h_el_pful in |dept|fy|ng the isotopomer ab_sorptlon bands of matrices at 12 K. The bottom spectrum shows, among
121%C¢™ in the region where neutral and anigt!'®Cs cluster numerous others, the 1936.7 chband previously assigned to
spectra overlap. linear12C¢~. The band assignments in th% spectrum (top)
The absorption spectra of carbon species isolated in solid Ar are based on tht#C spectrum by accounting for the isotopic
were probed in the IR region using a MIDAC Fourier transform frequency shifts expected from the RedlicFeller formula. The
infrared spectrometer with 0.7 crhresolution. band intensity changes during photolysis were also taken into
The resonance Raman spectrd®fCs~ carbon cluster ions  account (vide infra).
were measured using a CW dye laser (Spectra Physics 375B) Upon photolysis (20 min, 100 W Hg lamp, full spectral
as the Raman excitation source. The dye laser beam wasoutput), all bands assigned to the cluster anions declined in
spectrally filtered using a highly dispersive prism located 2 m intensity, including the 1936.7 cm Cg~ cluster band, while
from a pinhole. This removed the fluorescence and amplified the neutral cluster bands were not much affected (cf. Figure 2).
spontaneous emission from the lasing dye. Spectra wereA newly observed band at 2064 cfmalso declined in intensity
collected on a Spex 1700 3/4m double monochromator (Icm and is here tentatively assigned to the (o)) asymmetric
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1213~ -+ TABLE 2: Experimental (Ar/12 K) and Theoretical
] Ce in Arat 12K (B3LYP/6-31C* and QCIéD/6-31C)5*) Isotopomer
Asymmetric v, Stretching Mode Frequencies (in cm?) for
N Mode v the Linear C¢~ Anion
o 0
8 8 o expt. isotopomer B3LYP QCIsD
002 4 T g g 1936.7 12-12-12-12-12-12 1936.7 1936.7
| - 1928.6 12-12—13-12-12-12 1931.7 1932.0
8 | 13—-12—-12-12-12-12 1928.8 1928.9
<Zt 12—12—13-13-12-12 1928.4 1928.5
@ 1923.0 13—-12—-12-13-12-12 1924.9 1925.2
2 oA 13—12—-13-12-12-12 1922.4 1922.8
) © 1920.0 13—-12—-12-12-12-13 1920.1 1920.0
< o 28 Sog 1914.3  12-13-12-12-12-12 1913.3 1913.7
= 9 § § § s 1911.3 12-13—-12—-13-12-12 1911.4 1911.8
(3] >[7C] Syt B 13-12-13-13-12-12 1911.2 1911.1
| ! 6 1905.0 12-13-13-12-12-12 1904.0 1905.3
1 13—12—12-12-13-12 1903.4 1903.5
1887.0 12-13—12—-12-13-12 1886.9 1886.8
1940 1920 1800 1880 1860 13—-12—-13-13-13-13 1886.3 1886.9
a 1879.3 12-13—12—-12-13-13 1878.9 1878.8
WAVENUMBERS [em’] 18771  12-13-13-13-13-12  1878.6 18785
Figure 3. IR absorption spectra (in Ar) dfC and*3C isotopically 1870.9 12—-13-13-13-13-13 1870.2 1870.1
labeled G~ carbon cluster ions recorded fo€¢] > [*3C] (upper 13-13-12-12-13-13 1869.7 1869.4
spectrum) and for'fC] < [*3C] concentration cases (lower spectrum). 1866.3 13-13-12-13-13-13 1864.4 1864.4
The spectra were obtained by subtraction of an after-photolysis (1 h, 1861.6 13-13-13-13-13-13 1860.7 1860.5
g?gtg%n}%vr\é :tgr;i)l(:-amp) spectrum from a before- photolysis spectrum aThe scaling factor for the B3LYP method was 0.95Dhe scaling
factor for the QCISD method was 0.956.
stretching mode of linear £. The calculated harmonic The assignment of specific isotopomers to the experimental
frequency for the most intense IR mode of linear (B3LYP/ bands in1213Cs~ is not as straightforward as for tH&1C;~
6-31G*, scaled by 0.958) matches exactly the observed bandspectra, reported previousty. For the 12134~ clusters, the
frequency’* calculated vibrational frequencies are very sensitive!¥0

In addition to the pure isotopic runs in Figure 1, several substitution at the different levels of theory employed, especially
other isotopic mixtures were used to determine the isotopic when the calculated, modes are close in energy to tbg
frequency pattern for £. Two concentration mixtures (one  modes. This can lead to intensity “sharing” in “broken
with [12C]>[13C] (ca. 4:1) and the other witH{C]<[*3C] (ca. symmetry” isotopomers. For example, in the MP2 calculations,
1:4)) were used. These mixtures plus the decrease in bandhe frequency of thex(og) mode is very close to thes(oy)
intensity of the anions with photolysis were helpful in distin- mode (only 24.5 cm! distant, cf. Table 1). In the 1213—
guishing thel?1Cs~ v, asymmetric mode isotopomer bands 12-12—-12-12 anion, the vibrational motions for the above
from the neutral?%Cg cluster isotopomer bands in the over- modes can no longer be classified as g or u symmetry. By
lapped 1936.71861.6 cnT! region. For each mixture an “after-  breaking the symmetry in this isotopomer the first mode
photolysis” spectrum was subtracted from a “before-photolysis” “borrows” 60% intensity from the second one. This mode
run; the subtraction spectra are shown in Figure 3. Interestingly, mixing influences the calculated frequency also. Using MP2/
not all 36 expected isotopomeric bands attributable g C 6-31G* level theory (scaled to the experimental frequency),
appear. This results from the isotopic ratios used to form the it is 10 cnt?® higher than that calculated at the B3LYP/6-31G*
cluster and from the overlapping of some isotopomer bands. level and 9.5 cm? higher than from the QCISD/6-31G* outpult.
The positions of the observed groups of bands are, however,This illustrates that calculated isotopic frequency shifts should
consistent with the frequencies of the predicted bands. Tablebe handled with care when comparing them to experimental
2 gives the proposed assignments of the observed bands. (Thehifts, particularly in those cases where calculated mode energies
complete listing of all 36 calculated isotopomeric frequencies are very close in value. A similar observation has already been
of linear 1213 C4~ is available from the authors upon request.) made in studies of the neutrdP’3C; and 213y carbon

The strongest bands in Figure 3 are due to isotopomers with clusters?”.28
either all¥2C or singly?3C-substituted @ clusters (upper b. Resonance Raman.The inset in Figure 4 shows the
spectrum) or alk3C and singly!?C-substituted isotopomers electronic absorption in the origin region of th€s~ C2[13—
(lower). The agreement between calculated and observed band2I1, transition. This closely matches previous wétkExcita-
frequencies is reasonably good (cf. Table 2). The 1928:6'cm tion into the @ band (at 615.8 nm in Ar) results in the resonance
band in Figure 2 is almost as intense as the 1936.7- 82— Raman signal observed in Figure 4. Symmetric stretching
12-12-12-12-12) band. It probably results from three modes can be noted at 634 thws(og); 1775 cni,vy(ag); and
isotopomers, 1212—13—-12—-12—-12,13-12—12-12-12-12, 2086 cm v1(0g). These bands are observed in the ratio 1:0.01:
and 12-12—-13—-13—-12-12, for which the calculated (B3LYP/  0.24, respectively The band at 1261 cm is assigned to 38,
6-31G*) scaled frequencies are 1931.7, 1928.8, and 1928.4 cmtwo quanta of vibration in thes(og) mode, while the band at
~1, respectively. The other small intensity bands observed in 467 cn! is assigned to 8, two quanta of thery bending
the figure are tentatively assigned to the following doubly and vibration. These assignments are given in Table 3. Calculated
triply substituted isotopomers ofsC. 1923.0 cmt (13—12— harmonic frequencies (B3LYP/6-31G* level, all scaled to the
12-13-12-12 and 13—-12-13—-12-12-12), 1911.3 cm? v4(oy) experimental mode frequency by the factor 0.9509) are
(12-13-12-13-12-12 and 13—12—-13-13—-12-12), and 625.6 @/3), 1773.9 ), and 2085.6 cmt* (v1). These observed
1905.0 cnt (12—-13—-13-12—-12-12,13—-12—-12—-12—-13— frequencies may also be compared to the anharmonic frequen-
12, and 12-13—13—-13-12—-12). Other proposed assignments cies of 634 {3), 1790 §,), and 2124 cm! (v;) calculated by
are given in Table 2. Schmatz and Botschwirld. These workers stated that the
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157 12C in Arat 12K
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Figure 4. Resonance Raman spectrumts~ in Ar matrix at 12K. RAMAN SHIFT [em”]

The 16237 cm! excitation line position is marked on thélTy—X2I1,- Figure 5. Resonance Raman spectra of isotopically mik&HCs~
(0%) electronic absorption spectrum’8€s~ (inset spectrum). The 2086,  carbon cluster anions in Ar (12 K) for the andv; stretching modes.
v1(0g), 1775,v(ag), and 634 cm?, v3(og) fundamental modes of the  Lower spectrum shows both andvs modes of G~ obtained from an
12C4s™ cluster in the XI1, state are marked. The 1261 chiband is due isotopic graphitic mixture with'fC] > [**C] and upper spectrum shows

to the 2r;5(0g) vibration. only the v; mode obtained with'fC] > ['C]. Excitation energy of
16233 cmt from a 50 mW CW dye laser wita 1 cnt fwhm laser
TABLE 3: Resonance Raman Bands of @ (Ar/12 K) and line width was employed.
Calculated Symmetric Vibrational Frequencies (in cnt?) at
EH? B3LYP/6-31G* and RCCSD(T)/204c GTOs Levels of TABLE 4: Experimental (Ar/12 K) and Theoretical
eory (B3LYP/6-31 G* and QCISD/6-31G*) Isotopomericvs
theory Stretching Mode Frequencies (in cm?) for Cs~ Anion
B3LYP B3LYP2 RCCSD(TY expt. isotopomer B3LYP QCISD
Vexp assignment  (unscaled) (scaled) (unscaled) 634.0 12-12—12—-12—-12—-12 634.0 634.0
248 12—-12—-13-12—-12-12 633.7 633.7
167 8o 12-12-13-13-12-12 633.3 633.4
0 629.4 12-13-12—-12-12-12 629.4 629.4
et %0 0579 6256 034 12-13-13-12-12-12 629.1 629.1
1775 20 1865.4 1773.9 1790 12-13-12-13-12-12 629.0 629.0
626.3 13-12—-12—-12-12-12 626.0 626.0
aScaled by a factor of 0.9509 Reference 19. 13—-12-13-12-12-12 625.7 625.7
13—-12—-12—-13-12-12 625.6 625.6
mode frequency was overestimated. Nevertheless, there is ig:ig:ig:ig:ﬁjg ggi-g g;ig
excellent agreement between the calculated and experimental v g : )
12—-13-12—-13-13-12 624.4 624.4
values and between the two sets of calculated results. 12—13—-13—13—13-12 6241 624.1
Confirmation of these assignments can be gotten from 621.8 13-13-12-12-12-12 621.7 621.7
resonance Raman spectra of'3C/13C isotopically labeled 13-13-13-12-12-12 621.5 621.5
sample. The electronic origins of all 36 possible isotopomers 13-12-12-12-13-12 621.4 621.4
of Cs~ are apparently shifted by less than the bandwidth (fwhm) g—i3—12—13—12—12 621.3 621.3
o > - —13-12—-13-12-13 621.1 621.1
of the Q) band, which is 20 le, as shown in Flgure 4, 12—-12—-13-13-13-13 621.1 621.1
Excitation with a single laser line may thus be able to excite 12-13-13-12-12-13 621.1 621.1
all 36 isotopomers simultaneously, depending, of course, on the 12-13-13-13-12-13 620.8 620.8
concentration and effective absorption of each particular iso- 616.6 13-12-12-12-12-13 618.1 618.1
topomer at the excitation wavelength used. Two different 13-12-12-13-12-13 617.9 617.8
isotopic concentration mixtures were used here. In one mixture 13712-13-13-12712 617. 617.5
ISotop , - n 12-13-12-12-13-13 617.1 617.1
[*2C] > [*3C] (ca. 4:1), and in the other, the mixture was 13-13-13-12—13-13 616.8 616.9
reversed, i.e.,’fC] < [*3C] (ca. 1:4). The resonance Raman 12-13-12—-13-13-13 616.9 616.7
spectra obtained from these ablated mixtures are shown in Figure 12-13-13-13-13-13 616.5 616.5
5. From a comparison of the observed spectrum to the cal- ig:ig:g:gjg:ig gig-? gig-g
culated'?1C4~ isotopomer frequency shifts, it is clear that both 13-13-12-13-12-13 613.6 6135
12Cs~ and 13C4~ isotopomers were selected in the ' )
the pure*“Cs™ an 6 pom €l 614.9 13-12-13-13-13-13 613.3 613.3
resonance Raman process. As will be seen, it is probably safe 13-13-12-12-13-13 609.7 609.6
to assume that the remaining 34 isotopomers, whose absorption 13-13-12-13-13-13 609.4 609.3
band maxima lie between these two, were also selected. 609.9 13-13-13-13-13-13 609.1 609.0
For the more intense 634.0 ciparent, five “bands” or 2 Scaling factor was 0.950.Scaling factor was 0.956.

groups of bands are clearly discernible. This is, however, far

from the expected 36 bands! Two factors limit the number of to exhibit overlapping frequencies. The calculatedrequen-
observed bands. First, the isotopic concentrations chosen tendies for all 36 isotopomers can be seen to fall into several distinct
to limit the abundance of certain isotopomers, i.e., to those groups. These groups vary in frequency spread from 0.7 to
containing only one or two of the least abundant isotope. And, 1.9 cnTl. The greater intensity of the 621.8 chband probably
second, as Table 4 shows, a number of isotopomers are expectetesults from the contributions of eight different isotopomers,
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TABLE 5: Experimental (Ar/12 K) and Theoretical
(B3LYP/6-31G* and QCISD/6-31G*) Isotopomeric
Symmetric v; Stretching Mode Frequencies (in cm?) for the

Szczepanski et al.

shows an 834 cnr! frequency lowering in the electronic
excited state. The gas-phase band at 564'@ssignedfrom
a hot band analysis to thg(og) mode in the electronic ground

G Anion _ state is problematic. The same mode in an Ar matrix falls at
expt. Isotopomer B3LYP QCISb 634 cnTl. The 70 cm? shift between matrix and gas phase
2086.0 12-12-12-12-12-12 2086.0 2086.0 appears to be too high and in the wrong energy direction. This

13-12-12-12-12-12 2085.0 2085.0 assignment is also not consistent with the observation that the

2079.4 12-13-12-12-12-12 2079.3 2078.9 same mode in the C excited state is almost isoenergetic in both
13-13-12-12-12-12 2078.8 2078.3 the Ne matrix and the gas phase (cf. Table 6). A 1817%m
13-12—-12-12-13-12 2078.0 2077.7 ) : s : ;

2056.6 1212-13-12-12-12 2056.9 2056.5 band, observed in Ne matrices and assigned by Freivogel et
13-12-13-12-12-12 2056.0 2055.4 al1? to thev,(og) mode of the C state, was later reassigned by
13-12-12-13-12-12 2055.1 2054.8 Schmatz and Botschwina to thg*¥ibration1®

2053.0 12-13-13-12-12-12 2051.6 2050.3 From the spectra in Figure 4, the band at 1261 cimmostly

2047.2 15’;13:12:%:3:3 ggi%:g ggig:g likely due to 39, a two quanta vibration in the Xl electronic
13-13-12—13-12—12 2046.1 2045.9 ground state. For lineareC clusters the symmetrical bending
12-13-12—-13-12-13 2045.7 2045.5 motion is expected be seen in the resonance Raman spectrum

TABLE 6: Observed Fundamental Mode Frequencies (in
cm™?) of the X2, Electronic State and the CIIg Electronic

Excited State of the Linear12C¢~ Anion

as a two-quanta vibration. The 467 chband (cf Figure 4) is
close in energy to the expecteg 8 vibration. This assign-
ment is based on the calculated frequency of ca. 270'cm
(B3LYP/6-31G*, scaled by 0.95) and ca. 245 ©n{QCISD/

X711, State CIL, 6-31G*, scaled by 0.956). Thus we propose that the 233tcm

mode gas gas band is due to the ;8 fundamental symmetrical bending
assignment phaseé Ar matrix? phasé Ne matrix¥ vibration of the G~ cluster.

v1(og) 2086 2052 2064 In summary, FTIR and resonance Raman(RR) spectra have
v2(0g) 1775 1767 been obtained for £ in Ar matrices yielding major bands (and
v3(0g) 564 gg‘é 110385 602 607/605 Ar their symmetries) at 2086 crh (v1(ag)), 1775 et (vy(og)),
;‘7‘("“) oy 07938 634 c! (v3(ag)), and 1936.7 cmt (v4(oy)). An RR band at
ve(rtg) 201 ~23%F 245 467 cn! has also been assigned to a two-quanta vibration of
vo(Ty) 1119 110 the vg bending mode.

aFrom electron detachment spectra, ref This work.40.2 cn1?
for o, mode andt2 cni? for oy modes £ From electronic absorption
spectra, ref 12¢ From hot bands, ref ZTentative assignment based
on the 467 cmt observed band.From the insert spectrum of Figure
5 (this work).9 Reference 5" Ne matrix, ref 15.
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