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Then5 antisymmetric stretching vibration of
1Sg

1 C9 has been observed using direct infrared diode
laser absorption spectroscopy of a pulsed supersonic cluster beam. Twenty-eight rovibrational
transitions measured in the region of 2079–2081 cm21 were assigned to this band. A combined least
squares fit of these transitions with previously reportedn6 transitions yielded the following
molecular constants for then5 band:n052 079.673 58~17! cm21, B950.014 321 4(10) cm21, and
B850.014 288 9(10) cm21. The IR intensity of then5 band relative ton6 was found to be
0.10860.006. Theoretical predictions for the relative intensities vary widely depending upon the
level of theory employed, and the experimental value reported here is in reasonable agreement only
with the result obtained from the most sophisticatedab initio calculation considered~CCSD!.
© 1996 American Institute of Physics.@S0021-9606~96!01239-1#

I. INTRODUCTION

The study of pure carbon clusters has been an active area
of research for many years.1 Advances over the last few
years in both theoretical and experimental techniques have
made possible a detailed picture of the structures, bonding,
and spectroscopic properties of these molecular species.
However, a number of major challenges still remain. For
example, a direct spectroscopic study of the cyclic isomers of
small carbon clusters in the C4–C20 size range has still not
been accomplished, even though strong evidence for these
ring structures has been obtained fromab initio theory2 and
ion mobility measurements.3 Moreover, only a few of the
many vibrational bands of the linear isomers in this size
range have been characterized at high resolution,4 providing,
at present, only a qualitative picture of the vibrational dy-
namics and the potential energy surfaces for these molecules.

A number of experimental approaches have been used to
study the structural and spectroscopic properties of linear
carbon clusters. These include IR and ESR spectroscopy of
carbon vapor trapped in solid Ar matrices,1 negative ion pho-
toelectron spectroscopy,5 and direct infrared laser absorption
spectroscopy.4 The latter is the only technique which is ca-
pable of resolving the rotational fine structure that accompa-
nies the vibrational transitions, and therefore provides the
most direct experimental characterization of the structure,
bonding, and vibrational dynamics. We have spent the past
few years applying the laser spectroscopy approach to the
study of pure carbon clusters in order to resolve some of the
challenges that face this area of research. So far, several
antisymmetric stretching vibrations for the linear isomers of
C3–C7,

4,6–8C9,
9,10 and C13 ~Ref. 11! have been analyzed. In

addition, the bending vibrational dynamics of C3 have been
studied extensively using optical12 and far-infrared13 spec-
troscopy; while the bending modes of C4,

7 C5,
14 C7,

15 and
C9 ~Ref. 10! have been studied indirectly by analyzing hot
band transitions that accompany the antisymmetric stretch
transitions.

The C9 molecule is of particular interest since it is the

largest carbon cluster for which the ground state structure is
predicted to be a linear chain. Most of the theoretical work
on C9 and other clusters smaller than C13 has been directed
toward predicting the structures of the low energy isomers,
the relative energies, and the vibrational spectra. Starting
with the early HF calculations of Raghavachari and
Binkley,16 a wealth of theoretical results at ever increasing
levels of sophistication, applied to increasingly larger sys-
tems have come forth. The most recentab initio results on C9
have been reported in two papers by Martinet al., which
include calculations at the CASSCF~Ref. 17! and CCSD~T!
~Ref. 18! levels of theory using a cc-pVDZ basis set. The
CCSD~T! calculations represent the most sophisticated cal-
culations performed on this molecule to date. Martinet al.
have shown that the CCSD~T! results give the most satisfac-
tory agreement with available experimental vibrational fre-
quencies of all theoretical techniques applied so far; how-
ever, due to the high cost of this approach, it can only be
applied to systems smaller than C10.

18 Graham and co-
workers also reported a theoretical study on C9 in connection
with their recent matrix experiments.19 These calculations,
performed at the HF, MBPT~2!, and CCSD levels using a
6-31G* basis set, were used to predict structural parameters
and vibrational frequencies for various13C substituted isoto-
pomers. Hutteret al.2 and Martin et al.20 have performed
density functional calculations on C2–C20 carbon clusters. In
general, the structures and vibrational frequencies for the
smaller ~C2–C9! clusters obtained by these methods are in
good agreement with results obtained by the more sophisti-
cated coupled cluster techniques.

The results of these theoretical calculations indicate that
linear C9 possesses three intense infrared active antisymmet-
ric stretch vibrations, denoted asn5, n6, and n7. Figure 1
shows qualitative nuclear displacements for these three
bands which were obtained using a simple one-dimensional
harmonic force field. The C9 carbon cluster was first ob-
served experimentally by FTIR spectroscopy of carbon clus-
ters trapped in solid Ar. A vibrational band at 1998 cm21
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was observed in the matrix21 and was later assigned as then6
asymmetric stretch of C9 based on Martin and co-workers’
HF calculations.22 The assignment was confirmed when this
same band was observed in the gas phase at 2014 cm21 by
diode laser spectroscopy.9 Subsequently, the~n61n11!2n11
and the~n612n11!22n11 hot band spectra were analyzed.10

Since these transitions arise from the lowest frequency bend-
ing mode, it was possible to obtain information about the
bending vibrational dynamics. Although there was some evi-
dence for perturbations to these bending levels, it was found
that C9 could be characterized as a fairly well-behaved semi-
rigid linear molecule, in contrast to C3 and C7 which show
large anharmonicity in their bending coordinates.

More recently, Graham and co-workers identified an in-
frared matrix absorption at 1601 cm21 as then7 antisymmet-
ric stretch fundamental of C9.

19 Assignment of this band was
accomplished by observing singly13C substituted isoto-
pomers and comparing the frequency shifts to the results of
coupled cluster calculations. In this paper, we report the first
experimental characterization of then5 antisymmetric stretch
fundamental band.

II. EXPERIMENT

Our laser vaporization-supersonic cluster beam appara-
tus and diode laser spectrometer have been described
previously.11 Briefly, a pulsed supersonic carbon cluster
beam, produced by laser vaporizing a graphite rod in a He
nozzle, is probed by 20–30 passes of a tunable infrared diode
laser beam. Transient absorption signals are measured using
time gated boxcar integration of the signal output from a
HgCdTe photovoltaic detector. 20–40 laser shots are signal
averaged for each 20 MHz frequency interval of the diode
laser. For the present experiment, we have replaced the
Questek excimer laser, which operated at 248 nm, with a 40
Hz Q-switched Nd:YAG laser. The 355 nm, third harmonic
of the YAG is used for vaporization. The maximum pulse
energy for this laser is about 250 mJ/pulse; however, we
have found that the best signal to noise ratio of the absorp-
tion transitions is obtained when the Q-switch timing is ad-
justed for a pulse energy of less than 100 mJ/pulse. This
optimum pulse energy is substantially lower than the 240–
300 mJ/pulse that was used for the excimer laser. Due to its
superior beam quality, the YAG laser can be focused more
tightly onto the graphite rod. Therefore, less laser power is

required to achieve the same laser fluence. This, along with
the better reliability of the YAG laser, has greatly enhanced
our experimental duty cycle.

The rovibrational transitions reported here were ob-
served in the region of 2078–2080 cm21. The frequencies of
the transitions were measured by simultaneously scanning
the spectrum of the OCS~Ref. 23! and the fringes of a
0.016 28 cm21 free spectral range Ge e´talon. A precision of
less than 0.001 cm21 can be achieved with this technique.
The Doppler broadened transition linewidths were about 100
MHz due to the divergence of the planar molecular beam.

III. THE n5 BAND

Most of the gas-phase studies on pure carbon clusters
that we have performed were guided by the results of vibra-
tional spectroscopy measurements of carbon vapor trapped in
solid rare gas matrices. While several matrix absorptions
have been assigned using a combination of isotopic substitu-
tion, ab initio calculations, and subsequent gas-phase obser-
vation, there remain many unidentified absorption peaks in
the matrix spectra. In particular, a clump of unresolved tran-
sitions, which can be deconvoluted into three peaks, appears
in the region of 2080 cm21. Recentab initio calculations
performed at the CCSD~T! level by Martinet al.18 indicate
that two of these peaks are probably due to antisymmetric
stretching modes of linear C8 and C9. We have searched this
region of the spectrum using our diode laser spectrometer,
and have observed a large number of rovibrational transi-
tions which arise from more than one vibrational band. One
of these vibrational bands has been assigned as then5 spec-
trum of linear C9 in its 1Sg

1 ground electronic state. The
other bands have not yet been analyzed but will be the sub-
ject of a future paper.

A total of 28 rovibrational transitions were found to be
assignable to then5 band of C9. Typical experimental data
along with a simulated stick spectrum are shown in Fig. 2,
and the frequencies of the observed transitions, along with
theJ9 assignment, are listed in Table I.P-branch transitions
up to J9514 andR-branch transitions up toJ9542 were
measured. As usual, the total number of transitions that could
be observed was limited due to incomplete frequency cover-
age of the diode laser. Only even-numberedJ9 values are
present in the spectrum due to the zero nuclear spin weights
of the odd-numbered energy levels. The relative intensities
of the observed transitions were simulated by assuming a
Boltzmann distribution and a rotational temperature of 20 K.

A nonlinear least squares fitting routine was used to fit
the observed transitions listed in Table I to the standard ex-
pression for the rotational energy levels of a linear molecule
in a nondegenerate vibronic state,

Erot5n01BvJ~J11!2Dv@J~J11!#21Hv@J~J11!#3.
~1!

Here,Bv is the rotational constant andDv andHv account
for centrifugal distortion in vibrational statev. This
fitting routine yielded the following values for the ground
and upper state rotational constants, respectively,

FIG. 1. Qualitative nuclear displacements for the three most intense anti-
symmetric stretching modes of linear C9. The magnitudes of the displace-
ments are from a simple, one-dimensional harmonic oscillator model.
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B950.014 286 7(75) cm21 andB850.014 256 1(71) cm21.
The observed ground state rotational constant is in excellent
agreement with the value derived from then6 mode.

10 Also,
the observed nuclear spin weights are characteristic of a cen-

trosymmetric linear carbon cluster in a nondegenerate vi-
bronic state. Therefore, we have assigned this spectrum to
the n5 fundamental vibration of C9. In order to improve the
precision of the molecular parameters, we then analyzed the
data from then5 band in a simultaneous least squares fit with
the n6 transitions of Ref. 10. The residuals of then5 transi-
tions are shown in Table I, and molecular constants for then5
and then6 states are shown in Table II. From the coefficients
of the correlation matrix, we find that upper and lower state
parameters of both bands are independently determined.
Table II also compares the molecular parameters with the
latestab initio calculations and matrix work.

Centrifugal distortion constants could not be indepen-
dently determined for the ground state and then5 excited
state. Therefore, these constants were held fixed at zero in
the least squares fit. The best fit, as judged by the root mean
square deviation of the residuals, was obtained by fitting the
centrifugal distortion parameters for the excitedn6 state.
These distortion constants are consistent with the values ob-
tained in our previous study of then6 band

10 and are of a
magnitude that is characteristic of a semirigid linear mol-
ecule.

Table II compares the measured band origin of then5
vibration with the CCSD~T! results of Martinet al.18 These
authors used the following equation, obtained by scaling the
calculated frequencies with known experimental data, to pre-
dict the observed gas-phase frequency of then5 band from
the calculated value,

nobs'0.91235vcalc1141.20 cm21. ~2!

Thus, then5 band is predicted to occur at 2101614 cm21. By
comparison, then7 band was predicted to occur at 1607612
cm21 using this method. Both of these results are in reason-
able agreement with the values reported here and with the
recent matrix study of Kranzeet al.19 Based on these calcu-
lations, Martinet al. concluded that one of the unresolved
matrix absorptions in the region of 2080 cm21 was due to the
n5 band of C9. More recently, Martinet al. performed den-
sity functional calculations at the B3LYP level for compari-
son with the more costly coupled cluster results.20 The aim
of this study was to assess the feasibility of applying density
functional methods to the study of carbon clusters larger than
C10. After scaling the harmonic frequencies with known ex-
perimental values, these density functional calculations pre-
dict gas-phase frequencies of 2104624 cm21 for then5 band
and 1605616 cm21 for then7 band. Again, these predictions
are in accord with the recent experimental results, as well as
with the coupled cluster calculations.

Krätschmer and co-workers recently recorded higher
resolution spectra of carbon clusters trapped in solid Ar, in
which the peaks in the 2080 cm21 region were resolved.24

Two of these peaks, occurring at 2074 and 2079 cm21, have
intensities relative to the 1998 cm21 n6 peak that are consis-
tent with our measured relative intensities~see Sec. V!. An-
nealing the matrix from 15 K to 35 K causes then6 peak to
grow strongly. The peaks at 2074 and 2079 cm21 also grow
with annealing, but the intensity ratio of the 2074 cm21 peak
relative ton6 remains constant, while the 2079 cm21 peak

FIG. 2. Representative experimental data and a simulated stick spectrum of
the n5 band of1Sg

1 C9. The peaks displayed are theR(4) throughR(22)
transitions. Relative intensities of these transitions can be approximately
reproduced by assuming a Boltzmann distribution and a 20 K rotational
temperature of the molecular beam.

TABLE I. Observed frequencies assigned to then5 asymmetric stretching
mode of linear C9 in its

1Sg
1 ground electronic state. Residuals are obtained

from a combined least-squares fit of these transitions with those of then6
band reported in Ref. 10. The root mean square deviation of the residuals is
0.000 63 cm21.

J P(J) ~cm21!a
Obs.2Calc.
~1023 cm21! R(J) ~cm21!

Obs.2Calc.
~1023 cm21!

0 @2 079.702 16#b

2 2 079.615 23 21.00 2 079.759 53 0.41
4 2 079.559 00 0.38 2 079.816 10 0.28
6 2 079.500 47 20.28 2 079.872 23 20.04
8 2 079.444 09 1.46 2 079.928 37 20.08
10 2 079.385 47 1.23 2 079.984 31 20.06
12 2 079.326 72 1.13 2 080.039 70 20.34
14 2 079.267 49 0.80 2 080.094 90 20.55
16 2 080.150 28 20.31
18 2 080.204 64 20.84
20 2 080.259 57 20.54
22 2 080.314 01 20.47
24 2 080.368 48 20.11
26 2 080.421 89 20.55
28 2 080.475 32 20.71
30 2 080.528 69 20.67
32 2 080.581 68 20.76
34 2 080.635 31 0.06
36 2 080.687 44 20.36
38 2 080.739 76 20.34
40 2 080.792 40 0.26
42 2 080.845 90 1.99

aHigher JP-branch lines were not observed due to incomplete diode laser
coverage.
bLow signal-to-noise ratio prevented the observation of theR(0) transition.
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grows slightly more rapidly. Based on these considerations,
we conclude that the Ar matrix peak at 2074 cm21 is most
likely due to then5 vibration of C9. The matrix environment
induces a red-shift on the vibrational band origins of linear
carbon clusters relative to the gas phase values. For certain
bands, this red-shift increases systematically with cluster
size.15 For example, the matrix red-shift for then6 band of C9
is about 15 cm21, which is the largest red-shift observed for
the C3–C9 series. However, assignment of the 2074 cm21

peak ton5 would imply a red-shift of only about 6 cm
21 for

this band. Similarly, the matrix induced red-shift of C7 is 10
cm21 for the n4 band, but only 5 cm21 for the n5 band.
Therefore, this red-shift is due, not only to the size of the
cluster, but also to the nature of the vibrational motion. For
both C7 and C9, the largest red-shift corresponds to the most
infrared active band. Because of the high spectral congestion
in this region of the matrix spectrum, it is unlikely that as-
signment of these peaks could be achieved by measuring the
red-shifts of isotopomer absorptions. Gas-phase observations
will almost certainly be required to definitively assign these
bands.

Table II also compares the experimentally determined
ground state rotational constant with rotational constants cal-
culated from theoretical equilibrium structures at various lev-
els of theory. Martin et al. have pointed out that the
CCSD~T!/cc-pVDZ calculations consistently overestimate
the bond lengths of linear carbon clusters while CASSCF
calculations tend to underestimate these values.18 Density
functional calculations, on the other hand, are found to most
accurately reproduce the experimental rotational constants, at
least for the smaller clusters, due to a fortuitous canceling of

errors.20 From the observed rotational constant, we calculate
an average value of 1.278 63~9! Å for the ground state CvC
bond lengths in the C9 chain. This value is characteristic of
cumulenic double bonding.

IV. RELATIVE IR INTENSITIES

There has been considerable discrepancy between the IR
intensities for the vibrational modes of C9 calculated using
various theoretical techniques. Table III shows the vibra-
tional frequencies and the IR intensities of then6 and n5
bands calculated at the HF, DFT, MP~2!, CASSCF, and
CCSD levels of theory. We see, for example, that an anoma-

TABLE II. Molecular parameters for the three observed asymmetric stretch vibrations of linear C9. The
parameters for then5 and then6 bands were obtained using a combined least-squares fit of then5 transitions
reported here and then6 transitions of Ref. 10. Uncertainties are 1s.

Parameter Gas-phase Matrix Calculated

B9 ~cm21! 0.014 321 4~10! 0.014 13,a 0.014 12,b 0.014 52c

0.014 09,d 0.014 22,g 0.013 78h

r̄ 0 ~Å!i 1.278 63~9!
n551
n0 ~cm21!

2 079.673 58~17! 2182,a 2217,b 2338,c 2425,d 2267e

2276,f 2239,g 2148h

B8 ~cm21! 0.014 288 9~10!
n651
n0 ~cm21!

2 014.278 00~18! 1998j 2073,a 2132,b 2084,c 2133,d 2165e

2174,f 2132,g 2061h

B8 ~cm21! 0.014 296 2~11!
D8 ~1028 cm21! 0.107~30!
H8 ~10212 cm21! 0.213~49!
n751
n0 ~cm21!

1601k 1624,a 1670,b 1803,c 1635,d 1797e

1775,f 1696,g 1607h

aDensity functional theory~Ref. 2!.
bDensity functional theory~B3LYP/cc-pVDZ! ~Ref. 20!.
cHF/6-31G* ~Ref. 19!.
dMBPT~2!/6-31G* ~Ref. 19!.
eCASSCF~4/4!/cc-pVDZ ~Ref. 17!.
fCASSCF~8/8!/cc-pVDZ ~Ref. 17!.
gCCSD/6-31G* ~Ref. 19!.
hCCSD~T!/cc-pVDZ ~Ref. 18!.
iThe averaged ground state CvC bond length.
jSee Ref. 22.
kReference 19.

TABLE III. Absolute and relative IR intensities for then5 andn6 vibrational
modes calculated at different levels of theory.

Theory

n5 n6

Absolute
~km/mol! Relative

Absolute
~km/mol! Relative

DFT~BLYP!a 2 324 0.77 3 030 1.0
DFT~B3LYP!b 4 077 0.63 6 520 1.0
HF/6-31G*c 428 0.01 40 414 1.0
MBPT~2!/6-31G*c 2 642 1.0 842 0.32
CASSCF~4/4!/cc-pVDZd 589 0.02 28 607 1.0
CASSCF~8/8!/cc-pVDZd 8 014 1.0 2 578 0.32
CCSD/6-31G*c 3 675 0.21 17 810 1.0
Experiment 0.108~6! 1.0

aReference 2.
bReference 22.
cReference 19.
dReference 17.
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lously large value for then6 intensity is obtained at the HF
level, leading to a relative intensity forn5 of 0.01.

22 At the
MBPT~2! level, then5 band was actually found to have a
larger intensity than then6 band.

22 Similar anomalous behav-
ior was also found in the CASSCF calculations.17 In order to
alleviate some of these discrepancies, we have attempted to
measure the relative intensities of then5 and then6 bands.

Figure 3 displays the time profile of the HgCdTe detec-
tor output with the diode laser tuned to resonance with the
R(12) transitions in then5 and n6 vibrational modes. The
intensities of the absorption transients have been scaled to
account for the difference in laser power between the two
frequencies; therefore, these intensities are proportional to
the transmittance. If we compare the transmittance ofn5 and
n6 transitions that arise from the same lower rotational states,
we can approximate the relative IR intensities for these two
bands by measuring the ratios of the observed transmittance,

Sv
0~n6!

Sv
0~n5!

'
ln@ I 0~n6!/I ~n6!#

ln@ I 0~n5!/I ~n5!#
. ~3!

Here, I 0 is the initial radiation intensity, andI is the trans-
mitted intensity. By setting the relative intensity ofn6 equal
to 1.0 and comparing the transmittance of theR(12) through
theR(16) transitions of the two bands, we obtain a relative
intensity of 0.10860.006 for then5 band. This value is in
reasonable agreement only with the most sophisticatedab
initio results~CCSD!, an indication of the difficulty encoun-
tered in the calculation of IR intensities for molecules of this
size. It is noteworthy that, at the CCSD/6-31G* level of
theory, the absolute IR intensity of then6 mode is extremely

large ~;18 000 km/mol!, as a consequence of the large di-
pole derivative for linear a molecule of this size.

V. DISCUSSION AND CONCLUSION

Carbon cluster research has been motivated in large part
by a desire to understand the chemistry of the interstellar
medium, soot formation in combustion systems, and the for-
mation of fullerenes and carbon nanoparticles. It is becoming
increasingly clear that linear carbon chains like C9 play a
major role in these chemical processes. Recent ion mobility
measurements by Bowers and co-workers indicate that linear
carbon cluster anions remain important components in the
isomer distributions for clusters as large as C30

2 .3 Our own
study of linear C13 also indicates the presence of metastable
linear chain species over a large cluster distribution.11 Lagow
et al. recently showed that these carbon chains can be stabi-
lized by reacting the ends of the chains with free radical
capping groups.25 Evidence was found for capped carbon
chains with as many as 300 atoms. Interestingly, it was
found that fullerene production in a laser vaporization appa-
ratus was almost completely suppressed when these capping
groups were present, leading the authors to conclude that the
linear chains play a major role in fullerene formation.

Our infrared spectroscopy experiments on pure carbon
clusters provide critical information, including precise struc-
tural data and vibrational frequencies, which can be used to
elucidate the role of these species in fullerene formation and
other chemical processes. Eventually, this may provide anin
situmonitor of molecular carbon clusters in reactive environ-
ments.
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