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We report improved measurements for the ‘v6 antisymmetric stretch fundamental and observa- 
tion of the (vg+Yis) -y15 and (~gf2~is) -22~~s hot bands of the linear C, carbon cluster by 
direct absorption diode laser spectroscopy of a supersonic carbon cluster beam. Analysis of 
these bands characterizes Cs as a semirigid molecule with a bending potential similar to that 
of Cs and further evidences the alternation in degree of rigidity of linear carbon clusters with 
the g-u symmetry of the HOMO. 

intense (4X lo4 km/mo1[2,3]) vg( oU) band of Ca was first 
measured in a low temperature argon matrix at 1998 
cm-‘.” This matrix absorption was originally identified 
as Cs, but Martin et al. later reassigned the band to Cs on 
the basis of ab initfo theory.3 Two other vibrational bands 
of linear Cs have been measured by Arnold et al. using 
anion photoelectron spectroscopy,‘2 the ~~(0~) band at 
1258 cm-’ and the ~~(0~) band at 484 cm-‘. These 
measurements are in good agreement with the calculations 
of Martin et al. The vg band of Cs was measured previously 
in our laboratory’3 by diode laser spectroscopy, confirming 
the assignment of the matrix absorption at 1998 cm-’ by 
Martin et al. Since the original work, we have dramatically 
improved the sensitivity of our experiment to the point 
where we now routinely observe the strongest Cs peaks in 
this band with a signal to noise ratio of nearly 200/l. In 
addition, we are able to detect relatively strong bending hot 
band transitions in the spectral region of the v6 fundamen- 
tal. Analysis of these hot bands indicates that the bending 
motion of Cs is similar to that of Cs, providing further 
evidence for an alternating rigidity in linear carbon clus- 
ters. The vg rovibrational frequencies have been measured 
with improved precision and extended to J= 66 in both the 
P and R branches, permitting a more accurate determina- 
tion of the molecular constants. Due to the large intensity 
of this band, C, would be an excellent candidate for obser- 
vation in hot astrophysical sources (e.g., IRC+ 10216) by 
infrared astronomy. 

I. INTRODUCTION 

One of the most interesting characteristics of small 
(n< 11)) odd-numbered linear carbon clusters is their un- 
usually low frequency, large amplitude bending motions 
about the central carbon atom.lm5 These low frequency 
bends are thought to play a critical role in the chemical and 
thermodynamic properties of these molecules. In particu- 
lar, it has been suggested that this large amplitude bending 
motion in larger clusters may be a pathway by which linear 
carbon chains isomerize to form rings. Additionally, pure 
carbon clusters are believed to exist in the interstellar me- 
dium,6 but due to the absence of a permanent dipole mo- 
ment, they are not detectable by submillimeter astronomy 
techniques. The best hope for detection of these molecules 
in the ISM is by measurement of their far-infrared bending 
frequencies. For all of these reasons, we have undertaken a 
detailed spectroscopic study of the bending dynamics of 
linear carbon clusters. 

The HOMO symmetry of linear carbon clusters alter- 
nates between r, and rs.’ Molecules having a filled r,, 
HOMO (C,, C,, and C,i) are predicted to be less rigid 
than Cs and CL!,, which have filled ~-s HOMOs. The half- 
filled HOMOs of the even-numbered linear carbon clusters 
also alternate between v,, and rs symmetry; however, these 
molecules are expected to be more rigid than the odd clus- 
ters because there is no central atom about which bending 
motion takes place. Of these molecules, Cs is the only one 
for which a complete characterization of the bending po- 
tential has been accomplished.* The picture which has 
emerged is that Cs possesses an extremely anharmonic 
bending potential characterized by large amplitude bend- 
ing motion and strong stretch-bend and Coriolis coupling 
interactions. The bending dynamics of C5 (Ref. 9) and C, 
(Ref. 10) have been studied indirectly through the rovi- 
brational analysis of hot bands detected in the region of 
mid-infrared asymmetric stretching frequencies. This work 
suggests that C5 can be characterized as a relatively rigid 
molecule, while C7 undergoes large amplitude bending mo- 
tion similar to that of Cs. 

In this work, we extend the study of the bending dy- 
namics of odd-numbered linear carbon clusters to the C, 
molecule. Cs is the largest carbon cluster for which the 
ground state structure is predicted to be linear.’ The very 

II. EXPERIMENT 

The Berkeley supersonic cluster beam/diode laser 
spectroscopy apparatus has been described in detail previ- 
0us1y.‘~ Briefly, carbon clusters are generated by KrF ex- 
timer laser vaporization (200 mJ/pulse at 70 Hz focused 
to a 0.5 X 15 mm line) of a rotating, translating graphite 
rod placed in the throat of a pulsed, planar Ar jet (15 atm 
backing pressure). Absorption spectra of carbon clusters 
are measured by intersecting the supersonic carbon cluster 
beam with 18-20 passes of a focused infrared diode laser 
beam and monitoring the diode laser power with an InSb 
detector. The transient absorption signals are measured us- 
ing boxcar averaging. The diode laser is stepped in 20 MHz 
frequency intervals every 30-40 excimer laser shots. Abso- 
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FIG. 1. Diode laser spectra for the V~ band system of C, in the region of 
the band origin. The noise is ca. the penwidth. Subscripts associated with 
P- and R-branch labels indicate the vis vibrational quantum number. The 
peak labeled with an asterisk appears at the band origin of the v6 funda- 
mental and is a candidate for a weak Q branch. 

lute and relative frequency calibrations were performed by 
simultaneously recording the absorption spectrum of OCS 
in the region of 2012-2016 cm-’ (Ref. 14) and the fringe 
spectrum of a temperature stabilized, air-spaced germa- 
nium etalon. 

The increased sensitivity achieved in this work, and in 
a recent study of linear C6 (Ref. 15), was accomplished 
through modification of the gas channel geometry between 
the pulsed valve and the graphite rod and by carefully 
controlling the alignment and photon flux conditions of the 
vaporization laser. The FWHM linewidths of the absorp- 
tion features are about 150 MHz, which is larger than the 
room temperature Doppler width of approximately 60 
MHz at 2000 cm-‘. 

III. RESULTS AND DATA ANALYSIS 

A. The v6 fundamental 

In the previous work on Cs (Ref. 13), the R (0) and 
P(2) transitions were not observed; as a consequence, the 
assignment of the rotational quantum numbers was incor- 
rect by two units in J. In the present work, we have ob- 
served R(0) and P(2) (see Fig. 1) and have unambigu- 
ously assigned the spectrum. Due to better frequency 
stability of our diode laser system and the larger signal to 
noise ratio, we have also improved the precision of the 
frequency measurements presented in Table I. Only even- 
numbered peaks are observed due to nuclear spin statistics. 
Molecular constants obtained by nonlinear least-squares 
analysis are presented in Table II. Performing the fit to 
observed frequencies resulted in large correlation between 
ground and upper state molecular constants. This correla- 
tion was removed by fitting ground and upper state com- 
bination differences independently. Ground state rotational 
frequencies were obtained from R (J- 1) - P( J+ 1)) and 
upper state frequencies from R(J) -P(J). Residuals ap- 
pearing in Table I and the band origin presented in Table 
II were calculated by fitting the observed frequencies with 

TABLE I. Observed frequencies for the ve(gJ fundamental of Cs. The 
standard deviation of the fit was 0.000 83 cm-‘. 

Obs-Calc Obs-Calc 
J P(J) (cm-‘) (IO-’ cm-‘) R(J) (cm-‘) (low3 cm-‘) 

0 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 
62 
64 
66 

2014.2212 0.4 
2014.1634 0.1 
2014.1057 0.2 
2014.0479 0.4 
2013.9904 1.0 
2013.9322 1.2 
2013.8726 0.2 
2013.8129 -0.6 
2013.7544 
2013.6956 

-0.j~ 
0.3 

2013.6363 0.5 
2013.5760 -0.2 
2013.5165 0.2 
2013.4565 0.3 
2013.3962 0.3 
2013.3367 1.3 
2013.2747 0.0 
2013.2144 0.7 
2013.1528 0.2 
2013.0914 0.1 
2013.0290 -0.7 
2012.9674 -0.5 
2012.9060 0.1 
2012.8435 -0.2 
2012.7814 0.1 
2012.7186 -0.1 
2012.6553 -0.6 
2012.5923 -0.5 
2012.5311 1.5 
2012.4663 0.2 
2012.4035 1.1 
2012.3395 1.0 
2012.2768 2.4 

2014.3066 -0.1 
2014.3637 -0.1 
2014.4206 0.0 
2014.4769 -0.3 
2014.5343 0.7 
2014.5899 0.2 
2014.6447 -0.1 
2014.7020 0.5 
2014.7566 -0.4 
2014.8125 0.2 
2014.8683 0.9 
2014.9238 1.5 
2014.9776 0.6 
2015.0322 0.7 
2015.0853 -0.5 
2015.1398 -0.1 
2015.1939 0.2 
2015.2483 0.9 
2015.3017 0.9 
2015.3543 0.3 
2015.4083 1.3 
2015.4591 -0.7 
2015.5121 -0.3 
2015.5648 0.0 
2015.6167 -0.2 
2015.6693 0.4 
2015.7201 -0.5 
2015.7725 0.4 
2015.8230 -0.4 
2015.8753 0.7 
2015.9259 0.5 
2015.9773 1.2 
2016.0304 3.8 

TABLE II. C!, molecular parameters obtained from least squares analysis 
of the V~ fundamental frequencies. Uncertainties are lo. 

Parameter Value Ab initio theory 

va(cm-I) 

B” (cm-‘) 
B (lo-* cm-‘)’ 
r? ( lo-I2 cm-‘)i 
r.& angstroms ) 
B’(cm-‘) 

2014.277 964(67) 2084a 2188b 2042’ 
2133d 2074e 2031’ 
2141s 2108h 

0.014 321 9(9) o.01458 0.0141d 
0.1 
0.2 
1.278 Ol(8) 1.271’ 1.2915’ 
0.014 296 2(9) 

“IIF&-31G* (Ref. 2). 
bRHF/4-21G (Ref. 3). 
‘Ad hoc MNDO (Ref. 3). 
dMBPT (2)/6-31G* (Ref. 5). 
“MND0/3 (Ref. 4). 
‘MNDO (Ref. 4). 
gAMl (Ref. 4). 
hPM3 (Ref. 4). 
Centrifugal distortion constants Were not determinable from our data. 
The values presented here are best estimates for the distortion constants 
averaged over the ground and upper states. 
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molecular constants fixed to the values obtained from anal- 
ysis of the combination differences. Centrifugal distortion 
constants are too small to be statistically determined from 
our data. The values for the distortion constants presented 
in Table II are estimates obtained by constraining ground 
and upper state distortion constants to be equal in the fit to 
the ground and upper state combination differences. The 
uncertainty in these values is on the same order as the 
values themselves. No substantial difference is observed 
between the rotational constants presented here’and those 
reported in our previous work, in spite of the slight misas- 
signment noted above. 

Analysis of the data obtained in the previous work 
identified three perturbations due to dark state crossings of 
the upper state near J’ = 7,23, and 45. Perturbations of the 
low J levels were actually manifested in splittings for some 
of the observed peaks. With our improved sensitivity, we 
find no evidence for these splittings or for perturbations of 
the higher J levels. The peak next to P(4) in Fig. 1 is part 
of the lowest frequency II-II hot band of C3 and is not due 
to splitting of the P(4) transition. In addition, our earlier 
work reported unusually large values for the ground state 
centrifugal distortion constants, in contrast to the present 
result obtained with a more extensive data set. The scaled 
value of our estimated distortion constant (D”/B”) is on 
the same order as for C,, rather than 15 times larger as 
previously reported. Discrepancies between this work and 
the previous report are due to the incorrect assignment and 
the lower precision of the previous measurements that re- 
sulted from a much lower signal to noise ratio. 

From the relative intensities of the fundamental tran- 
sitions, we estimate a rotational temperature of 20 f 5 K. 
This low rotational temperature is critical for the detection 
of C, rovibrational transitions because of the high density 
of states. Conventional techniques for synthesizing tran- 
sient molecules for infrared absorption spectroscopy, such 
as plasma discharge or photolysis sources, would therefore 
probably not be, useful for detecting C,. 

B. The (v~+Y,~)-Y,~ hot band 

Ab initio theory predicts four low frequency ( < 500 
cm-‘) degenerate bending modes for Cs (Refs. 2-4). We 
have assigned the second strongest series of peaks observed 
in our spectrum to a Q-II, hot band arising from the 
lowest frequency bending vibration. The lower state of this 
hot band is predicted to be 49-53 cm-’ above the ground 
statezA and is the only excited vibrational state expected to 
be significantly populated if thermal equilibrium prevails at 
the molecular beam temperature. Both even and odd val- 
ues of J are observed for this band with spacings between 
peaks of approximately 2B. The spectrum actually consists 
of two IHI subbands of opposite symmetry, wherein the 
even J transitions arise from the positive symmetry sub- 
band, for which I,,= If, and the odd J transitions with 
l,s=l, arise from the negative symmetry subband. The 
two subbands are slightly offset from each other due to 
Z-type doubling, which actually results in a staggering of 
line positions for adjacent peaks rather than a doubling of 
spectral lines, since nuclear spin statistics force one com- 

TABLE III. Observed frequencies for the 1,s = lp component of the ( vg 
+v,,) -vrs hot band of Ca. The standard deviation of the fit was 0.0018 
cm-‘. Bracketed peaks are calculated values for weak or unresolved 
peaks. 

Obs-Calc Obs-Calc 
J P(J) (cm-‘) ( 10m3 cm-‘) R(J) (cm-‘) (10V3 cm-‘) 

2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 

2014.1207 
2014.0608 
2014.0057 
2013.9459 
2013.8865 
2013.8279 
2013.7695 
2013.7115 
2013.6531 
2013.5933 
2013.5349 
2013.4709 

[2013.4117] 
2013.3542 
2013.2882 
2013.2299 
2013.1694 

[2013.1079] 
2013.0474 
2012.9861 

[2012.9231] 
2012.8589 
2012.7972 
2012.7358 
2012.6727 

1.9 
-0.3 

2.6 
1.0 
0.0 
0.0 
0.4 
1.4 
2.3 
2.0 
3.2 

-0.9 

2.9 
-2.6 
-0.2 

0.3 

0.9 
1.2 

-2.2 
-1.6 
-0.5 
- 1.0 

[2014.2623] 
2014.3191 
2014.3728 
2014.4307 
2014.4882 
2014.5441 
2014.6000 
2014.6552 
2014.7120 
2014.7678 

[2014.8227] 
2014.8792 
2014.9316 

[2014.9866] 
2015.0447 
2015.0955 

[2015.1486] 
2015.2028 

r2015.25561 
2015.3116 

[2015.3617] 
2015.4164 

[2015.4669] 
12015.51921 
2015.5754 

-0.2 
-3.3 
-1.9 
-0.8 
-1.1 
-1.1 
-1.6 
-0.3 

0.2 

1.7 
1.3 

3.8 
0.6 

0.6 

2.9 

2.0 

ponent of each i-type doublet to be missing from the spec- 
trum. The observed frequency measurements for the two 
subbands are presented in Tables III and IV. Typical data 
appear in Fig. 2. Absolute assignment of the rotational 
quantum numbers was not straightforward for this band 
because the lowest J transitions were not observed. Three 
different assignments are actually possible. The assignment 
presented here was chosen because it is the only one which 
yields rotational constants for the two subbands which are 
greater than the ground state rotational constant. Of 
course, a larger rotational constant is expected for the 
bending modes due to the decrease in the effective moment 
of inertia as the molecule undergoes bending motion. 

We found it necessary to analyze the two subbands 
separately. Observed frequencies and ground and upper 
state combination differences were fit to the following ex- 
pression for the rovibrational energy levels: 

where I= 1 for a II-II transition. The resulting molecular 
parameters for each subband are found in Table VI. These 
parameters do not depend substantially upon whether ob- 
served frequencies or combination differences are used in 
the fit. 

Evidence for slight perturbations to both the lower and 
upper states of the e subband are apparent from the mo- 
lecular constants. The distortion constants calculated for 
this subband are an order of magnitude larger than those 
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TABLE IV. Observed frequencies for the Z15= 1, component of the (vg 
+vi5) --n,s hot band of C,. The standard deviation of the fit was 0.0017 
cm-‘. 

Obs-Calc Obs-Calc 
J P(J) (cm-‘) (lo-” cm-‘) R(J) (cm-‘) (lo-’ cm-‘) 

1 
3 
5 
7 
9 

11 
13 
15 
17 
19 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
51 
53 
55 
57 

[2014.0906] 
2014.0336 
2013.9764 
2013.9166 
2013.8575 
2013.7988 
2013.7412 
2013.6840 
2013.6230 
2013.5643 
2013.5009 
2013.4438 
2013.3834 

[2013.3221] 
2013.2607 
2013.2004 
2013.1405 
2013.0782 
2013.0186 

[2012.9513] 
2012.8921 
2012.8308 
2012.7688 
2012.7070 
2012.6436 

[2012.5587] 
[2012.4898] 
[2012.4194] 

0.8 
1.6 
0.0 

-0.6 
-0.7 

0.6 
2.5 
0.8 
1.6 

-2.1 
0.7 
0.5 

-1.2 
-0.7 

0.6 
-0.4 

1.7 

-0.6 
0.7 
1.7 
3.3 
3.6 

[2014.2341] 
2014.2921 
2014.3480 

[2014.4045] 
2014.4600 
2014.5170 
2014.5737 
2014.6284 
2014.6835 
2014.7415 
2014.7977 
2014.8492 

[2014.9022] 
2014.9553 
2015.0103 
2015.0648 
2015.1187 
2015.1722 
2015.2267 
2015.2717 
2015.3285 
2015.3826 
2015.4388 
2015.4888 
2015.5402 
2015.5935 
2015.6444 
2015.6974 
2015.7510 

0.9 
0.1 

-0.8 
0.2 
1.0 
0.2 

-0.1 
2.8 
4.2 
1.1 

- 1.3 
-0.2 

0.6 
1.0 
1.2 
2.5 

-5.4 
-1.5 

0.0 
3.6 
1.1 
0.0 
0.9 

-0.6 
-0.1 

0.9 

estimated for the ground state of the molecule. This large 
increase in the centrifugal distortion upon bending excita- 
tion is probably due to a Coriolis interaction between the e 
component of the first excited bending state and a low- 
lying B or A state. 

Paw?) POW Pm) 

I 
I I I 

I 
P@5) Ple3) PI(.ZO, PW7, 

P116, P2(14, 

?UUtitia,ll,, I 

2013.40cm.1 2013.70 cm-l 

FIG. 2. Diode laser spectra obtained for the 46 band system in the most 
intense part of the band at T=20 K. Peaks labeled with asterisks are due 
to C, hot band transitions. 

The molecular constants for the f subband presented in 
Table VI do not include centrifugal distortion constants, as 
inclusion of these constants does not significantly alter the 
quality of the fit. The standard deviation of the fit was 
0.0018 cm-’ without including distortion constants, and 
0.0014 cm-’ with distortion constants included. Also, in- 
clusion of distortion constants increases the uncertainties 
of the rotational constants by nearly a factor of 2 due to 
correlation effects. However, it must be recognized that 
upper and lower state distortion constants are determin- 
able in this subband and that when distortion constants are 
included in the fit, it becomes apparent that the upper and 
lower f states are strongly perturbed. 

Distortion constants calculated for the f subband are 
D”= -0.44( 13) X 10m7 cm-‘, H”= -0.76(33) X10-i’ 
cm-‘, D’= -0.38( 13) x lo-‘cm-‘, and H’= -0.61(34) 
X 10-i’ cm-‘. The rotational constants become 
B”=0.014 311( 15) cm-’ and B’=0.014291( 16) cm-‘, 
and the band origin shifts to 2014.174 88(58) cm-’ when 
distortions constants are included in the fit. These large 
negative distortion constants indicate strong perturbations 
to these levels. Because of these perturbations, it is not 
possible to assign the ordinary mechanical meaning to 
these molecular constants. However, rotational constants 
for this subband, given in Table VI, obtained without in- 
cluding distortion constants, are believed to be closest to 
the unperturbed values for the following reasons: ( 1) an 
excellent fit is obtained without including distortion con- 
stants, as indicated above; (2) when distortion constants 
are included, the rotational constant of the bending mode 
becomes less than the ground state rotational constant; 
whereas, exclusion of distortion constants yields a larger 
value for the bending state rotational constant, as expected; 
and (3) when distortion constants are included, the band 
origin shift of the e subband relative to the f subband is 
much larger than expected. 

Currently it is not possible to deperturb the molecular 
constants of these states since this work represents the only 
rotationally resolved data for the C!, molecule, and large, 
systematic deviations between observed and calculated fre- 
quencies are not evident in our analysis. It is possible that 
perturbation of the f states can be partly accounted for by 
unusually large Coriolis coupling with the ground state. 
The centrifugal distortion constant (0) for linear mole- 
cules in the harmonic approximation is given by 4B3/?. 
Due to anharmonicity and Coriolis effects, the measured 
ground state distortion constant for such molecules is typ- 
ically larger than that predicted from the harmonic ap- 
proximation. For example, the ground state distortion con- 
stants for the semirigid molecules C5 (Ref. 9) and C3Sz 
(Ref. 16) are an order of magnitude greater than the pre- 
dicted values. The estimated distortion constant for Cg, 
however, is more than 3 orders of magnitude greater than 
the value predicted by the harmonic approximation. This is 
likely due to the very low frequency of the y15 mode, which 
probably results in large interactions between the ground 
state and the f state. Evidence for similarly large interac- 
tions between the ground vibrational state and the first 
excited bending vibration of C,, for which a low bending 
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frequency is also predicted,2d has been reported.” The low 
frequency symmetric stretching mode (v4), observed at 
484 cm-’ (Ref. 12), is also of the correct symmetry to 
interact with the f state through Coriolis coupling. In ad- 
dition, other low frequency bending modes may also be 
interacting with the yls mode in some way that would 
explain this anomalous behavior. 

We had hoped that these hot band data would be 
useful for estimating the frequency of the y15 bending 
mode from q”, the Z-type doubling constant, given by 
~“=B(~~~=l~)-B(u~~=l~). The bending frequency is 
obtained from q” by the relation w15= fqB2/q”. 
fq=2[1+4H(~~)20&/(o~-&)] where 5: is the Coriolis 
coupling constant between vi5 and the s vibrational mode, 
and the summation is over all nondegenerate vibrations.17 
By comparison with similar molecules, a reasonable esti- 
mate for f 4 is 2.15 f 0.05. 9~16 Due to the strong perturba- 
tions to these C9 energy levels, however, it seems unlikely 
that an estimate of q” would be very meaningful. Never- 
theless, if we assume that the rotational constants of the 
IIs-& hot band presented in Table IV are close to their 
unperturbed values, we obtain the following estimates for 
the Z-type doubling constants: q”=O.OOO 018( 14) cm-’ 
and 4’ =O.OOO 020( 14). Thus an estimate for the bending 
frequency would be w,,=30~20 cm-‘. This estimate, 
though highly uncertain due to the imprecise value of @ ‘, 
suggests a lower bending frequency than predicted by ab 
inifio calculations. Direct measurement of the vi5 mode by 
far-infrared laser spectroscopy, as accomplished for C3 in 
our laboratory,” would be extremely useful to further 
characterize this band. 

Obs-Calc Obs-Calc 
J P(J) (cm-‘) (10m3 cm-‘) R(J) (cm-‘) (lo-” cm-‘) 

0 [2014.0480] 
2 [2013.9612] [2014.1056] 
4 [2013.9030] [2014.1629] 
6 2013.8455 0.9 [2014.2199] 
8 2013.7845 -1.4 [2014.2766] 

10 [2013.7269] 2014.3303 -2.8 
12 [2013.6676] 2014.3861 -3.3 
14 2013.6103 2.2 2014.4418 -3.5 
16 2013.5534 5.1 2014.4996 -1.4 
18 [2013.4882] 2014.5570 0.6 
20 [2013.4279] 2014.6096 -2.0 
22 2013.3665 -0.9 [2014.6665] 
24 2013.3008 -5.7 2014.7286 7.5 
26 2013.2483 2.9 2014.7810 5.5 
28 2013.1831 -0.9 
30 2013.1203 -2.1 
32 2013.0622 1.7 
34 2013.0035 5.2 

weak and, in many cases, not well resolved. Thus it was 
often difficult to select the correct peak position. Due to 
this lower precision, only rotational constants have been 
included in the fit. 

We do not observe the corresponding A-A transition in 
our spectrum. It is interesting to note that the A-A hot 
bands were not observed for either the C!, (Ref. 9) or C7 
(Ref. 10) molecules, while the 2-E hot bands were ob- 
served in both cases. 

C. The (v~+~Y,~)-~v,~ hot band 
IV. DISCUSSION 

With two quanta in the bend, the bending vibrational 
energy level splits into two sublevels, a B sublevel, for 
which Z=O, and a A sublevel, for which 1=2. The A sub- 
level is further split into a doublet due to Z-type resonance. 
For most rigid linear polyatomic molecules, the Z state lies 
lower in energy than the A state.i6 However, if the mole- 
cule is undergoing large amplitude motion in the bending 
coordinate or if the bending potential is quasilinear, then 
the ordering of these energy levels may reverse.‘9’20 We 
have observed a series of very weak peaks spaced by ap- 
proximately 4B which we have tentatively assigned as a 
EU-Eg hot band arising from a lower state with two quanta 
in the vls bend. As with the fundamental, only even J 
peaks are present since the lower state is a nondegenerate, 
symmetric Z state. Observed frequencies are presented in 
Table V, and molecular constants appear in Table VI. The 
assignment of the rotational quantum numbers presented 
here is not definitive, as the band origin was not observed. 
However, shifting the assignment of the rotational mani- 
fold by one or two J in either direction does not substan- 
tially alter the magnitude of the rotational constants. The 
assignment presented here was chosen because the shift in 
the band origin relative to the v,j band origin is on the order 
of twice the band origin shift for the I&-II, hot band. The 
precision of the frequency measurements for this band is 
lower than the other two bands because the peaks are very 

A recent theoretical calculation produced evidence 
that C9 may exist as a zigzag shaped C2, molecule with 
very small bending angles.5 Although our data can be well 
represented by assuming a linear configuration, we cannot 
completely rule out the possibility of a very slightly bent 
structure. Figure 1 displays several weak unassigned peaks 
in the region of the band origin. These peaks are possible 
candidates for a weak Q branch that would arise from the 
KP= l-l transition of a near prolate asymmetric rotor. 
Similar structure near the band origin was also observed 
for the C6 molecule.15 No other K-type structure for C, has 
been observed, however. 

TABLE VI. Molecular parameters for the (vs+nvls) -nv15 (n=l-2) 
hot bands of C, from least squares analysis. Uncertainties are lo. 

n=l I=lf n=l Z=l, ?I=2 I=0 

v, (cm-‘) 2014.17634(44) 2014.17688(32) 2014.0192(14) 
B” (cm-‘) 0.014 371(7) 0.0143 53( 12) 0.014 467(26) 
b (lo-’ cm-‘)” 0.174(89) 
ITi (lo-” cm-‘) 0.48(18) 

0.014 345(7) 0.014 325( 12) 0.014 435(27) 
B’ (cm-‘) 

‘Centrifugal distortion constants for the e subband are averaged over 
upper and lower states. 
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TABLE VII. Scaled ground state centrifugal distortion constants and 
observed increases in rotational constants upon excitation to u= 1’ and 
u=2’ of the lowest frequency (n-“) bending modes for some linear carbon 
molecules. 

C3 (Refs. 18, 19) 

(D”/B”) x 10-6 

3.4 

(AB/B”) x 100 
vb=li 

$3.4 
e2.1 

l&=20 

4.9 

C302 (Ref. 20) 0.5 IQ.7 
e1.3 

0.9 

C, (Ref. 10) 
C, (Ref. 15) 
C3S2 (Ref. 16) 

-0.8 9.3 22 
0.45 
0.02 P.3 0.6 

eo.2 
C, (Ref. 9) 
c, 

0.06 0.7 
0.07= ;::: 1.0 

e0.2 

‘Calculated from estimated centrifugal distortion constant. 

Analysis of our data shows that C9 exhibits the behav- 
ior characteristic of a fairly rigid linear molecule. Table 
VII compares the ground state centrifugal distortion con- 
stants estimated for C, with those of other carbon chains 
with cumulenic bonding. Of these molecules, C3 (Ref. S), 
C, (Ref. lo), and Cs02 (Ref. 20) are known to have ex- 
tremely anharmonic or quasilinear bending potentials, 
whereas CsS, (Ref. 16) and C, (Ref. 9) are best charac- 
terized as semirigid molecules. Table VII shows that, in 
terms of centrifugal distortion, Cs is comparable to the 
more rigid molecules. The C6 molecule also appears in 
Table VII and, interestingly, seems to typify a less rigid 
molecule. A more complete description of the bending dy- 
namics of Cs through analysis of hot bands is currently 
underway and will be the subject of a future paper. The 
percent increase in the rotational constants that occurs 
upon excitation of the lower bending states, also shown in 
Table VII, is a more reliable indicator of the molecular 
rigidity. A large increase in the rotational constants indi- 
cates large amplitude motion in the bending coordinate as 
is shown dramatically for C3 and C,, whereas a small in- 
crease is characteristic of a fairly harmonic bending poten- 
tial. We see here that the change in the C, rotational con- 
stants with bending excitation is almost identical to that of 
Cs and C&, further characterizing C, as a semirigid mol- 
ecule. 

Another observation which characterizes the bending 
motion of linear molecules is the band origin redshift of the 
bending hot bands relative to the band origin of the asso- 
ciated fundamental. This redshift is principally due to the 
anharmonicity of the bending potential, and it becomes 
increasingly large for nonrigid molecules. The magnitude 
of this redshift is also related to the bending frequency and 
is smaller for low frequency bends. The very small shift in 
the band origin of the ( V~ + v15) - v15 band of C9 relative to 
v6 (~0.11 cm-‘) is probably due to the existence of a 
relatively harmonic bending potential as well as the low 
frequency of the v15 bending mode. 

We have demonstrated that the simple molecular or- 
bital picture which predicts alternating rigidity for small 
odd-numbered C, molecules is valid for n&9. The linear 
even-numbered carbon clusters are expected to be more 
rigid than the odd clusters because there is no central atom 
about which bending motion takes place. However, the 
same alternation between rg and rr, HOMOs occurs with 
even clusters.7 From this perspective, linear C!, and C, are 
expected to be more rigid than C6 and Cl,. It has been 
suggested that for n =9-l 1, cyclic isomers become more 
stable due to a decrease in angle strain of the ringst2 and 
that a mechanism for ring formation may be isomerization 
of the linear isomers through large amplitude bending mo- 
tion. Since both Cl0 and Cl1 have rr,, HOMOs, we can 
expect a low barrier to isomerization for these molecules. 
Thus we consider an analysis of the bending dynamics of 
even chains, as well as detection and characterization of 
the cyclic carbon clusters to be an important next step. 
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