
Electronic Ground and Excited State Spectroscopy of C6H and C6D
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Rotational transitions in theX2P ground state of C6H and C6D have been measured by Fourier transform microwave and
millimeter-wave absorption spectroscopy. More than 150 rotational lines in the ground2P3/2 and 2P1/2 ladders have been
observed, allowing an accurate determination of the rotational, fine structure, lambda-doubling, and hyperfine couplin
constants using a standard effective Hamiltonian for a molecule in an isolated2P electronic state. The molecular ground state
constants are used to characterize the rotationally resolved origin band of the2P 4 X2P electronic transition observed by
cavity ring-down laser absorption spectroscopy in a pulsed supersonic slit-jet discharge source. From these data, spectrosc
constants for the excited electronic state are determined.© 1999 Academic Press
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Highly unsaturated carbon chains, the topic of many re
pectroscopic and astronomical studies (1, 2), are predicted t
e key reactive intermediates in interstellar hydrocarbon c

stry. The carbon chains observed most extensively in spac
he polar radicals CH through C8H (3, 4). The hexatriyny
adical C6H, the subject of this paper, has been observe
adio astronomers both in the cold, dense molecular c
MC-1 (5, 6) and in the molecular envelope of the carbon-
tar IRC110216 (6–8). Large nonpolar pure carbon clust
Cn) may also be present in the interstellar medium, but to
nly C3 and C5 have been observed in circumstellar shell

he infrared (9).
Several homologous series of carbon chain radicals

een studied in the laboratory. Absorption spectra of m
elected species in solid neon matrices have yielded a wea
nformation, covering the spectral range from the UV to the
10, 11), but owing to solvation effects, the absorption ba
xhibit a shift relative to the corresponding gas-phase spe
he ground state spectroscopic constants for the free mo
ave been obtained from microwave experiments for ca
hain radicals CnH (n # 14), cyanopolyynes HCnN (n # 17),
nd cumulenic carbenes H2Cn (n # 9) (1, 12, 13), and from

nfrared spectra for neutral carbon chains Cn (n # 13) (14).
lectronic transitions have been measured for the carbon
nions Cn

2 (n # 11) (14–17) by photodetachment spectro
opy and for the neutral carbon chain radicals C2nH by laser-

nduced fluorescence (n 5 2) (18) and cavity ring-down
bsorption spectroscopy (n 5 3–5) (19, 20). The latter show
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o the red as the chain length increases.
Ab initio calculations on CnH radicals provide estimates

he equilibrium structures, electric dipole moments, and e
ies of the excited electronic states (21–23). These predict tha

n C6H, an excited2S electronic state lies very close in ene
o the 2P ground state. The order of the2P and 2S states is
eversed in the smaller members in the series and the g
tate of C2H and C4H has 2S symmetry. The electric dipo
oments are calculated to be 5.9 D for the2P and 1.2 D for the

2S state of C6H (21).
In this paper, a detailed spectroscopic study of the gro

nd electronically excited2P state of C6H and its deuterium
ubstituted isotope C6D is presented. The microwave and m
imeter-wave measurements reported here for C6H are more
ccurate and extensive than the laboratory (24) and astronom

cal (5, 7) data in the literature, and as a result, the spe
copic constants are more accurately determined than b
he electronic data yield spectroscopic constants for the
ited 2P electronic state and provide an accurate measu
he band origin of the lowest (2P3/2) spin component that is
elevance to astronomical observations. The measuremen

6D allow for the first time an accurate spectroscopic cha
erization of this species.

II. EXPERIMENTS

. Microwave and Millimeter Wave

The ground state rotational spectra of C6H and C6D were
easured with a Fourier transform microwave (FTM) sp
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illimeter-wave absorption spectrometer that operates in
ange from 65 to 400 GHz (26). In the FTM experiment, C6H
nd C6D were produced in a supersonic molecular beam
harge source with a mixture of 0.25% diacetylene (HC4H) or
i-deutero diacetylene (DC4D) in neon, under conditions sim

lar to those that produce strong lines of C10H, C12H, C13H, and
14H (12): a 110-ms long gas pulse, a backing pressure o
tm, and a 1100 V dc discharge in the throat of the super
xpansion. Only the lowest spin component,2P3/2, is thermally
opulated at the low (#3 K) rotational temperature of th
olecular beam. Owing to the fairly long (2 ms) flight time
olecules through the Fabry–Perot cavity, very sharp

about 5 kHz FWHM) are observed. As a result, proton hy
ne structure (hfs) was easily resolved in C6H and deuterium
fs was partially resolved in C6D. Because the2P3/2 spin
omponent has a fairly large magnetic moment, care was
o null out the Earth’s magnetic field at the center of
abry–Perot cavity by means of three pairs of perpendi
elmholtz coils. Adequate field cancellation was achieved
ll but a few of the measurements; only for the lowest r

ional transitions was the residual field large enough to bro
he lines beyond the intrinsic instrumental linewidth.

High rotational transitions of C6H and C6D were observed i
oth spin components between 70 and 220 GHz with
illimeter-wave absorption spectrometer. This is a stan
bsorption device which consists of a tunable source of m
eter-wave radiation, a 3-m long double-pass cell, an

iquid-He-cooled InSb bolometer. Fairly strong lines of C6H
nd C6D were produced in a 1000 V, 0.4 A dc glow discha
f HCCH (or DCCD) and argon in a 5:1 molar ratio.

. Cavity Ring-Down

The 2P 4 X2P electronic transition of C6H and C6D near
9 000 cm21 (526 nm) were measured by cavity ring-do

aser absorption spectroscopy. The instrumental detail
escribed elsewhere (27). The molecules were produced in
ulsed supersonic plasma generated by discharging a m
f 0.25% HCCH or DCCD in He in the throat of a 30 mm3
00-mm slit-jet nozzle (2600 to 21000 V, '80 mA) (28).
his results in small Doppler linewidths, high molecular d
ities, a relatively long absorption path length, and effec
diabatic cooling. Rotational temperatures of less than 15
outinely obtained. The typical backing pressure is 10
esulting in a pressure of less than 200 mTorr in the vac
hamber at the 30 Hz repetition rate of the jet (1-ms p
idth). The cavity ring-down beam intersects the jet appr
ately 10 mm downstream from the throat of the nozzle.

ight exiting the cavity is detected by a photo-multiplier a
isplayed on a fast oscilloscope. The ring-down events o

aser shots are averaged at each wavelength before the dig
ata are downloaded to a workstation. Typical ring-down ti
f 30–50 ms are equivalent to an effective absorption p
Copyright © 1999 by
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veraged ring-down time as a function of the laser frequ
ields the spectral information. The spectra are calibrated
inearized via I2 spectra that are recorded simultaneously
mall absorption cell. The experimental accuracy is limite
he laser bandwidth, which is about 0.035 cm21 using an e´talon
n the dye laser cavity.

III. RESULTS AND DISCUSSION

P Ground State

Molecular constants for C6H and C6D were determined b
umerically fitting a theoretical spectrum to the microwave
illimeter-wave measurements, using a standard effe
amiltonian that includes hyperfine interactions for a lin
olecule in an isolated2P state (29, 30). For C6H, the data

nclude 5 microwave and 25 millimeter-wave transitions u
5 78.5 (Table 1 and 2); for C6D, 4 microwave and
illimeter-wave transitions have been measured for the

ime (Table 3 and 4). Lambda-doubling was resolved in al
bserved transitions, but only the FTM data show evidenc
fs. A typical spectrum is shown in Fig. 1.
The centroids of the lambda-doublets are harmonically

ated for each rotational ladder except for a small shift ow
o centrifugal distortion. All lines are fit to an rms of 35 k
ith only four parameters: the fine structure constantA0,

otational constantB0, centrifugal distortion constantD0, and
pin–rotation constantg0. When the hyperfine and lambd
oubling splittings are included, seven additional const
two hyperfine and five lambda-doubling constants) are
uired to fit the individual lines to an rms uncertainty (39 k

hat is about twice the measurement uncertainty (see Tab
mall, systematic differences between the measured an
ulated frequencies in Table 1 and 2 imply that the rotati
evels in the ground vibrational state may be weakly pertu
y low-lying vibrationally excited states, interactions that
eglected in the Hamiltonian for an isolated2P state. Thes

nteractions seem to be strongest at highJ; when lines abov
21 GHz are omitted, the rms (17 kHz) is nearly three ti
maller.
The C6H spectroscopic constants determined here are

rally in good agreement with those previously derived f
ither the millimeter-wave laboratory data (24) or radio-astro
omical observations (5). The sole exception is the hyperfi
oupling constanta 1 (b 1 c)/ 2, which is smaller tha
reviously thought because the off-diagonal term betwee

wo spin components (proportional to the hyperfine coup
onstantb) is not negligible (31). As a large number of add
ional C6H lines have now been measured to high precis
ne additional fourth-order lambda-doubling constant,pH, was
equired to fit the laboratory data; if this constant is constra
o zero, the rms of the fit increases by nearly a factor of

As Table 5 shows, 10 spectroscopic constants are requi
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TABLE 1
Measured Microwave Frequencies of C H

3SPECTROSCOPIC CONSTANTS OF C6H, C6D
t the C6D lines to an rms of 16 kHz. Most of the constants
lose to those expected from C6H, including the deuterium
yperfine coupling constantsa 1 (b 1 c)/ 2 and b, which
cale approximately as 2mD/mH 5 0.154, wheremH andmD are
he nuclear magnetic moments for the proton and deu
32). Although the calculated spectra reproduce the obse

6D lines much better than those of C6H, this agreement ma
e misleading because the C6D data set is smaller than that
6H and does not include lines withJ . 60.5.
The relative sign of the lambda-doubling constants is d
ined from the normal isotopic species. Because the int

BJ between the rotational levels of the highest obse
ransitions is comparable toA0, it is more appropriate to us
he individual lambda-doubling constantsp and q for
und’s coupling case (b) rather than the case (a) combina
f p 1 2q andq. When the parities of the lambda doublets
hosen so thatp andq are opposite in sign, the rms of the

s two times larger (76 kHz) than when they have the s
ign. When lines above 121 GHz are omitted, the rms o
wo fits differ by a factor of 4 (68 versus 17 kHz). Althou
revious authors (5) assumed thatq is positive, we takeq to be
Copyright © 1999 by
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egative by analogy with other CnH chains (e.g., C3H, C5H,
7H, etc.). For each of those radicals,q is always found to b
egative on the assumption that the parity-dependent hyp
onstantd is positive.
Attempts to analyze a possible perturbation with a low-ly

2S vibronic state have not been successful. In the clo
elated C3H radical (33), the ground state rotational levels
erturbed by a Coriolis-type interaction with a2S vibronic
tate which is low lying because of a strong Renner–T
nteraction in thev4 CCH bend. In C6H, fairly strong rotationa
ines from a low-lying2S vibronic state exhibit spin–rotatio
plittings that cannot be analyzed satisfactorily with a stan

2S Hamiltonian. Nevertheless, no satisfactory fit using a H
ltonian that explicitly accounts for a2P–2S interaction ha
een found for the ground state lines which is better than
btained with the Hamiltonian for an isolated2P state. More
ver, as a Coriolis-type interaction should be sensitive to
ibronic energy level pattern, and thus should differ for is
ic species, the close similarity of the C6H and C6D spectro
copic constants does not appear consistent with this ty
erturbation (Table 5). An additional complication to

6

Academic Press



TABLE 2
Measured Millimeter-wave Frequencies of C H
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6

NOTE. Uncertainties are 1s experimental errors in the units of the last significant digits.
bserved-calculated (o-c) are derived from the constants in Table 5.

a Designation ofe and f levels is based on the assumption that the sign of the lambda
oubling constantq is negative (see Table 5).
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TABLE 3
Measured Microwave Frequencies of C D

5SPECTROSCOPIC CONSTANTS OF C6H, C6D
round state spectrum may be caused by interactions wit
owest 2S electronic state. The large observed spin–rota
onstantg 0 and small spin–orbit constantA0 compared with
hose of other CnH radicals, provide indirect evidence that su
n interaction may occur. Detection of rotational lines fr
ther vibronic states and additional theoretical calculation

he low-lying energy level structure are needed before a
omplete analysis of the C6H spectrum in the ground electron
tate can be undertaken.

2P 4 X2P Electronic Transition

The initial observation of the origin band of the2P 4 X2P
lectronic transition of C6H was in a hollow cathode di
harge cell (19). These gas-phase data were unresolved, pr
ting a rotational analysis, and owing to the temperature in the
Copyright © 1999 by
he
n
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200 K, an unambiguous assignment of the two spin–
omponents was not possible. In the present experiment th
otational temperature (typically less than 15 K) and the s
oppler broadening in the 2-dimensional jet allow straigh
ard spin–orbit and rotational assignments. In Fig. 2 the rota
lly resolvedV 5 3

2 and 1
2 spin–orbit components of the2P 4

2P origin band of C6H are shown. The relative intensity of t
pin–orbit components is determined by the temperature in t
nd the size of the spin–orbit splitting in the ground state. U

he A0 values derived for C6H and C6D (Table 5), an average
pin–orbit temperature of'15 K is calculated, which agrees w
ith the rotational temperature derived from the rotational pro
s the ground state is inverted, this also indicates that the str
and, i.e., the one at lower energy, belongs to the2P3/24 X2P3/2

ystem and thusPA9P .PA0P.
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The rotational assignment confirms this conclusion;
ower (V 5 3

2) component has a band gap of'10B, the othe
omponent'6B (Fig. 2). In addition, there is a pronounc

FIG. 1. Sample line of C6D (V 5 3
2, J 5 7.53 6.5, e) obtained in an

he double-peaked line profiles are instrumental in origin, the Doppler s
ave in the confocal Fabry–Perot cavity of the spectrometer.
Copyright © 1999 by
eifference in intensity of theQ branches; whereas theQ branch
or V 5 3

2 is clearly visible at 18 985.4 cm21, it is hard to
bserve it at 18 994.1 cm21 for V 5 1

2 (19 036.8 and 19 045

6

tegration time of 5 min, showing well-resolved deuterium hyperfine stru
ting that results when the Mach 2 axial molecular beam interacts with tstanding
in
plit
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Spectroscopic Constants of Ground State C H and C D
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7SPECTROSCOPIC CONSTANTS OF C6H, C6D
m21, respectively, for C6D). This is as expected for the lo
emperature in the experiment and a linestrengthSJJ for theQ
ranch that is given bySJJ 5 V 2(2J 1 1)/(J( J 1 1)).

FIG. 2. The two spin–orbit components in the origin band of the2P 4
supersonic slit jet plasma. The rotational temperature is'15 K.
Copyright © 1999 by
The line positions and assignment for the C6H and C6D
ransitions are given in Tables 6 and 7, respectively. No s
ings due to lambda-doubling have been observed. Be

6 6

electronic transition of C6H measured by cavity ring-down spectroscop
X2P
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Measured Rotational Frequencies of the 00 2P 4 X2P Transition of C H

8 LINNARTZ ET AL.
oth P- and R-branch transitions are available, combina
ifferences have been calculated, yielding values for
round state rotational levels. These agree well within
xperimental uncertainty with the values calculated from
icrowave constants listed in Table 5. The line positions a
ith an effective Hamiltonian using the ground state para

ers given in Table 5, with the band origin (T0), effective

NOTE. The observed-calculated (o-c) are der
Copyright © 1999 by
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otational constant (B9), and spin–orbit interaction coefficie
A9) of the upper electronic state as adjustable parame
nclusion of the centrifugal distortion constant does not ap
iably improve the fit and yields a rather inaccurate value
9. ThereforeD9 was fixed to the ground state value, as
one for the spin–rotation and lambda-doubling constants

wo spin–orbit components were fit simultaneously, yield

0 6

from the constants in Tables 5 and 8.
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TABLE 6—Continued

9SPECTROSCOPIC CONSTANTS OF C6H, C6D
mall residuals, well below the experimental uncertainties
les 6 and 7). For C6D the upper electronic state of theV 5 1

2

omponent seems to be perturbed aboveJ9 5 11.5.Therefore
n the fit only lower levels have been included for theV 5 1

2

omponent, resulting in a considerably smaller rms.
xcited state molecular parameters are listed in Tab
he rms of the fit for C6H and C6D are comparable (0.00
m21) and well below the experimental linewidth (FWHM'
.035 cm21).
Copyright © 1999 by
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The rotational constant in the upper2P electronic state fo
oth C6H and C6D is 0.983% of the ground state value. Thi
lose to the value found for the iso-electronic C6H2

1 triacetyl-
ne cation radical: 0.982% (34). It reflects the increase
verall length of the chain upon electronic excitation, whic
alculated by deriving the center-of-mass coordinate of
ydrogen atom (z) using Kraitchman’s equation (35). This
ields an increase ofz from 417.8 pm in the ground state
18.6 pm in the electronically excited state.
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TABLE 7
Measured Rotational Frequencies of the 00 2P 4 X2P Transition of C D
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0 6

NOTE. The observed-calculated (o-c) are derived from the constants in Tables 5 and 8.
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