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Rotationally resolved Ã 2Pg—X̃ 2Pu electronic spectrum of triacetylene
cation by frequency modulation absorption spectroscopy

Wayne E. Sinclair, David Pfluger, Harold Linnartz, and John P. Maier
Institute for Physical Chemistry, University of Basel, Klingelbergstrasse 80, CH 4056 Basel, Switzerland

~Received 14 August 1998; accepted 25 September 1998!

The spectrum of theÃ 2Pg←X̃ 2Pu 00
0 band system of the triacetylene cation and isotopic

derivatives DC6H
1 and C6D2

1 have been studied at Doppler-limited resolution using frequency
modulation absorption spectroscopy. The ions were generated in a liquid-nitrogen-cooled hollow
cathode discharge incorporated in a White cell. A discharge modulation in combination with the
frequency modulation technique was used to enhance the detection sensitivity. Analyses of the
rotational structure yield accurate rotational and spin-orbit interaction constants of triacetylene
cation in the two electronic states and information on its geometry. ©1999 American Institute of
Physics.@S0021-9606~99!01501-9#
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I. INTRODUCTION

The carbon-chain triacetylene radical cation (C6H2
1)

is a member of the polyacetylene series which has b
considered as an important intermediate species in com
tion, plasmas, and planetary and interstellar gas-ph
ion-molecule reaction schemes. It has long been the
to study electronic transitions of these species in orde
better understand their role in such environments. T
Ã 2Pu→X̃ 2Pg emission band system of diacetylene cati
(C4H2

1) was the first identified emission spectrum of the
ries following the assignment of Schu¨ler’s ‘‘ T’’ spectrum1 in
1956.2 Subsequently, the corresponding gas-phase transit
of CnH2

1, n56,8 have been observed via their emission sp
tra of molecular beams excited by electron impact.3 Prior to
the work reported here, C4H2

1 was the only such species fo
which the rotationally resolved electronic spectrum w
analyzed.2,4,5 In this paper, a detailed study of the rotatio
ally resolved Ã 2Pg←X̃ 2Pu 00

0 electronic transition of
C6H2

1 and isotopic derivatives DC6H
1 and C6D2

1 is pre-
sented.

Several gas-phase studies of theÃ 2Pg↔X̃ 2Pu transi-
tion of C6H2

1 have been made. TheÃ 2Pg→X̃ 2Pu 00
0 elec-

tronic transition was observed for the first time in 1976 in t
gas phase in an emission spectrum employing low-ene
electron impact excitation on an effusive beam.3 In a later
study, the emission and laser excitation spectra of rotat
ally cooled C6H2

1 were obtained.6 A band structure consist
ing of two components separated by'2 cm21 was apparent
in the low resolution spectrum. The two sub-bands w
attributed to the overlapping two spin-orbit system
2P1/2,g←2P1/2,u and 2P3/2,g←2P3/2,u . Higher resolution
scans in emission at rotational temperatures of 5–10 K
vealed only the unresolved red-shadedR branches of the two
spin-orbit components. From a direct comparison with
rotationally resolved and analyzed emission spectrum of
acetylene cation, a tentative observation of theQ3/2 branch
head was associated with the higher energy sub-band. T
observations were consistent with the band of theV53/2
2960021-9606/99/110(1)/296/8/$15.00
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system lying to higher energy than that of theV51/2 sys-

tem, and thatB8(Ã 2Pg),B9(X̃ 2Pu). As the cationic
states are inverted, it also followed thatuA8u,uA9u.

Because rotational fine structure was not resolved in
previous studies, rotational or spin-orbit constants could
be derived. As a consequence, an experimental setup to s

the high resolutionÃ 2Pg←X̃ 2Pu 00
0 electronic spectrum

of C6H2
1, using the combined techniques of discharge mo

lation and frequency modulation~FM! laser absorption spec
troscopy, was developed. Discharge modulation, coup
with phase sensitive detection, is a commonly adopted te
nique to achieve a high degree of sensitivity and selectiv
in the spectroscopic detection of transient species. FM
sorption spectroscopy is a well established technique ba
on the method of optical heterodyne spectroscopy. The te
nique utilizes an external phase modulator to produc
wavelength modulation and has proven to be a sensitive
sorption method to detect stable molecules.7,8 It has also
been demonstrated that by combining FM with other for
of absorption spectroscopy, the sensitivity for detecting we
absorptions is enhanced considerably. A notable exam
is the combination of FM with magnetic rotatio
spectroscopy.9,10 In addition, FM spectroscopy, in combina
tion with a modulation of the absorbing species, is capable
detecting transient species with both high resolution and h
sensitivity.11–14 The technique has been used to probe re
time kinetics of chemical processes and to obtain high re
lution Doppler-limited vibronic spectra of photochemical
generated radicals mainly in the groups of Sears and Ha
Brookhaven National Laboratory.11,15–18

In the present work, the techniques of FM spectrosco
with discharge modulation of ions generated in a hollo
cathode discharge have been combined to obtain Dopp

limited absorption spectra of theÃ 2Pg←X̃ 2Pu 00
0 band

system of C6H2
1 as well as its isotopic species DC6H

1 and
C6D2

1. The analyses of the fully resolved rotational structu
yield for the first time accurate values of the rotational a

spin-orbit constants in theX̃ 2Pu and Ã 2Pg states.
© 1999 American Institute of Physics
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FIG. 1. Schematic diagram of the experimental apparatus.
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II. EXPERIMENT

Figure 1 shows schematically the experimental set
The C6H2

1, DC6H
1, and C6D2

1 ions were produced in a
liquid-nitrogen-cooled hollow cathode discharge cell. T
cathode consisted of a refrigerant reservoir formed from
concentrically arranged stainless steel tubes~136 cm long!,
sealed at the ends, and with liquid-nitrogen inlets near e
end. A pair of stainless steel~4 cm long! electrodes placed
coaxially with the cathode, with a separation of 7 cm, form
the anodes. The discharge assembly was mounted ins
stainless steel~2 m long, 12 cm diameter! White-type multi-
reflection absorption cell by Teflon spacers. The effect
optical path length was about 100 m. The cathode w
cooled with a continuous flow of liquid nitrogen through th
reservoir. The absorption cell was surrounded by foam c
ding to provide some thermal insulation. Mechanical shie
were mounted directly in front of the mirrors to restrict th
deposition of contaminants onto the surfaces. In addit
helium blows directly at the surface of the mirrors, creatin
protective curtain. A 170 m3/h roots pump backed by a 10
m3/h double-stage rotary pump was used to evacuate the
through outlets at both ends and to maintain the backgro
pressure below 1023 mbar. The AC high voltage was drive
by a sine-wave~10–15 kHz! generator, amplified by an 120
W audio amplifier and stepped-up by a line transformer. T
voltage was then rectified and applied to the anodes w
the cathode was kept at earth potential. The peak voltage
measured to be 0.5 kV with a peak to peak current of 2
mA in a pure helium discharge. The C6H2

1 and C6D2
1 ions

were produced by introducing a gas mixture of 0.5%–1.
of C2H2 or C2D2 diluted in He into the hollow cathode
through a central inlet. For the production of the DC6H

1 ion,
a gas mixture ratio of C2D2: C2H2'3:1 gave the best results
The stagnation pressure was kept at 1.0–1.5 mbar and a
perature of 150–170 K was achieved in the cathode
charge.

The FM technique, in combination with productio
modulation, was employed to accomplish higher sensitiv
for detecting weak absorption signals. The probe laser w
single-mode ring-dye laser pumped by an 8 W cw Ar1 laser
p.

o

ch

d
a

e
s

d-
s

,
a

ell
d

is
le
as
0

m-
s-

y
a

and operating near 600 nm. The output of the laser w
phase-modulated by a MgO:LiNbO3 electro-optic modulator
~EOM! driven by about 1 W of radio frequency power at 192
MHz. A Fabry-Perot e´talon spectral analyzer monitored th
depth of modulation of the carrier frequency. Radio fr
quency power into the modulator was adjusted to give fi
order sidebands typically 25% of the carrier frequency int
sity. The frequency-modulated laser beam was pas
through the discharge cell and focused onto a fast photod
for signal acquisition. A neutral density filter was used
adjust the power on the diode to about 10–15 mW. The h
frequency components of the photodiode were amplified
demodulated in a double balanced mixer, referenced to
local radio frequency source which drives the EOM. T
output of the mixer was filtered with a 65 MHz low pas
filter to attenuate the 2f signal at 380 MHz. The photodiod
signal was fed to a lock-in amplifier, to demodulate the s
nal at the discharge modulation frequency. Spectra were
corded with a time constant of 1 s and a sensitivity of 50 to
200 mV. A PC with an autoscan system software served
collect the data and to record the spectra. Absolute freque
calibration was performed by simultaneously recording the2

absorption spectrum with an estimated accuracy of be
than 0.005 cm21.

FM signals are recorded as a derivative-like form of t
real absorption feature resulting from the fact that the si
band splitting is comparable to the Doppler width of t
rovibronic transitions. A true reconstruction of Dopple
broadened line shapes from FM line profiles is not trivial19

Nevertheless, the separation of positive and negative pe
corresponds roughly to the real absorption linewidth@full
width at half maximum~FWHM!#. To determine the fre-
quencies of the absorption lines, a numerical integration w
performed on the FM signal. The resulting rotationally r
solved spectra were analyzed using a simulation progr
PGOPHER.20

III. RESULTS AND DISCUSSION

The high resolution FM spectrum of the 00
0 band of the

Ã 2Pg←X̃ 2Pu electronic transition of C6H2
1 was recorded
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in the range 16 640–16 660 cm21. A portion of the 00
0 band

of C6H2
1 is shown in Fig. 2. The spectrum exhibits clear

resolved rotational structure with rovibronic linewidth
~FWHM! of roughly 550 MHz for Doppler-broadened C6H2

1

FIG. 2. Part of the rotationally resolved FM absorption spectrum of

Ã 2Pg←X̃ 2Pu 00
0 electronic transition of C6H2

1, recorded with a liquid-
nitrogen-cooled hollow cathode discharge of a C2H2 /He mixture. The 3/2
and 1/2 subscripts of the rotational branch labels refer to the two spin-
components. The rotational assignments of the sub-bands are given
top of the spectrum. The position of theQ3/2 branch head is indicated. Th
width shown in the expanded measured line shape of theP(3.5) rovibronic
transition corresponds roughly to the FWHM.

FIG. 3. Portion of the C6H2
1 spectrum in the region of the band center of t

2P3/2←2P3/2 sub-band showing the prominentQ3/2 branch band head.~a!
FM absorption signal.~b! Integration of the FM spectrum in~a!. Rotational
assignments are indicated above each band. Asterisks indicate the
prominent peaks not part of this band system.~c! The same part of the
absorption spectrum, using only the discharge modulation technique
tained under comparable scan conditions.
signals~see expanded portion of Fig. 2!. The rotational tem-
perature is assumed to be equilibrated with the translatio
temperature in the hollow cathode discharge. The obser
FWHM corresponds to a translational temperature of ab
170 K. Two prominent band heads separated by abou
cm21 are found toward the blue end of the spectrum. T
rotational structure is red-shaded, indicating thatB8,B9 and
thus that the band heads belong toR branches. As marked in
Fig. 2, each band head is associated with one sub-band c
prised of strong, well definedP and R branches extending
from a relatively weakQ branch head near the origin. Th
higher energy sub-band displays measurably more inten
Similar qualitative features were observed for the 00

0 bands
of DC6H

1 and C6D2
1 in the ranges 16 660–16 675 an

16 675–16 690 cm21, respectively.

It appears that the 00
0 Ã 2Pg←X̃ 2Pu electronic transi-

tion of C6H2
1 is split into two subsystems. This feature w

already observed in the low resolution emission spec
scopic study.6 However, the spectrum showed only the unr
solvedR branches of the two spin-orbit components; the c
responding spectra of DC6H

1 and C6D2
1 were not studied.

The two sub-bands are attributed to the resolution of t

closely overlapping spin-orbit systems,Ã 2P1/2,g←X̃ 2P1/2,u

andÃ 2P3/2,g←X̃ 2P3/2,u , separated by the difference in th
spin-orbit interaction constants for each electronic stateuA8
2A9u. The molecular orbital configuration describing C6H2

1

in the X̃ 2Pu and Ã 2Pg states is...(pu)4(pg)4(pu)3 and
...(pu)4(pg)3(pu)4, respectively. Thus, the2P ground state
of C6H2

1 is inverted, i.e.,V53/2 component is lower lying
than theV51/2 one, withA having a negative value. Th

spin-orbit constants in theX̃ 2Pu and Ã 2Pg states are ex-
pected to be close to those determined for the related p
acetylene species, C4H2

1. The spin-orbit constants of C4H2
1

in its X̃ 2Pu state has been determined to be233.6 cm21.2,4

Furthermore, the rotational constant of C6H2
1 is expected to

be significantly smaller than the spin-orbit splitting, and th
for the lower J levels, the2Pg←2Pu electronic transition
belongs to Hund’s case~a!. However, for transitions with
sufficiently high J values, the lines may further split int
L-doublets.

Most significant in the FM spectrum of Fig. 2 is th
clearly discernibleQ3/2 branch head at 16 656.17 cm21. The
Q branch in transitions of this type is expected to be ve
weak at the high ambient temperature of the experiment
favors a population distribution over many rotational leve
because in electronic transitions withDL50 the Q-line
strengthSJJ is given bySJJ5V2(2J11)/J(J11). The cor-
responding branch heads in the 00

0 bands of DC6H
1 and

C6D2
1 are shifted to the blue by 15.9 and 31.7 cm21, respec-

tively. In Fig. 3~a!, the part of the FM absorption spectrum
the region of theQ3/2 branch head is displayed. Figure 3~b!
shows the real absorption spectrum derived from the
data of Fig. 3~a! and demonstrates an excellent signal-
noise ratio. In order to demonstrate the improvement in s
nal to noise achieved by the double modulation techniq
the same spectral region in Fig. 3~a! was recorded unde
similar scan conditions but employing only discharge mod
lation. The result is shown in Fig. 3~c!. A comparison of

e
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TAB

J obs. o-ca J obs. o-ca

P1/2(J)

1 .5 16 653.04922 45.5 16 647.516 24
2 .5 16 652.965 1 46.5 16 647.34921
3 .5 16 652.869 2 47.5 16 647.18522
4 4.5 16 652.77521 48.5 16 647.018 24
5 16 652.676 23 49.5 16 646.851 24
6 16 652.578 24 50.5 16 646.684 23
7 16 652.484 2 51.5 16 646.51621
8 16 652.379 22 52.5 16 646.346 0
9 16 652.276 22 53.5 16 646.168 25

10 16 652.174 1 54.5 16 645.999 1
11 16 652.067 1 55.5 16 645.819 23
12 16 651.957 22 56.5 16 645.642 22
13 16 651.847 23 57.5 16 645.462 23
14 16 651.743 4 58.5 16 645.283 21
15 16 651.627 0 59.5 16 645.100 22
16 16 651.512 21 60.5 16 644.920 2
17 16 651.397 0 61.5 16 644.732 0
18 16 651.277 23 62.5 16 644.547 2
19 16 651.165 4 63.5 16 644.356 1
20 16 651.043 3 64.5 16 644.165 21
21 16 650.922 3 65.5 16 643.97122
22 16 650.795 0 66.5 16 643.783 3
23 16 650.668 22 67.5 16 643.586 2
24 .5 16 650.546 4 68.5 16 643.389 2
25 16 650.418 3 69.5 16 643.192 3
26 16 650.284 0 70.5 16 642.989 0
27 16 650.153 0 71.5 16 642.787 21
28 16 650.016 4 72.5 16 642.588 3
29 16 649.888 3 73.5 16 642.380 0
30 16 649.754 6 74.5 16 642.175 1
31 16 649.612 2 75.5 16 641.966 1
32 16 649.472 1 76.5 16 641.758 2
33 33.5 16 649.334 4 77.5 16 641.54421
34 16 649.190 2 78.5 16 641.334 2
35 35.5 16 649.049 6 79.5 16 641.121 3
36 16 648.899 2 80.5 16 640.902 0
37 16 648.753 4
38 16 648.602 1
39 16 648.452 2
40 16 648.295 22
41 16 648.139 24
42 16 647.989 1
81 43.5 16 647.833 3
82 16 647.670 22

a(o-
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LE I. Frequencies~in cm21! and assignments for theÃ 2Pg←X̃ 2Pu 00
0 absorption spectrum of C6H2

1 and residuals from the fit.

obs. o-ca J obs. o-ca J obs. o-ca J obs. o-ca J obs. o-ca J

R3/2(J) P3/2(J) R1/2(J)

.5 16 656.404 2 83.5 16 657.886 22 2.5 16 655.958 22 52.5 16 649.334 1 0.5 16 653.323 2 1

.5 16 656.485 1 84.5 16 657.842 3 3.5 16 655.86522 53.5 16 649.162 3 1.5 16 653.407 0 2

.5 16 656.567 1 85.5 16 657.790 1 4.5 16 655.77221 54.5 16 648.989 5 2.5 16 653.494 4 3

.5 16 656.647 0 86.5 16 657.741 3 5.5 16 655.677 1 55.5 16 648.808 2 3.5 16 653.575 3

.5 16 656.727 2 87.5 16 657.683 22 11.5 16 655.062 22 56.5 16 648.630 1 4.5 16 653.650 23 5.5

.5 16 656.802 0 88.5 16 657.630 1 14.5 16 654.739 3 57.5 16 648.44722 5.5 16 653.729 23 6.5

.5 16 656.879 1 89.5 16 657.572 0 15.5 16 654.62321 58.5 16 648.264 23 6.5 16 653.812 3 7.5

.5 16 656.951 1 90.5 16 657.514 0 16.5 16 654.50822 59.5 16 648.082 22 7.5 16 653.883 22 8.5

.5 16 657.026 2 91.5 16 657.453 21 17.5 16 654.392 23 60.5 16 647.900 1 8.5 16 653.957 22 9.5

.5 16 657.096 2 92.5 16 657.394 1 18.5 16 654.27622 61.5 16 647.710 23 9.5 16 654.035 4 10.5

.5 16 657.163 21 93.5 16 657.329 21 19.5 16 654.156 23 62.5 16 647.522 23 10.5 16 654.102 21 11.5

.5 16 657.229 21 94.5 16 657.263 23 20.5 16 654.035 22 63.5 16 647.337 2 11.5 16 654.169 23 12.5

.5 16 657.294 22 95.5 16 657.198 22 21.5 16 653.914 22 64.5 16 647.143 21 12.5 16 654.236 24 13.5

.5 16 657.361 1 96.5 16 657.133 1 22.5 16 653.79022 65.5 16 646.948 23 13.5 16 654.302 24 14.5

.5 16 657.423 0 97.5 16 657.064 2 23.5 16 653.66423 66.5 16 646.755 23 14.5 16 654.367 23 15.5

.5 16 657.484 1 98.5 16 656.996 3 24.5 16 653.53821 67.5 16 646.559 22 15.5 16 654.431 22 16.5

.5 16 657.543 0 99.5 16 656.919 1 25.5 16 653.40823 68.5 16 646.361 22 16.5 16 654.493 22 17.5

.5 16 657.601 1 100.5 16 656.846 2 26.5 16 653.27823 69.5 16 646.166 2 17.5 16 654.551 24 18.5

.5 16 657.656 0 101.5 16 656.769 1 27.5 16 653.150 1 70.5 16 645.96023 18.5 16 654.617 4 19.5

.5 16 657.711 1 102.5 16 656.691 0 28.5 16 653.01323 71.5 16 645.757 24 19.5 16 654.666 23 20.5

.5 16 657.765 1 103.5 16 656.609 23 29.5 16 652.878 23 72.5 16 645.553 24 20.5 16 654.728 3 21.5

.5 16 657.816 2 104.5 16 656.530 21 30.5 16 652.741 23 73.5 16 645.350 21 21.5 16 654.774 23 22.5

.5 16 657.866 2 105.5 16 656.449 2 31.5 16 652.60323 74.5 16 645.141 23 22.5 16 654.830 0 23.5

.5 16 657.915 3 32.5 16 652.465 21 75.5 16 644.940 4 23.5 16 654.880 0 24

.5 16 657.961 3 Q3/2(J) 33.5 16 652.321 24 76.5 16 644.729 4 24.5 16 654.925 23 25.5

.5 16 658.005 2 34.5 16 652.181 21 77.5 16 644.510 23 25.5 16 654.972 23 26.5

.5 16 658.048 2 1.5 16 656.179 1 35.5 16 652.037 0 78.5 16 644.29623 26.5 16 655.018 22 27.5

.5 16 658.086 22 36.5 16 651.889 22 79.5 16 644.085 0 27.5 16 655.062 23 28.5

.5 16 658.130 3 37.5 16 651.744 1 80.5 16 643.86522 28.5 16 655.105 22 29.5

.5 16 658.168 3 38.5 16 651.592 22 81.5 16 643.649 0 29.5 16 655.146 21 30.5

.5 16 658.205 3 39.5 16 651.442 21 82.5 16 643.429 0 30.5 16 655.185 21 31.5

.5 16 658.238 1 40.5 16 651.289 21 83.5 16 643.207 21 31.5 16 655.222 22 32.5

.5 16 658.272 1 41.5 16 651.137 1 84.5 16 642.988 3 32.5 16 655.267 7

.5 16 658.300 22 42.5 16 650.982 2 85.5 16 642.757 23 33.5 16 655.293 21 34.5

.5 16 658.332 21 43.5 16 650.823 1 86.5 16 642.535 3 34.5 16 655.329 2

.5 16 658.362 1 44.5 16 650.668 5 87.5 16 642.307 1 35.5 16 655.35522 36.5

.5 16 658.389 0 45.5 16 650.506 4 88.5 16 642.078 2 36.5 16 655.38522 37.5

.5 16 658.415 2 46.5 16 650.341 1 89.5 16 641.848 3 37.5 16 655.41420 38.5

.5 16 658.440 3 47.5 16 650.176 0 90.5 16 641.61121 38.5 16 655.440 21 39.5

.5 16 658.462 3 48.5 16 650.016 5 91.5 16 641.379 1 39.5 16 655.46521 40.5

.5 16 658.483 3 49.5 16 649.846 2 92.5 16 641.14122 40.5 16 655.489 1 41.5

.5 16 658.502 3 50.5 16 649.677 3 93.5 16 640.90222 41.5 16 655.509 21 42.5

.5 16 657.980 0 51.5 16 649.506 1 42.5 16 655.530 0

.5 16 657.934 21 43.5 16 655.545 23 44.5

c)3103.
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TABLE II. Frequencies~in cm21! and assignments for theÃ 2Pg←X̃ 2Pu 00
0 absorption spectrum of DC6H

1 and residuals from the fit.

J obs. o-ca J obs. o-ca J obs. o-ca J obs. o-ca J obs. o-ca J obs. o-ca

R3/2(J) P3/2(J) R1/2(J) P1/2(J)

1.5 16 672.297 22 2.5 16 671.880 2 45.5 16 666.684 3 2.5 16 669.42721 1.5 16 669.017 4 44.5 16 663.887 2
2.5 16 672.383 4 3.5 16 671.789 0 46.5 16 666.526 0 3.5 16 669.50324 4.5 16 668.750 4 45.5 16 663.733 1
3.5 16 672.461 4 4.5 16 671.69523 47.5 16 666.373 2 4.5 16 669.586 3 5.5 16 668.64826 46.5 16 663.580 1
4.5 16 672.538 4 5.5 16 671.607 0 48.5 16 666.21122 5.5 16 669.657 21 6.5 16 668.552 28 47.5 16 663.423 0
5.5 16 672.609 0 7.5 16 671.418 0 49.5 16 666.05321 6.5 16 669.739 6 7.5 16 668.468 3 48.5 16 663.266
6.5 16 672.683 0 8.5 16 671.323 1 50.5 16 665.894 1 7.5 16 669.809 4 8.5 16 668.36623 49.5 16 663.111 4
7.5 16 672.754 0 9.5 16 671.22024 51.5 16 665.731 21 8.5 16 669.872 24 9.5 16 668.278 7 50.5 16 662.94423
8.5 16 672.829 4 10.5 16 671.12321 52.5 16 665.567 21 10.5 16 670.011 23 10.5 16 668.173 2 51.5 16 662.786 0
9.5 16 672.898 4 11.5 16 671.01825 53.5 16 665.406 3 13.5 16 670.20622 11.5 16 668.064 26 52.5 16 662.624 1

10.5 16 672.964 3 13.5 16 670.81027 54.5 16 665.237 1 14.5 16 670.273 3 12.5 16 667.967 0 53.5 16 662.459
11.5 16 673.029 2 14.5 16 670.71022 55.5 16 665.065 23 15.5 16 670.334 4 13.5 16 667.86122 54.5 16 662.294 2
12.5 16 673.093 1 15.5 16 670.606 2 56.5 16 664.904 5 16.5 16 670.38623 14.5 16 667.756 22 55.5 16 662.125 1
13.5 16 673.155 0 16.5 16 670.498 3 57.5 16 664.72523 17.5 16 670.446 0 15.5 16 667.64921 56.5 16 661.957 2
14.5 16 673.216 0 17.5 16 670.386 1 58.5 16 664.555 0 18.5 16 670.49824 16.5 16 667.537 24 57.5 16 661.785 0
15.5 16 673.276 0 18.5 16 670.27321 59.5 16 664.380 21 19.5 16 670.553 23 17.5 16 667.430 21 58.5 16 661.614 1
16.5 16 673.336 2 19.5 16 670.15723 60.5 16 664.205 0 20.5 16 670.60623 18.5 16 667.320 1 59.5 16 661.43821
17.5 16 673.393 2 20.5 16 670.04421 61.5 16 664.030 2 21.5 16 670.65822 20.5 16 667.092 0 60.5 16 661.26321
18.5 16 673.450 3 21.5 16 669.929 0 62.5 16 663.850 1 22.5 16 670.710 0 21.5 16 666.983 8 61.5 16 661.0823
19.5 16 673.505 4 22.5 16 669.80922 63.5 16 663.671 3 23.5 16 670.760 2 22.5 16 666.860 2 62.5 16 660.90821
20.5 16 673.551 21 23.5 16 669.692 0 64.5 16 663.48621 24.5 16 670.803 22 23.5 16 666.742 3 63.5 16 660.729 0
21.5 16 673.603 0 24.5 16 669.574 3 65.5 16 663.304 1 25.5 16 670.850 0 24.5 16 666.618 1 64.5 16 660.5421
22.5 16 673.652 21 25.5 16 669.450 2 66.5 16 663.11226 26.5 16 670.893 0 25.5 16 666.49521 65.5 16 660.366 0
23.5 16 673.698 22 26.5 16 669.327 2 67.5 16 662.935 2 27.5 16 670.93421 26.5 16 666.373 2 66.5 16 660.17922
24.5 16 673.743 23 27.5 16 669.200 1 68.5 16 662.74222 28.5 16 670.975 21 27.5 16 666.248 2 67.5 16 659.99422
25.5 16 673.788 23 28.5 16 669.073 1 70.5 16 662.36222 29.5 16 671.018 3 28.5 16 666.120 0 68.5 16 659.810
26.5 16 673.833 21 29.5 16 668.945 1 71.5 16 662.175 4 30.5 16 671.05121 29.5 16 665.993 2
27.5 16 673.876 1 30.5 16 668.81321 72.5 16 661.977 0 31.5 16 671.090 1 30.5 16 665.863 1
28.5 16 673.913 22 31.5 16 668.681 21 73.5 16 661.785 3 33.5 16 671.157 0 31.5 16 665.731 1
29.5 16 673.955 1 32.5 16 668.550 0 74.5 16 661.58322 34.5 16 671.187 22 32.5 16 665.596 21
30.5 16 673.990 21 33.5 16 668.414 0 75.5 16 661.38323 35.5 16 671.220 2 33.5 16 665.46221
31.5 16 674.025 22 34.5 16 668.278 21 76.5 16 661.191 5 36.5 16 671.250 3 34.5 16 665.32622
32.5 16 674.058 22 35.5 16 668.141 0 77.5 16 660.986 2 37.5 16 671.276 2 35.5 16 665.19021
33.5 16 674.093 1 36.5 16 668.003 1 78.5 16 660.77922 38.5 16 671.298 21 36.5 16 665.049 21
34.5 16 674.125 1 37.5 16 667.861 0 79.5 16 660.581 4 39.5 16 671.323 0 37.5 16 664.904 0
35.5 16 674.151 21 38.5 16 667.719 0 80.5 16 660.366 5 40.5 16 671.348 3 38.5 16 664.767 0
36.5 16 674.180 21 39.5 16 667.574 21 81.5 16 660.165 2 41.5 16 671.36521 39.5 16 664.625 22
37.5 16 674.208 2 40.5 16 667.430 0 82.5 16 659.95222 42.5 16 671.385 21 40.5 16 664.480 0
38.5 16 674.232 0 41.5 16 667.28221 43.5 16 671.408 4 41.5 16 664.33223
39.5 16 674.255 0 42.5 16 667.137 2 Q3/2(J) 44.5 16 671.418 22 42.5 16 664.186 2
40.5 16 674.273 23 43.5 16 666.983 22 43.5 16 664.033 1

44.5 16 666.833 0 1.5 16 672.08525
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Figs. 3~b! and 3~c! shows a significant enhancement in t
case of the double modulation technique.

An examination of the gap at the position of theQ3/2

branch head allowed the absolute numbering of the rotatio
lines in the sub-band to be established and hence a d
assignment of the spin-orbit component. As indicated in F
3~b!, the higher energy sub-band exhibits a gap of'10B,
establishing that the first transitions in theP3/2 and R3/2

branches areP(2.5) andR(1.5), respectively. In addition to
the routinely assigned transitions, there remain many w
peaks in the spectrum not assigned to the 00

0 band. Some of
these are indicated by asterisk in Fig. 3~b!. These features ar
dependent on the temperature in the discharge, sugge
their assignment to a hot band transition. The identificat
of theQ1/2 branch heads was not possible due to the prese
of such lines. Nevertheless, the low-J R1/2 and P1/2 lines
were observed and the first transitions in theP1/2 and R1/2
al
ct
.

k

ing
n
ce

branches areP(1.5) and R(0.5), respectively. Based o
these assignments, the sub-band at higher energy is un
biguously assigned to the2P3/2←2P3/2 spin-orbit subsystem
The resulting numbering of the rotational lines is indicat
partly in Fig. 2. NoL-type splitting of the rotational lines
was observed within the experimental uncertainty, even u
the highJ values of over 100.5.

The observed 00
0 bands in theÃ 2Pg←X̃ 2Pu transition

of C6H2
1, DC6H

1, and C6D2
1 exhibits 277, 223, and 217

assigned rovibronic transitions, respectively. The obser
line positions and rotational assignments are gathered
Tables I–III. Rotational analysis of the spectra was p
formed by standard procedures. The line positions were
with an effective rotational Hamiltonian where both spi
orbit systems were considered simultaneously. In the fit,
band origin (n0), the rotational constant (B0), centrifugal
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TABLE III. Frequencies~in cm21! and assignments for theÃ 2Pg←X̃ 2Pu 00
0 absorption spectrum of C6D2

1 and residuals from the fit.

J obs. o-ca J obs. o-ca J obs. o-ca J obs. o-ca J obs. o-ca J obs. o-ca

R3/2(J) P3/2(J) R1/2(J) P1/2(J)

1.5 16 688.166 1 2.5 16 687.76021 43.5 16 683.096 3 0.5 16 685.179 5 1.5 16 684.92823 39.5 16 680.741 22
2.5 16 688.240 0 3.5 16 687.678 1 44.5 16 682.949 1 1.5 16 685.25321 2.5 16 684.847 21 40.5 16 680.605 21
3.5 16 688.311 24 4.5 16 687.590 0 45.5 16 682.802 0 2.5 16 685.32226 3.5 16 684.763 0 41.5 16 680.466 0
4.5 16 688.390 2 5.5 16 687.502 0 46.5 16 682.65223 3.5 16 685.398 25 4.5 16 684.671 25 42.5 16 680.323 22
5.5 16 688.463 3 6.5 16 687.415 2 47.5 16 682.50522 4.5 16 685.478 1 5.5 16 684.58424 43.5 16 680.181 21
6.5 16 688.533 2 9.5 16 687.13323 48.5 16 682.357 0 5.5 16 685.555 6 6.5 16 684.49821 44.5 16 680.038 21
7.5 16 688.600 0 10.5 16 687.045 3 49.5 16 682.205 0 6.5 16 685.620 1 7.5 16 684.40424 45.5 16 679.894 1
8.5 16 688.666 21 11.5 16 686.949 4 50.5 16 682.05221 7.5 16 685.684 25 8.5 16 684.317 2 46.5 16 679.747 1
9.5 16 688.735 1 12.5 16 686.848 1 51.5 16 681.900 2 8.5 16 685.757 0 9.5 16 684.227 5 47.5 16 679.5922

10.5 16 688.800 2 13.5 16 686.74622 52.5 16 681.743 1 9.5 16 685.82221 10.5 16 684.131 4 48.5 16 679.449 0
11.5 16 688.863 2 14.5 16 686.64621 53.5 16 681.586 2 10.5 16 685.886 2 11.5 16 684.02723 49.5 16 679.297 0
12.5 16 688.923 0 15.5 16 686.546 1 54.5 16 681.42125 11.5 16 685.952 0 12.5 16 683.93121 50.5 16 679.145 1
13.5 16 688.983 0 16.5 16 686.441 0 55.5 16 681.271 5 12.5 16 686.01222 13.5 16 683.831 22 51.5 16 678.992 1
14.5 16 689.041 21 17.5 16 686.334 22 56.5 16 681.108 3 13.5 16 686.075 1 14.5 16 683.733 1 52.5 16 678.837
15.5 16 689.098 22 18.5 16 686.227 22 57.5 16 680.944 3 14.5 16 686.13024 15.5 16 683.628 22 53.5 16 678.680 1
16.5 16 689.157 1 19.5 16 686.121 1 58.5 16 680.77522 15.5 16 686.194 2 16.5 16 683.51926 54.5 16 678.518 22
17.5 16 689.212 2 20.5 16 686.012 1 59.5 16 680.60823 16.5 16 686.252 4 17.5 16 683.423 2 55.5 16 678.361
18.5 16 689.265 2 21.5 16 685.89922 60.5 16 680.442 21 17.5 16 686.302 21 18.5 16 683.316 2 56.5 16 678.200 0
19.5 16 689.315 0 22.5 16 685.790 3 61.5 16 680.27322 18.5 16 686.356 21 19.5 16 683.207 2 57.5 16 678.03621
20.5 16 689.365 0 23.5 16 685.67321 62.5 16 680.104 0 19.5 16 686.409 0 20.5 16 683.09621 58.5 16 677.873 21
21.5 16 689.415 1 24.5 16 685.55722 63.5 16 679.933 0 20.5 16 686.460 1 21.5 16 682.989 4 59.5 16 677.70424
22.5 16 689.462 1 25.5 16 685.43824 64.5 16 679.756 24 21.5 16 686.509 0 22.5 16 682.874 1 60.5 16 677.53922
23.5 16 689.507 0 26.5 16 685.32222 65.5 16 679.584 21 22.5 16 686.552 24 23.5 16 682.760 1 61.5 16 677.372 0
24.5 16 689.552 1 27.5 16 685.20123 66.5 16 679.409 0 23.5 16 686.602 0 24.5 16 682.651 7 62.5 16 677.19924
25.5 16 689.594 21 28.5 16 685.080 23 67.5 16 679.232 1 24.5 16 686.64622 25.5 16 682.530 3 63.5 16 677.032 0
26.5 16 689.635 0 29.5 16 684.95822 68.5 16 679.052 0 25.5 16 686.69021 26.5 16 682.409 21 64.5 16 676.859 21
27.5 16 689.675 0 30.5 16 684.83522 69.5 16 678.873 2 26.5 16 686.736 3 27.5 16 682.28821 65.5 16 676.690 4
28.5 16 689.715 1 31.5 16 684.709 1 70.5 16 678.691 1 27.5 16 686.778 4 28.5 16 682.16722 66.5 16 676.513 3
29.5 16 689.752 1 32.5 16 684.584 1 71.5 16 678.50621 28.5 16 686.811 22 29.5 16 682.052 5 67.5 16 676.333 0
30.5 16 689.787 0 33.5 16 684.45323 72.5 16 678.323 1 29.5 16 686.84823 30.5 16 681.925 2 68.5 16 676.155 0
31.5 16 689.822 1 34.5 16 684.32422 73.5 16 678.134 22 30.5 16 686.889 2 31.5 16 681.800 3 69.5 16 675.979
32.5 16 689.857 3 35.5 16 684.194 0 74.5 16 677.94821 31.5 16 686.924 2 32.5 16 681.674 3 70.5 16 675.794
33.5 16 689.884 22 36.5 16 684.061 21 75.5 16 677.756 23 32.5 16 686.953 22 33.5 16 681.544 1
34.5 16 689.915 0 37.5 16 683.929 1 76.5 16 677.573 4 33.5 16 686.98621 34.5 16 681.416 4
35.5 16 689.945 2 38.5 16 683.79121 34.5 16 687.018 0 35.5 16 681.28022

39.5 16 683.654 21 35.5 16 687.046 21 36.5 16 681.153 23
Q3/2(J) 40.5 16 683.519 3 36.5 16 687.07322 37.5 16 681.018 2

41.5 16 683.378 1 37.5 16 687.09922 38.5 16 680.878 22
1.5 16 687.962 22 42.5 16 683.237 2
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distortion constant (D0), and spin-orbit interaction constan
(A0) of both states were adjustable parameters. TheL-type
doubling terms were neglected, because splittings were
detected in the spectra. The line positions of all obser
lines could be fit to standard deviations that are significan
less than the observed linewidths. The differences betw
the observed and calculated line positions for C6H2

1,
DC6H

1, and C6D2
1 are also given in Tables I–III. The stan

dard deviation of the fits are 0.0024, 0.0025, and 0.00
cm21, respectively. Figure 4~a! displays a selected portion o
the 00

0 band of C6H2
1 in a region of overlapping rotationa

structure of the two spin-orbit sub-bands. The real absorp
spectrum derived from the FM data is shown in Fig. 4~b!.
Also shown in Fig. 4~c! is the corresponding calculated spe
trum, based on the fit of the band and the determined
shape. The rotational temperature of C6H2

1 in the discharge
was estimated from the relative intensities of the absorp
lines to be 170620 K. The computed spectrum is in reaso
able agreement with the experiment.
ot
d
y
en
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n
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n
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The derived values of the best fit molecular constants
listed in Table IV. The spin-orbit interaction constant,A09 , of

C6H2
1 is 231.4 cm21 for the X̃ 2Pu state. Substitution of the

hydrogens by one or two deuterium atoms has little effect
the magnitude ofA0 , within the experimental uncertainty
The magnitude ofA09 is similar to that of diacetylene catio

in its X̃ 2Pg state; 233.3(8) cm21.2,4 Excitation to the

Ã 2Pg state of C6H2
1 results in a large change in the magn

tude ofA08(23.0 cm21). A similar trend is also observed fo

C4H2
1 in its Ã 2Pu state,A08(22.7 cm21). These values are

close to the spin-orbit interaction constant of the carbon a
~29 cm21!, evidencing that C6H2

1 is essentially thep electron
radical in both electronic states.

The derived rotational constant of C6H2
1 in the X̃ 2Pu

state isB0950.044 59 cm21 and decreases in theÃ 2Pg state
to 0.043 79 cm21. Substitution of one or two deuterium a
oms has a substantial effect on the rotational constant.
observed rotational constant reflects the changes in the CwC
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TABLE IV. Molecular constants~in cm21! of C6H2
1, HC6D

1, and C6D2
1 in the X̃ 2Pu and Ã 2Pg states,

derived from analysis of the rotationally resolvedÃ 2Pg←X̃ 2Pu FM absorption spectra.N is the number of
lines used in the fit;o2c is the observed minus calculated standard deviation of the fit~in cm21!.a

C6H2
1 DC6H

1 C6D2
1

X̃ 2Pu state

B09 0.044 594 3~34! 0.042 573 9~79! 0.040 701 4~87!
D093109 2.56~27! 2.90~26! 2.60~63!

A09 231.40~28! 232.37~56! 231.31~49!

Ã 2Pg state

B08 0.043 792 1~34! 0.041 814 7~81! 0.039 980 6~88!
D083109 2.43~26! 3.00~27! 2.80~67!

A08 228.41~28! 229.42~56! 228.40~49!

n0 16 654.687 26~25! 16 670.616 76~30! 16 686.510 04~28!
N 277 223 217

o2c 0.0024 0.0025 0.0023

aOne standard deviation given in parentheses.
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and C–C bond lengths of the ion relative to the neutral s
cies. Neutral triacetylene has the molecular orbital confi
ration ...(pu)4(pg)4(pu)4, where the highest orbital is
bonding in the CwC but antibonding in the C–C regions.21

The CwC bond lengths increase in theX̃ 2Pu and Ã 2Pg

states of C6H2
1 with respect to the neutral value. In contra

the C–C bond decreases in theX̃ 2Pu state but increases i
the Ã 2Pg state relative to the neutral values. The C–H bo
lengths remain relatively unchanged. The changes in b
lengths are reflected in the vibrational frequency change

FIG. 4. Selected portion of theÃ 2Pg←X̃ 2Pu 00
0 band of C6H2

1 in the
region of overlapping rotational structure of theP3/2 and R1/2 pair of
branches.~a! FM absorption signal.~b! Integration of the FM spectrum in
~a!. Rotational assignments are indicated above each branch.~c! Corre-
sponding calculated spectrum.
-
-

,

d
d

of

the n(CwC) and n~C–C! modes of C6H2
1 relative to the

neutral values.6

The present results are qualitatively consistent with th
views. The rotational constant of C6H2

1 in the X̃ 2Pu state is
comparable to the rotational constant of the correspond
neutral species,B09(C6H2)50.044 172 23(15)cm21.22 This
observation is in agreement with the changes in the CwC
and C–C bond lengths, upon ionization. The relative chan
compensate each other, resulting in little change in the o
all length of the molecule. Excitation to theÃ 2Pg state pro-
duces a small decrease~0.0008 cm21! in B0 . This observa-
tion reflects the increases in both the CwC and C–C bond
lengths, resulting in a measurable increase in the ove
length of the molecule uponÃ 2Pg←X̃ 2Pu excitation.

The overall length of C6H2
1 in the Ã 2Pg and X̃ 2Pu

states is determined by deriving the center-of-mass~COM!
coordinates of the two hydrogen atoms using Kraitchma
equations.23 Comparison of the observed rotational consta
of C6H2

1, DC6H
1, and C6D2

1 allows two such determina
tions, one from the C6H2

1/DC6H
1 pair and one from

C6H2
1/C6D2

1. The coordinates are calculated from the d
duced expressions for linear symmetric molecules,

z25@1/~m* 2m!#@1/B0* 21/B0#, ~1!

z25$m* /@m~m* 2m!#%$1/B0* 21/B0%, ~2!

wherez is the position of the unsubstituted atom in the CO
frame andm andm* are the masses, andB0 andB0* are the
moments of inertia of the unsubstituted and substituted
rivatives, respectively. Equations~1! and ~2! are applicable
for the C6H2

1/C6D2
1 and C6H2

1/DC6H
1 pairs, respectively,

and yield a value ofuzu in the X̃ 2Pu (Ã 2Pg) state of
424~427! and 425~428! pm. The independent determination
yield the same result, within experimental error of 1 pm. T
average H–H distance for C6H2

1 in the X̃ 2Pg state is 849~2!

pm and increases in theÃ 2Pu state to 855~2! pm.
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IV. SUMMARY

The rotationally resolvedÃ 2Pg←Ã 2Pu 00
0 electronic

absorption spectrum of C6H2
1 and its isotopic derivatives

DC6H
1 and C6D2

1 has been obtained. A double modulatio
scheme based on production modulation in a discharge
and frequency modulation of a continuous wave ring-d
laser has been employed. The combined technique has
shown to improve the signal-to-noise ratio significantly ov
the conventional technique used for the spectroscopy of t
sients. Analyses of the spectra provide accurate informa
on the molecular constants and geometries of the triacety
cation.
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