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Abstract

The rotationally resolved A 2I1, < X *I1, electronic origin band spectrum of tetraacetylene cation (HCsH™) and its
deuterated derivative (DCgD™) has been recorded in the gas phase, applying both frequency modulation spectroscopy
in a liquid nitrogen cooled hollow cathode discharge and cavity ringdown spectroscopy in a supersonic planar plasma.
The combined analysis of the rotational structure yields accurate molecular constants for the ground and electronically
excited states as well as information on the molecular geometry. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The radical cations of the polyacetylene series
are considered to be important intermediates in
plasma and combustion reactions. Members of the
series HC,,H* with n = 2-4 have been a subject of
previous spectroscopic studies in the gas phase [1-
7]. The first electronic spectrum of a polyacetylene
cation was obtained by Schiiler and Reinbeck [1]
and was assigned by Callomon [2] to the
A *I1, — X *I1, electronic origin band transition of
the diacetylene cation. In two subsequent studies,
the absolute rotational numbering of HC,H* was
discussed and all bond lengths in both electronic
states were determined [4,5]. The A *TI, — X *I1,
electronic spectrum of triacetylene cation was ini-
tially recorded in emission by Allan et al. [6] and
recently the A I, — X *II, origin band was ro-
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tationally resolved and analysed using frequency
modulation (FM) absorption measurements [7].
As far as the tetraacetylene cation is concerned,
little is known up to date. The A *II, — X°II,
electronic spectrum was observed in the gas phase
in an emission spectrum employing low-energy
electron impact excitation on an effusive beam [3].

In this work, the rotationally resolved absorp-
tion spectrum of the A *II, «— X *I1, origin band
transition of HCgH™ in the gas phase is presented.
The spectra were recorded using two complemen-
tary experimental approaches with different types
of ion sources. These are FM spectroscopy of ro-
tationally cooled HCgH' in a hollow cathode
discharge at about 150 K and cavity ringdown
(CRD) spectroscopy of the ion rotationally cooled
in a supersonic planar expansion to about 15 K,
yielding to spectra with significantly different ro-
tational profiles. Although the FM spectra were
obtained at high resolution to resolve clearly the
rotational structure, it was not possible to deter-
mine unambiguously the absolute numbering in
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the rotational analysis. On the other hand the
CRD spectra were measured at lower resolution,
but changes in the rotational profile on cooling the
ions to very low rotational temperatures allowed
the appearance of the distinct Q branch to be
identified and an absolute numbering to be es-
tablished.

2. Experimental

2.1. FM-discharge modulation in a hollow cathode
plasma

The experimental approach has been described
[7]. Gas mixtures of 0.5% diacetylene in helium or
1% dideuteroacetylene in neon were used for the
production of HCgH* and DCgD™ in a liquid ni-
trogen cooled hollow cathode discharge that is
incorporated into a multiple reflection cell. The
production was modulated at 12-14 kHz by an
amplified and rectified AC voltage.

The output of an Ar"™ pumped cw Ti:S ring
laser operating near 700 nm was electro-optically
modulated at a radio frequency of 192 MHz. The
light multipasses the plasma in a White-type ge-
ometry yielding an effective optical pathlength of
~100 m and is focused onto a fast photodiode.
The high-frequency portion of the signal is de-
modulated in a double balanced mixer that was
referenced to the radio frequency that drives the
electro-optic modulator. The photodiode signal
was fed to a lock-in amplifier which demodulated
the signal at the discharge modulation frequency.
As a result of the FM process the absorption
bands show a derivative-like shape. An absolute
frequency calibration was obtained by simul-
taneously recording an iodine reference gas
spectrum. Typical rotational temperatures are
150 K.

2.2. CRD in a supersonic planar plasma

The experimental method has been described
[8]. A supersonic planar plasma was generated by
discharging a high pressure gas pulse (30 Hz rep-
etition rate, 10 bar backing pressure) of a 0.25%
acetylene or dideuteroacetylene in a helium mix-

ture in the throat of a 3 cm x 300 pum slit nozzle.
Adiabatic cooling yields a rotational temperature
around 15 K. A standard CRD spectrometer was
used to detect the signals in direct absorption. The
laser bandwidth is ~0.03 cm™~! using an étalon in
the dye laser cavity. The data were calibrated and
linearized using an external wavemeter.

3. Results and discussion

For a 2IT « 2II electronic transition of a linear
molecule one expects to observe two separate
bands (each consisting of a P, Q and R branch)
that correspond to the parallel transitions between
the two spin orbit components, *I15/, < *I1;/, and
1, /, < *I1;)>. This has been similarly observed
for other polyacetylene cations [5,7]. The intensity
ratio of the two bands is determined by the ‘spin—
orbit temperature’ — generally close to T, — and
the value of the spin—orbit splitting in the ground
state (4”). In the case of HCgH" the X’II, and
A’TI, states are described by the electronic con-
figurations ...(1111)4(7:g)3 and ... (Tl',u)3(1tg)4, re-
spectively, and thus the states are inverted
(4" < 0), i.e., the Q = 3/2 lies energetically below
Q = 1/2. The splitting between the two compo-
nents is given by the difference in spin—orbit con-
stants in ground and excited states (|[4” — 4'|) and
is expected in analogy with HC4H™" to be of the
order of a few wavenumbers.

Part of the A2Il, «+ X I, electronic origin
band transition of HCgH"™ recorded in the
discharge cell is shown in Fig. 1. In the range
14135-14 147 cm™' a resolved rotational structure
with rovibronic linewidths of ~350 MHz
(FWHM) is observed. The corresponding trans-
lational temperature ~150 K is in agreement with
the value determined from the band intensities.
The spectrum consists of two bands that corre-
spond to the parallel A Il < X*II;, and
Ay, «— X°II,), transitions. The red-shaded
band head belonging to the R;,, branch is clearly
visible, whereas the R;/, band head that is shifted
3 cm™' to lower energy is barely visible due to
strong overlap with the most intense region of the
Py, branch. For the same reason it is much easier
to discern rotational lines in the @ = 3/2 than in
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Fig. 1. Rotationally resolved FM absorption spectrum of the A II, « X *II, 05 band of HCsH" in a liquid nitrogen cooled hollow
cathode discharge of a mixture of C;H, in He (7, & 150 K). The rotational assignment of the subbands is indicated. The instrumental
lineshape is approximately first derivative, due to the modulation scheme employed.

the Q@ =1/2 component. Furthermore, it is not
possible to locate the Q-branch positions from
this data set. At the high ambient temperatures in
the cell a population distribution over many ro-
tational levels is expected and thus transitions at
low J are not readily identified which leads to
ambiguity in the absolute numbering of the rota-
tional lines. In addition, for electronic transitions
with A4 =0, the Q-line strength S, is given by
Sy =Q*2J +1)/(J(J +1)) and is only expected
to be of significant intensity at low temperatures.
In a supersonic expansion these problems are
overcome.

Fig. 2 shows the same spectral region as in
Fig. 1 recorded by CRD in the slit jet experiment.
The spectrum is the smoothed average of several
independent scans. Only one subband, the

A *I1;), «— X °II5;, component, is clearly visible.
As the ground state spin—orbit splitting is expected
to be of the order of 30 cm™!, the population of the
higher spin—orbit component will be only moder-
ate at the low temperature in the jet. In addition,
the A 2T, < X *I1;, band will be partly hidden
under the P-branch of the @ = 3/2 component. At
the low rotational temperature of 15 K the iden-
tification of the Q branch at 14 144.68(1) cm™! for
HCsH™ and at 14171.02(1) em™! for DCgD" be-
comes possible as well as an assignment of the
lower rotational transitions. The absolute num-
bering of the lines with high J values in the
A I3/, — X ’I15;, subband recorded in the cell
was decided by considering the position of the Q-
branch maxima and the lower lines in the P/, and
R branches. In this way for HCgH™ (DCsD™) a
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Fig. 2. Rotationally resolved CRD absorption spectrum of the I, 52— 11,4 /2 electronic origin band transition of HCsH™, recorded
through a supersonic planar plasma (7;, &~ 15 K). The rotational assignment is given. Some rotational lines were not observed because

of overlap with C, transitions.

total of 139 (125) rotational transitions were as-
signed to the A 2[5, < X *I15, subband. Most of
the remaining transitions have been assigned to the
A1), — XI1,, band. The line positions are
given in Table 1 for HCgH" and in Table 2 for
DCD*.

The rotational analysis of the data was per-
formed by standard procedures using Pgopher [9].
The line positions were fit with an effective rota-
tional Hamiltonian where both spin—orbit systems
were considered at the same time. The band origin
(vo), the rotational constant (By) and the centrif-
ugal distortion constant (Dy) of both states were
adjustable parameters. The line positions of the
observed transitions could be fit to standard de-
viations that are significantly less than the ob-
served linewidths. The resulting parameters are

given in Table 3. Distortion constants are not
listed here, as the uncertainties were found to be of
the same order as the values themselves. The pre-
sent data yield a value of Ad=|4" —A'|=~3
cm~!' comparable to values of 2.7 and 2.99 cm™!
for HC4H' and HC¢H™, respectively. It was not
possible to determine the spin—orbit splittings in-
dependently. However, the value for A” is expected
to be similar to that of HCsH", approximately
—31 cm™! [7].

The overall length of the tetraacetylene cation
in both electronic states is determined by deriv-
ing the center-of-mass coordinates of the two
hydrogen atoms using Kraichman’s equations
[10] for the HCsH" /DCsD" pair. This yields a
value of 12.05(2) [12.12(2)] A in the X *TI,[A °T1,]
state.
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Table 2 (Continued)

Obs.

Py

Ry

Py

Ry

3
2
2
2

14 165.253
14165.193
14165.134
14165.075

59.5
60.5
6

3
-3
-2

5

2

14 166.028
14 165.950
14 165.879
14165.814
14 165.737

93.5

3

14168.913

47.5

0

14 172.209

44.5

94.5

14168.853 -3

48.5

L5

95.5

14168.799 -2
14168747
14 168.695
14 168.639
14 168.582

49.5
50.5
51

62.5

96.5

0
3
3
2

97.5

.5

52.5
5

35

2 (0-c) in units of 1073 ecm!.
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® Line positions from CRD spectrum (not included in the fit).

Table 3

Molecular constants (in cm™') of HCgH' and DCsD™ in the
X *I1, and A Tl, states, derived from the analyses of the FM
spectra. N is the number of lines used in the fit; o-c is the ob-
served minus calculated standard deviation of the fit (in cm™")?

HCgH" DCsD*

X 211, state
B 0.019 077 9(93) 0.017 647 6(64)
Al 31 31

A 2T, state
B 0.018 867 3(94) 0.017 451 7(64)
A —3.00(1) —2.99(1)
Vo 14 143.18148(47) 14169.52434(30)
N 186 205
o-C 0.0034 0.0021

#One standard deviation given in parentheses.
®From Ref. [7].
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