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Optical absorption bands at ~18772 and ~18807 cm™!, previously assigned to A2A-X?2II
electronic origin band transitions of the linear carbon-chain radicals CsH and CsD, respec-
tively, have been reinvestigated. The spectra have been recorded in direct absorption apply-
ing cavity ring-down spectroscopy to a supersonically expanding acetylene/helium plasma.
The improved spectra allow deducing a [-CsH upper state spin-orbit coupling constant
A’=-0.7(3) ecm™! and a A%A lifetime of (1.640.3) ps.
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I. INTRODUCTION

Highly unsaturated carbon-chain radicals of the form
C,H have been identified in dark interstellar clouds
through comparison of radio-astronomical observations
with spectra obtained from microwave laboratory ex-
periments [1, 2]. Among these species, the linear car-
bon chain radical [-CsH has been observed around the
carbon-rich star IRC+10216 and towards TMC-1 [3, 4].
A linear geometry has been calculated as its most stable
isomer [5], and the ground state has been predicted to
be a regular 2II state [6]. Dedicated laboratory work
on microwave spectra has resulted in a set of accu-
rate ground state parameters for both CsH and CsD
[7, 8]. Electronic transition band systems of CsH and
CsD have been reported in a mass-selective REMPI-
TOF study in which spectral features at ~18791 and
18824 cm~! were assigned as origin band transitions
from the electronic ground state to an electronically
excited 2A state, respectively. This assignment was
backed-up by ab initio predictions [9]. An 110—37 elec-
tron excitation from a X2IT ground state can result in
excited 2XT, 257, and 2A states, and theoretical work
shows that for CsH the 2A state is the lowest among
these states [10].

In this study, improved spectra are presented for the
A2A-X?T1I electronic origin band transitions of I-CsH
and [-CsD, using a different technique based on cavity
ring-down spectroscopy. The wavelength calibration is
improved compared to previous work [9]. The spin-orbit
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splitting in the upper electronic 2A state of I-C5H is
determined. A contour analysis of the unresolved band
profiles allows an estimate for the A2A state lifetime.

Il. EXPERIMENTS
Pulsed cavity ring-down (CRD) spectroscopy is
used to record direct absorption spectra of CsH and
CsD through a supersonically expanding hydrocarbon
plasma. The expansion crosses the central axis of
a high finesse optical cavity. This cavity consists of
two highly reflective planoconcave mirrors (Research
Electro-Optics, reflectivity ~99.998% at 532 nm) po-
sitioned 58 cm apart and mounted on high precision
alignment tools that are located on opposite sites of a
high vacuum chamber. The latter is evacuated by a
roots blower system with 1200 m3 /h pumping capacity.
Tunable light in the 532 nm region is obtained from
a Nd:YAG (355 nm) pumped dye laser (Sirah, Cobra-
Stretch) that is focused into the cavity and light leaking
out of the cavity is detected by a photo-multiplier vi-
sualizing separate ring-down events. Typical ring down
events are of the order of 60 us. The dye laser has a
bandwidth of ~0.07 cm™' and this can be further im-
proved to ~0.035 cm ™! using the second order diffrac-
tion of the Littrow grating in the oscillator [11, 12]. An
absolute frequency calibration is achieved with a preci-
sion better than 0.02 cm™! by simultaneously record-
ing an Iy reference spectrum. The system runs at 10 Hz
and an accurate triggering scheme is used to temporally
overlap the plasma pulse and the ringdown event.

Two different plasma sources are used. The design
and operation of a pinhole plasma source has been doc-
umented in Ref.[13]. As a precursor gas for CsH (or
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FIG. 1 A?A-X?II origin band spectra for (a) CsH and (b) CsD. The upper traces in both panels show the cavity ring-down
recordings using a pinhole nozzle. The sharp features in the observed spectra are due to overlapping absorptions of small
radicals. The middle traces are the simulated spectra for a Lorentzian line width of I'=3.3 cm™! and a Gaussian line width
of 0.12 cm ™! assuming a rotational temperature of 30 K. The stick diagrams are simulations for a A2A-X?>I1 transition using
the molecular parameters listed in Table I. The simultaneously recorded Iy reference spectra are also shown in the lower
traces of both panels and matched to the synthetic I3 spectrum for absolute frequency calibration.

CsD) a mixture of 0.4%C2Hz/He (or 0.3%C2D2/He)
is expanded with a backing pressure of ~0.7 MPa
through an orifice (¢=1.2 mm). The gas mixture is
discharged by applying a ~300 pus long high voltage
pulse (—1 kV/100 mA) during of ~1 ms. Typical pres-
sure in the vacuum chamber amounts to ~1 Pa dur-
ing plasma operation. The best achievable spectral
resolution is limited to ~0.12 em™! because of resid-
ual Doppler broadening in the pinhole jet expansion.
The distance of the pinhole nozzle orifice to the optical
cavity axis is set to 2 mm for CsH (and CsD) spectra
recording, yielding an approximate rotational tempera-
ture of Tro1~30 K.

An improvement in spectral resolution is possible, us-
ing a 3 cmx200 pm slit discharge nozzle. This system
has been used in many studies and details are available
from Ref.[14]. The resulting planar plasma provides a
nearly “Doppler-free” environment and the linewidth is
expected to be limited by the laser bandwidth. In ad-
dition, the effective absorption path length is longer.
A diluted gas mixture of 1%CyHs/He is used and dis-
charged at ~1 MPa backing pressure by applying a
~400 ps long high voltage pulse (—750 V/100 mA) dur-
ing a ~1 ms gas pulse. In this case the typical pressure
in the chamber is ~4 Pa during slit jet operation. As the
gas consumption in the slit nozzle geometry is substan-
tial, only experiments for CoHy/He plasma expansions
are performed.

The experiment is not mass selective and differ-
ent transient molecules are formed simultaneously in
the plasma jet. Consequently, besides the CsH/CsD
spectra additional and (partially) overlapping transi-
tions from other species are recorded. An unam-
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biguous identification, however, is possible following
the data recorded in the mass-selective REMPI-TOF
experiment [9].

1. RESULTS

Overview spectra for the A2 A- X211 electronic transi-
tion, as obtained using the pinhole discharge nozzle, are
shown in the upper traces of Fig.1 for CsH (Fig.1(a))
and CsD (Fig.1(b)). The CsD spectrum is ~35 cm ™1
blue-shifted with respect to the CsH spectrum. In each
spectrum a stronger and a weaker band are clearly vis-
ible, despite of a partial spectral overlap with narrow
features. To reduce the spectral congestion, a Doppler-
free spectrum has been recorded for CsH using the slit
discharge nozzle. The resulting spectrum is shown in
Fig.2(a) for a laser bandwidth of ~0.07 cm~!. Figure
2(b) shows the spectrum in the same frequency range
but recorded for a much lower backing pressure of ~0.2
MPa. The latter conditions do not favor CsH forma-
tion and only spectral features of small hydrocarbon
compounds, such as Cy, C3, CH, etc. are found. It
is obvious that without these overlapping transitions
the broad profiles in Fig.2(a) are identical to the mass-
selective spectra recorded in the REMPI-TOF work (see
the inset Fig.1 of Ref.[9]).

The A2A- X211 transition of CsH consists of two rela-
tively broad and unresolved components. The stronger
feature is at ~18785.5(2) cm™! and the weaker at
~18760.4(2) cm™!. For a regular X2II ground state
with an A” value of ~23.68 cm™! [7], and for the low
rovibronic temperatures in the plasma jet expansion,
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TABLE I ?A upper state parameters for CsH and CsD (all values are in cm™*).

A2A-X2TT CRD REMPI-TOF [9]
v (vb —vn)* B'/B”b A v (vp —vu)?
CsH 09 18772.1(3) 1.0640.04 —0.74+0.3
APN;5)0- X314 o 18785.5 18791
AP N5 o~ XT3 18760.4
CsD 03 18806.5 34.4 1.06° (—1,0)4
AP Ny )o-XP11 o 18820.6 35.1 18824 33
A’ N5 )o- XT3 )5 18794.7 34.4
& The isotopic shift of the band position of C5D with respect to CsH.
> The B’/B" ratio is dimensionless, where B” are fixed to the values available in Refs. [7, §].
¢ Fixed.
4 The accurate value can not be determined.
A°A - Q=3/2
(a) y P ~14em Q=52
Q=372
2
X1 ~23.68 cm’™
Q=1/2

18751 18761 18771 18781 18791

Frequency / cm’™

18801

FIG. 2 (a) Recorded spectrum of the A?A-X>II origin
bands in CsH using the slit discharge nozzle (upper trace)
with a backing pressure of ~1 MPa. Simulated spectra for
different Lorentzian line width values (I'=0.5, 2.5, 3.3, and
4.0 cm™') are shown in the middle trace. The stick dia-
gram for a A% A-X?TI transition is shown in the lower trace.
(b) Recorded absorption spectrum of the A%A-X?IT origin
bands in CsH using the slit discharge nozzle with a backing
pressure of ~0.2 MPa. In both panels a laser bandwidth of
0.07 cm™* is used.

the lower 211, /2 component is expected to be more pop-
ulated than the higher 2H3/2 component. Actually,
the relative intensity ratio is a measure for the cooling
efficiency in the expansion. Consequently, the bands
at 18785.5 and 18760.4 cm™! can be assigned as the
A2A3/2—X2H1/2 and A2A5/2-X2H3/2 components, re-
spectively.

The effective splitting of the maxima (Agp) of the
two bands amounts to ~25.1 ecm™!, and is just a lit-
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FIG. 3 Schematic energy level diagram for the X?II and
AZ%A electronic states of CsH. Solid-line arrows indicate the
observed A®Ay/-X>I1; 5 and A*Aj,o-X"II3/, bands. The
dashed arrows represent the intrinsically weak (and not ob-
served) A2A5/2—X2H1/2 and A2A3/2—X2H3/2 transitions.

tle larger than the A”-value. It reflects the net differ-
ence in spin-orbit splitting in ground and electronically
excited state; Ago=|A'"A'—A"A"|, where A=0, 1, and
2 depend on the ¥, II, and A character of the elec-
tronic state, respectively, i.e. for a 2A-2II transition
here, Ago=|2A’—A"|. The transition starting from the
1L, s2 component is located at higher energy than the
one starting from the 215 /2 component. As the ground
state is regular this means that the excited state must
be inverted with the Ay, level below the Ag/y level.

In Fig.3 schematic energy level diagram is shown,
summarizing these findings and explicitly including the
spin-orbit splitting of both the 2II ground and ?A elec-
tronically excited state. This yields an estimated value
of A’~—0.7 cm™'. This A’ value has not been derived
in Ref.[9] where the assignment of the band system to a
A?A was based on the outcome of ab initio predictions.
The present non-zero spin-orbit value in the upper state
provides additional experimental evidence for the cor-
rect assignment of the observed spectrum to an excited
2A state, as the 2X1/~ states should not exhibit any
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spin-orbit splitting.

It should be noted that for such a weak spin-orbit
coupling, the 2A excited state of CsH is not a typi-
cal electronic state characterized by Hund’s case (a),
because of spin-uncoupling [15]. In this specific case,
rovibronic transitions corresponding to A2A5 j2-X 11, /2
and A2A3/2—X 211, s2 are also allowed, but they will
be much weaker with respect to the A2Ajz/,-X?II; /s
and A2A5/2—X2H3/2 bands, and are not resolved here.
These weak transitions have been taken into account in
the simulated stick diagrams shown in Fig.1 and Fig.2.

The extracted values for the individual band posi-
tions are listed in Table I. The resulting origin band
value is given as well. In Ref.[9] only the maximum val-
ues for the stronger spin-orbit components are listed;
18791 cm~! for C5H and 18824 cm~! for CsD. These
values are found to deviate from the values reported
here: 18785.5 and 18820.6 cm ™!, respectively. It is un-
clear where this discrepancy comes. The present work
relies on an absolute laser frequency calibration by si-
multaneously recording I reference spectra (see Fig.1
where the synthetic Iy spectrum is shown as well) that
are accurate within 0.02 cm~!. A likely explanation is
that the wavelengths and wavenumbers in Ref.[9] are
given in air and have not been corrected for vacuum.

The observed bands are unresolved, even though the
rotational constant B of CsH is ~ 0.08 ecm™!, and
a ~2B rotational progression therefore should be eas-
ily resolvable within the experimental settings. This
is illustrated by the artificial spectrum, shown as stick
diagrams in Fig.1 and Fig.2, and simulated for a tem-
perature of ~30 K using PGopher [16]. The logical
explanation for this observation is that the broadening
is intrinsic and that the transitions to the A2A upper
state must be lifetime broadened. This will be discussed
later. Nevertheless, it is still possible to obtain informa-
tion on the rotational constants for the excited state.

Empirical rotational contour fits of the observed spec-
tra are performed using a standard Hamiltonian for a
2A-2T1 transition. The ground state constants (B”, A”)
are fixed to the available accurate values [7], while the
excited state parameters (B’, A’, and the band origin
voo), as well as the Lorentzian linewidth (T'), can be
varied to reproduce the experimental spectra. The best
spectrally fitted contour for the CsH band shown in
Fig.2 is found for A’~—0.7 cm~!, and a B’/B"~1.06
and (a Lorentzian linewidth) I'~3.3 cm™!. This B’/B"
ratio is unexpected. For the other linear hydrocar-
bon chains whose electronic spectra can be rotation-
ally resolved, it was found that the overall chain length
slightly increases upon electronic excitation, resulting in
a typical B’/B" ratio smaller than 1 [11-13, 17—19].
The derived B’/B”>1 value means that the length of
CsH decreases upon electronic excitation. To confirm
this finding, the stronger CsH spin-orbit component at
~18785.5 cm~! has been recorded using the slit dis-
charge nozzle at the best possible laser bandwidth of
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FIG. 4 A 0.035 cm™ " recording of the A*As»-X>II3, spin-
orbit component of CsH (upper trace). The lower traces
show simulated spectra for three different B’/B" ratios.

~0.035 cm ™1,

The resulting spectrum is shown in the upper trace
of Fig.4. As the band is featureless, special care has
been taken to exclude the risk that the band profile
is overfit. Instead the reliability of the spectral fitting
is verified by varying the B’/B” ratio from 0.9 to 1.1.
This shifts the resulting value for the band origin (Tpo)
from 18771.8 cm~! to 18772.4 cm™! but it does not in-
fluence the derived A’=—0.7(3) cm™~! value. Simulated
band contours are shown in the lower traces of Fig.4 for
B'/B"”=1.06, 1.00, and 0.94. The observed band profile
is indeed best fitted for a B’/B"~1.06+0.04 ratio. This
confirms that in this specific case the effective length of
the chain seems to shrink and a possible (but not con-
clusive) explanation could be that the potential surface
of the A?Ay /5 state of I-C5H chain has an energy min-
imum in a non-linear geometry due to Renner-Teller
effect, as found for I-CsH [20].

As stated above, the unresolved bands are indicative
for an intrinsic lifetime broadening. In the spectral sim-
ulation, a Gaussian linewidth of ~0.12 cm ™! is used. To
reproduce the experimental spectrum shown in Fig.2,
the Lorentzian linewidth has to be determined. Simu-
lated band contours for values of I'=0.5, 2.5, 3.3, and
4 cm~! are shown in Fig.2. Even though this is only an
approximate way of determining the Lorentzian width,
the observed profile is clearly best simulated for a value
of '=3.340.5 cm™! (for T;0t~26 K). This value for the
Lorentzian line broadening parameter corresponds to a
lifetime of (1.6+0.3) ps for the upper 2A state of C5H.

Many of the conclusions derived above for CsH also
apply to CsD. The rotational and spin-orbit coupling
constants for the X 2II ground states of {-CsD have been
reported in Ref.[8]. The band positions of the AAj/5-
X2H1/2 and A2A5/2—X2H3/2 transitions are found at
~18820.6 and ~18794.7 cm ™1, respectively, and the re-

(©2012 Chinese Physical Society



Chin. J. Chem. Phys., Vol. 25, No. 2

sulting effective spin-orbit splitting (Ago) amounts to
~25.9 cm™!. An empirical contour fit is applied to
the observed CsD spectrum, fixing the available ground
state parameters in Ref.[8] and using the same values for
B’/B" ratio and Lorentzian width I" that are derived for
CsH above. From this analysis, the value for the spin-
orbit coupling constant A’ is found to be between 0 and
—1.0 cm~!. The substantial overlap of narrow features
with the weak A2A5/2—X2H3/2 component does not al-
low a more accurate determination of this value. All
relevant values are summarized in Table I.

IV. DISCUSSION

The magnitude of the deduced spin-orbit coupling
constants A’ in the A%2A state of CsH is much smaller
than that in its X2II ground state. Similar behavior
has also been observed for CH (A”~28.05 cm™t, A’
~—1.0 cm™!) [21-23] and C3H (A”~14.2 cm ™!, A’~0)
[20, 24] radicals. It is noted that the three hydrocar-
bons Ca,11H (n=0—2) have similar electronic config-
uration in their X2II (---o%7!) and A2A (---oln?)
states, where the A2A state of C3H splits into two A2 A’
and B2A" states because of very strong Renner-Teller
effect [20, 25—28]. The comparable spin-orbit coupling
constant between CH and CsH indicates that the spin-
orbit coupling in X2IT and A2?A states of CsH may origi-
nate from the one-electron spin-orbit coupling in atomic
2p, orbitals of C(®P, 2s?2p?) and C(®Dy, 2s?p?), respec-
tively.

Further, previous work shows that, because of very
strong Renner-Teller effect [20, 24—28], the effective
spin-orbit coupling constants of C3H have become much
smaller than those of CH, particularly in the A%2A state
of C3H the spin-orbit coupling have been completely
quenched. Here, the result that both spin-orbit cou-
pling constants in X2II and A?A states of CsH are
slightly smaller than those for CH, respectively, may
hint at significant Renner-Teller effects in both states
of CsH, but the Renner-Teller effect for CsH should be
weaker than that for [-CsH.

The short lifetime of the excited state of CsH, ~1.6
ps, must be due to a fast radiationless process, most
likely a strong intramolecular interaction, as all possible
dissociation or isomerization products of I-C5H lie en-
ergetically higher than the A?A state [5]. It is expected
that [-CsH in its X2II ground state also exhibits a sub-
stantial Renner-Teller effect. Theoretical calculations
have predicted a large splitting (~100 cm™!) for the
lowest bending vibrational mode vy owing to strong
Renner-Teller interaction in the ground state of [-CsH
[5]. Highly excited vibronic levels with A symmetry
in the X2II ground state therefore are expected to
be close to the A2A state and eventually to strongly
interact with the A2A electronic state via vibronic
couplings. Such couplings offer a possible relaxation
channel responsible for the observed short lifetimes in
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the excited states of the [-Cs,,+1H homologous series.
A more detailed picture of the exact nature of the
internal conversion process is not available at this stage.

V. CONCLUSION

An improved interpretation of recalibrated A2A-X2I1
electronic origin band transitions of I-CsH and [-CsD
is presented. It has been possible to derive accurate
band positions and to determine the spin-orbit coupling
constants in the upper states for both isotopologues.
The broadening of the spectra is interpreted in terms of
a short lifetime of (1.6+£0.3) ps for the A%2A state which
is likely associated with strong vibronic couplings.
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