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Abstract

We report a detection technique for the complete state-resolved observation of nascent ClO generated in the photodissociation
of parent molecules or formed as product in chemical reactions. The sensitivity and resolution of the applied (2+1) laser-
induced fluorescence technique is demonstrated in the photodissociation of CIO, at 337-360 nm and in the important atmo-
spheric reaction of Cl with Q. In the photodissociation of ClO;, CI( is observed in lower vibrational states (v=0, 1, 2). The
rotational temperature is found to be 650160 K (v=0). ClO from the reaction of Cl with Q5 is generated mainly in higher

vibrational states (v=3,4).

1. Introduction

This Letter demonstrates resonant two-photon laser
excitation and one-photon VUV fluorescence detec-
tion, (2+1) LIF, of nascent chlorine monoxide rad-
ical produced in the photodissaciation of ClO, and
in the reaction of O; with Cl. This radical is of great
interest because of its central role in the chlorine cycle
of stratospheric ozone depletion [1-4].

CIO was first observed in ultraviolet emission
spectra from chlorine seeded flames [5]. Later, it was
the object of flash photolysis studies [6-8]. Other
workers observed absorption spectra between 250 and
310 nm corresponding to the A 21« X *I1 transition
of ClO [9,10]. Diode laser detection of the CIO
ground state {11], millimeter wavelength measure-
ments {12,13] and a detailed absorption measure-
ment of the C22« X 1 transition [14] have con-
tributed to a firm set of precise vibrational and
rotational constants of Cl10.

Thus the CIO radical is well known in terms of its
spectroscopy. However, absorption measurements are

in general not suitable for detecting nascent product
molecules because of the low sensitivity. The reso-
nance-enhanced multi-photon iconization method
(REMPI) overcomes this problem and this tech-
nique was used for the nascent detection of ClO from
dissociation processes by exciting the C2Z, DX, E2X
and F2Z electronic states [15,16]. However, the
published spectra show a low resolution and are not
suitable for obtaining rotational distributions of Cl10,
In addition, the REMPI technique can hardly be used
to obtain spectra of nascent ClO originating as a
product of chemical reactions, such as the important
reaction of Cl1 with O; as the primary part of the ozone
depletion cycle. The sensitive laser induced fluores-
cence {LIF) technigue has not been used for observ-
ing ClO, because the first excited state of C1O, A 21,
is predissociative [17-19]. The second known ex-
cited state, C2Z, is not predissociative, but requires
an excitation wavelength of 170 nm which is not
available from tunable dye lasers.

In this Letter, we report a resonant two-photon ex-
citation of CIQ (X *[1) to the CIO(C2E) excited state.

0009-2614/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI0009-2614(94)00863-9



462 S. Baumgiirtel, K.-H. Gericke / Chemical Physics Letters 227 (1994) 461-466

The required wavelength around 340 nm is easily
available with today’s laser systems. The VUV reso-
nant fluorescence from the excited state to the ground
state (C2Z—X?2[) around 170 nm is measured
without spectral dispersion. This two-photon (2+1)
LIF technique allows a sensitive and high resolving
observation of nascent ClO.

2. (241) LIF spectroscopy of C10

The following mechanism for observing the ClO
fragment in the one-colour photodissociation exper-
iment of ClO, takes place:

OCIO(X ?B,) +hv(340nm)—~OCIO(A2A,), (1)

OCIO(A 2A,)—»CIO*(X 21,) + O (°P), (2)
CIO* (X I;) +2hr(340 nm) ->CIO(C2E), (3)
ClO(C2Z)-»CIO(X A1) +hv(170 nm) . (4)

The first step (Eq. (1)) is the excitation of chlorine
dioxide from the X 2B, (0, 0, 0) ground state to rovi-
brational levels of the A ?A,(v,, v,, v;) state. This
prepared A 2A,(v,, v,, 3) state predissociates due to
an interaction with the close-lying A 2A, state [20]
leading to CIO(X I1) and O(®P) (Eq. (2)). The next
step (Eq. (3)) is the resonant two-photon excitation
of CIO(X?I) to the CIO(C2X) state. Finally,
ClIO(C?2X) is deactivated to the electronic ground
state under emission of a 170 nm photon.

In a two-photon process AJ= 12 transitions are
also allowed and the resulting O and S branches cause
a more complicated spectrum in comparison to one-
photon LIF. In addition, the spin—orbit coupling leads
to the two systems 2[15,, and 21, ;,. Thus, five main
branches (O, P, Q, R, S) are expected for each spin—
orbit system. Furthermore, ClIO(C-X) is an inter-
mediate between Hund’s case a and b. Only in the
high Jlimit ClO is characterized as Hund’s case b. As
a consequence, the five satellite lines, O,;, 9P,;, RQa;y,
SR,, and TS,, (which violate the AN= AJ selection)
are expected for the *I1;,, system and for the 2II,,
system the NO,,, OPy,, PQys, OR, and RS, satellite
lines must be considered. However, it should be men-
tioned that the intensities of these lines will be small.
In total, there are 20 rotational branches of C1O which
must be considered in the two-photon excitation of
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Fig. 1. Level scheme and transitions of the C2Z~-X II system
of ClO for two-photon excitation. The energy splitting of the lev-
els is completely unscaled.

ClO. The level scheme and all transitions for the two-
photon excitation of ClIO(C+X) are shown in Fig. 1
where the parity selection rule +«+ —<— is con-
sidered. The Honl-London factors for a two-photon
transition have been calculated {21] using the spec-
troscopic constants of Refs. [11,14,22].

The Franck-Condon factors describe the overlap
between the vibronic wavefunction of the X and C
states and, therefore, are assumed to be the same as
for a one-photon process. The values are given in Ref.
[8]. A spectrum simulation of a (2+1) LIF scan of
BCIO(C2E v'=0, J')3CIO(X I v=0, J) is
shown in the lower part of Fig. 3 where a Gaussian
lineshape function (A4=0.002 nm) and a rotational
temperature of 7=650 K is used.
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3. Experimental

The laser pulse for exciting ClO to its C2Z state
was delivered by a dye laser (Lambda FL 3000E)
pumped by a XeCl excimer laser (Lambda LPX 100).
With PTP, dissolved in dioxane, as the active me-
dium of the dye laser, a tuning range of 337-346 nm
was achieved and with DMQ, dissolved in dioxane,
a tuning range of 345-360 nm was achieved. The typ-
ical output power was 10-13 mJ, depending on the
dye used at a laser bandwidth of 0.4 cm~!. In addi-
tion, high resolution measurements of the lines were
made by using a stepping motor tuned intracavity
etalon, which limited the bandwidth of the laser ra-
diation to 0.06 cm~!'. The laser output energy was
monitored during the scans for normalizing the spec-
tra to the laser intensity.

The laser beam was focused by a 50 cm quartz lens
into the reaction chamber. Fluorescence was ob-
served with a Csl solar blind photomultiplier (EMR-
542G-08-18) perpendicular to the laser beam. The
fluorescence radiation around 170 nm is not ab-
sorbed to an amount worth mentioning by the mole-
cules in the reaction chamber. The photomultiplier
output was fed into a boxcar averager (Standford Re-
search Systems 250) and stored in a microcomputer
(AT-386) after A/D conversion. A four channel trig-
ger device (Standford Research Systems DG 535)
controlled all time events in the experiment.

ClO, was produced by pumping a mixture of chlo-
rine (Matheson) and nitrogen (Linde) (1:10)
through a column packed with sodium chlorite
(Merck) [23]. The gas mixture was pumped with-
out further purification directly through the reaction
chamber. From absorption measurements, we calcu-
late the yield of ClO; to be at least 70% of the theo-
retical value. Chlorine and nitrogen, also present in
the gas mixture, do not affect the (2+ 1) LIF process
at the wavelengths used. The total cell pressure was
60 Pa, the partial pressure of ClO, was calculated to
be at least 4.2 Pa. Under these experimental condi-
tions and a maximum lifetime of the excited ClO be-
low 30 ns we can exclude collisions between photol-
ysis and detection.

We have also monitored the CIO generated in the
fast (k=2x10""" cm3s~') [24,25] reaction of Cl
with Os. In that case Cl was produced in the photol-
ysis of Cl, near the maximum of the first UV-absorp-
tion spectrum. The radiation at 351 nm was deliv-
ered by a XeF excimer laser (Lambda 201MSC).
Ozone was synthesized in a silent discharge from ox-
ygen (Linde) [26]. The ratio of Cl,:O; was 30 Pa: 60
Pa.

4, Results and discussion

The observed ClO LIF spectrum resulting from the
one-colour experiment in the dissociation of ClO, is

P
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Fig. 2. Upper part: nascent LIF spectrum of ClO from the photodissociation of ClO; at 338-360 nm. Lower part: LIF spectrum of CIO
from the reaction of Cl with Oj;. Cl was prepared in the Cl, photodissociation at 351 nm. The ClO reaction product was observed 2.5 s
after photolyzing Cl,. The assignments of the (v’ —v) vibrational transitions are given in brackets.
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Fig. 3. Upper part: nascent LIF spectrum of the CIO(C2Z, v’ =0)«CIO(X 4l,,,, v=0) transition at a resolution of 0.6 cm~'. A high
resolution scan of the ®O,,(15) line of the vibrational 0-0 transition is shown in the upper left corner. The bandwidth of the laser was
reduced to 0.06 cm~!. Lower part: calculated spectrum of the **CIO(C 2, v’ =0) « 3*ClO(X 21,,,, v=0) transition. A Boltzmann dis-

tribution of 650 K for the rotational states is used.

represented in the upper scan in Fig. 2. The assign-
ments of the (v'—v) vibrational transitions can easily
be performed by comparing the simulated and the
measured spectra. The strongest spectral features are
the v =0-v=0 and v’ =0-v=1 transitions. The up-
per part of Fig. 3 shows an extract of the spectrum in
the upper part of Fig. 2 in the region where the rota-
tional lines of the CIO(C 2%, v'=0) «ClO(X 13,5,
v=0) transition occur. The picture in the upper left
edge of that figure shows a single transition °O,,(15)
recorded with the etalon equipped laser. The ob-
served linewidth (fwhm) is Av,,=0.2 cm~!. The
expected linewidth can be calculated from the avail-
able energy, the rotational energy of that probed state
and the center frequency of transition. Since the res-
olution of the dye laser will slightly increase the cal-
culated Doppler width of Ay, =0.18 cm~!, the ex-
perimental value Aw,,, is in excellent agreement with
Aycal-

By comparing our simulation (lower part of Fig.
3) with the spectrum shown in the upper part of Fig.
3, we assigned the structure at the low-energy edge to
the band head of the O branch, the second structure
to the P band head followed by the R, Q and S band
structures. Because of the high line density (rota-
tional constant B=0.62 cm~!) and the additional O

and S branches of the LIF spectrum, we determined
the rotational distribution by fitting the simulated
spectrum to the measured spectrum by a least-squares
fit procedure. The theoretical line intensity is as-
sumed to be

Ithco(”)= Z AP(q)Sq'qL(Vq'q_ Yo, AV) s

where P(g) is the (required ) population of the quan-
tum state g, S, , is the transition probability for ¢’ g
transition and L(»,,— vy, Av) is the Gaussian line-
shape function centered at v= v, , with a width of A.
The summation involves all transitions ¢’ —¢ which
contribute to the signal at frequency ». With that pro-
cedure, we obtain the population of each quantum
state. A representation of P(J) in a Boltzmann plot
(Fig. 4) shows that a rotational temperature param-
eter of approximately 650 + 60 K describes the rota-
tional product state distribution in the lowest vibra-
tional state.

As can be seen from Fig. 2, CIO is observed in the
one-colour photodissociation of ClO, in the v=0-2
vibrational states. It should be mentioned that sev-
eral vibrational levels of the A 2A, state of ClO, are
excited when the dye laser is scanned over the rovi-
brational transitions of CIO(C2?T~«X?2[I). In a
(one-colour) REMPI study of the photodissociation
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Fig. 4. Boltzmann plot of the rotational distribution of ClO. The
upper curve represents ClO product in the photodissociation of
ClO, where the spectrum shown in Fig. 3 is used. The lower curve
represents the rotational distribution of relaxed ClO (Fig. 5).

of ClO, Vaida and co-workers [15] observed ClO in
v=0-6 vibrational states. Their spectra in the region
between 345 and 360 nm (transitions originating

fram n\Q\ are 10 t1
irom v> e

gion betwcen 335 and 345 nm (transitions originat-
ing from v<4). The reduced intensity was attributed
to a change from a (2+1) toa (2+2) REMPI pro-
cess. We should even better observe these transitions,
because their reasoning should prefer the LIF pro-
cess. However, we did not observe any transitions be-
wngmg iov= .) or mgncr VlDIdllUﬂdl states. T Hai tﬂe
present technique is suitable to detect high vibra-
tional CIO (X 2I) states will be demonstrated below
where the reaction Cl+ O, is studied.

A part of the LIF spectrum of ClO followed by the
reaction of Cl with Qs is shown in the lower part of
Fig. 2. The delay time between photolysis and detec-
tion laser beam was 2.5 ps. Under these experimental
conditions (=~ 15 gas kinetic collisions) the rota-

tional distribution is relaxed, but the vibrational dis-

tribution should not be strongly affected. ClO is found
in v=0-5 vibrational states, with a maximum at v=3
and v=4 (the Franck-Condon factors are ~3 re-
spectively 6 times smaller than for the other transi-
tions). In an old flash lamp photolysis CIO was ob-

served exclusively in the v=0 state [27] but those
mpenmemm conditions were insufficient for observ-
ing vibrationally unrelaxed products. A trajectory
study of the Cl+ O; reaction predicted a significantly
vibrationally excited ClO peaking at v=1 [28]. We
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1V 11mMes 1ess 1niense tnan in ine re-
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Fig. 5. LIF spectrum of the CIO(C *Z, v' =0}« CIO(X 1, v=0)
transition, recorded 200 ps after Cl, photolysis at a pressure of 2
kPa (argon). Under these conditions only transitions belonging
to v=0 are observed.

observe an even higher vibrationally excited CIO. In
any case, the observation of CIO in vibrational states

up to v= 8 indicates the nossibilitv of C10O detection

v/ ALGIVRINS Wb PUSSIVELLY VI alS Ll

in highly excited rovibrational states.

By adding an excess of argon (200 Pa) to the re-
action chamber and increasing the delay time be-
tween photolysis and detection laser beam up to 250
ps, we have observed completely relaxed CIO and the
obtained spectrum is shown in Fig. 5. The only pop-

nlatad vihratianal laval ie 9—N Tha twa enin_nrhit
uialCG vVioraiionadr i$vyel 15 v=v. 110 (WO 5pin—-01oit

systems are populated at a ratio of 0.25:1 (IT,,,:
I1,,,) which is in good agreement with the calculated
ratio of 0.22:1 (II,/,:I15,,) for a Boltzmann distri-
bution at 7=300 K. The rotational temperature was
found to be 298+ 15 K from a fit of the rotational
distribution of the I15,, spin system (Fig. 4), which
demonstrates the quality of the measurements and the
fit procedure.

5. Summary

We have demonstrated that chlorine monoxide can
be easily observed by a two-photon LIF process. With
this technique completely state-resolved spectra of
nascent ClO resulting from photodissociation as well
as from reactions can be observed. The resolution and
sensitivity of the present ClO detection is much bet-
ter than that of spectra obtained with other known
techniques. Actually, we set up experiments to inves-

tigate the dissociation of ClO, and Cl,O at fixed dis-
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sociation wavelengths in order to study the dynamics
of fragmentation from single selected vibrational (»,,
v,, 3) levels. The detailed investigations of CIO pro-
duced in the reaction of Cl with O, as well as in the
reaction of O('D), O(®P) with HCl will be pub-
lished in a forthcoming paper.
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