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Photofragment Doppler spectroscopy has been used to characterize the electronically excited states of HOCI
in the ultraviolet region. In the photolysis of HOCI, the Doppler profile of the nascent OH fragments shows

a marked difference in the recoil anisotropy paramet@rs: 1.31+ 0.12 at 266 nm ane-0.70+ 0.12 at

355 nm. Photoabsorption at 266 nm is characterized by the transition moment predominantly parallel to the
O—Cl axis, which is consistent with assignment of the strong band at 250 nm tdAhe A’ transition.

On the other hand, the transition moment at 355 nm is perpendicular to-tiz kbnd. The measurement

of the rotational alignment also shows the transition moment to be perpendicular to the molecular plane at
355 nm, indicating the existence of théAl' <— 1A’ transition above 300 nm.

1. Introduction photofragments, OH and ClI, are well-known. Since HOCI has
a C; symmetry, the electronic states are either symmetrig (A
or antisymmetric (&) with respect to the molecular plane. The
transition dipole moment of HOCI lies in the molecular plane
in the case of the’A’ — 11A! transition while it is perpendicular
to the plane in the case of théAl’ < 1'A’ transition. At 248
HO, + CIO — HOCI + 0, (1) and 266 nm, Frey and co-workers investigated the rotational
alignment of the nascent OH fragméfit?® They obtained a
and heterogeneously in the polar stratospheric clouds duringnegative value of the quadrupole alignment param@g?,
the winter23 which implies that the transition moment lies in the molecular
plane, supporting the assignment of the absorption band at 250
CIONG, + H,0 — HOCI + HNO; (2) nm to the 2A’ — 11A’ transition. On the contrary, it remains
obscure whether the weak absorption above 300 nm corresponds
HOCI has an absorption spectrum in the ultraviolet region, and g the A" — 1A’ transition.
the photolysis is believed to dominate a removal of HOCI. The purpose of this work is to characterize the excited states
The following photolysis processes are energetically possible: of HOCI in its ultraviolet absorption spectrum. The OH
3 1 fragments are observed by laser-induced fluorescence following
HOCI+ v —O(P)+ HCI(X'Z) 1 <510nm (3) the 266 and 355 nm photolysis. Most of the available energy
5 2 is released into the kinetic energy of the photofragments, and
— CI(°P) + OH(X"IT) A <3500nm (4) the spectral lines show large Doppler widths. On the basis of

Reaction 4 was identified to occur predominantly above 300 the spectral profiles, we discuss the vector correlatigns/
nm&-8 Most of the experimental spectra showed a strong band @nd . J) associated with the dissociation procegsis the

peaked at~250 nm with a shoulder above 300 nm, but the transi.tion dipole moment of HOCI, andandJ are the recoil
spectral profiles and absorption cross sections did not agree withV€10City and angular momentum of the OH fragment, respec-
each otheP-12 This is especially true in the spectrum above _tlvely. We §how ew_dence that two different excited states lie
300 nm, which is important to estimate the lifetime of HOClin " the ultraviolet region.

the stratosphere since the solar flux above 300 nm is dominant.
Ab initio calculations have been performed to predict the
spectrum, and the dissociation dynamics in the electronically Figure 1 shows a schematic diagram of the experimental
excited states has been discussed! Although there still setup. Two laser systems were used. (1) The fixed wavelength
remain some disagreements between experimental and theoretief Nd®":YAG laser (Continuum Surelite 1) on harmonics for
cal spectra, all available evidence shows that the strong photodissociating HOCI at 355 or 266 nm: The photolysis laser

Hydrochlorous acid (HOCI) has recently received much
attention because of its possibility for a reservoir of atmospheric
chlorine! It is suggested to be formed in the stratosphere
homogeneously,

2. Experimental Section

absorption at 250 nm corresponds to tha'2— 1A’ transition. light was linearly polarized with its electronic vector lying
The weak absorption, which may be attributed to th&'1— horizontally. The output was 70 mJ/pulse at 355 nm and 30
1IA’ transition, lies above 300 nm. mJ/pulse at 266 nm. We used a stack of 12 quartz plates placed

Along with atmospheric interest, HOCI has many advantages at Brewster’s angle to clean up the polarization. The polariza-
to study the fundamentals of molecular photodissociation. tion degree $£99%) was checked in front of the entrance
Simple triatomic structure allows high-level ab initio calculations window of the cell. (2) A tunable laser for probing the OH
of the electronic states. Spectroscopic constants of the twofragments by laser-induced fluorescence: The 355 nm output
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Figure 2. Doppler profiles of R(1) line of OH in the 266 nm
photolysis. The experimental geometries werekfa)) k¥ andeP [0 k?

4. ; ; and (b)k? O k2 andeP || k& The dots show the experimental spectra,
of a N&®":YAG laser (Continuum Powerlite, 9010) was used and the solid lines show the simulated ones — 0.44 ot

tc,) 'pump '5_1 dye laser ('-amb‘?'a Physik, SCANmatel 2). The andp = 1.3. The bandwidth of the probe laser (0.04 &)ris shown
visible radiation was doubled in a BBO crystal to excite OH in by arrows.

the A2Z+—X2IT (0—0) band at around 308 nm with 0.04 cin

resolution. The UV output was kept low<(0 uJ/pulse) to tolysis/probe geometries: (afP(/| k2 ande? O k3 and (b) kPO
avoid the saturation effects and power broadening. The ka andeP || k%). Both spectra are characterized by large line
polarization angle of the probe laser was adjusted by rotating awidths due to Doppler effect resulting from the recoil of the
A2 plate to make the geometry of electric vectors of photolysis fragment. The anisotropy of the recoil velocity produces a

0.5

Figure 1. Experimental setup for detecting the OH fragment by laser-
induced fluorescence in the photolysis of HOCI.

(eP) and analyzing-probec?) pulses either parallel or perpen-
dicular; €? || €2 or €P00 €2 On the other hand, the propagating
directions of the photolysis puls&Pf and the analyzing-probe
pulse 3 took the following two geometries: the photolysis
and probe beams counterpropagated along an Exi$ K?) or
crossed at right angle&®((0 k%). The delay between two laser
pulses was controlled by a digital delay generator (Stanford

marked difference in the two Doppler profiles. Figure 2a shows
a single-peaked profile, and Figure 2b shows a double-peaked
profile, indicating thatv predominantly aligns te®.

A guantitative understanding of our observation is attained
by examining the spatial distribution of fragments in the
perpendicular and parallel transitions. According to the theory
of Zare and Herschbadh, the Doppler profile F(Av) of

Research Systems, DG-535) to make collision effects negligible photofragments with a velocity is given by

(At = 30 ns). The fluorescence of OH was collected with a

quartz lens at right angles to photolysis and probe lasers and
detected by a photomultiplier (Hamamatsu Photonics, 1P28)

through a 308 nm interference filte{ = 10 nm). The
photomultiplier signals were averaged by a boxcar integrator

(Stanford Research Systems SR250) and processed by a person

computer.

HOCI samples were prepared by flowing pure, Gas
saturated with KO vapor through a HgO column. In this
procedure, GO generated from the reaction of HgOCl, gave
HOCI in the equilibrium reaction @D + H,O == 2HOCI. This
mixture was slowly introduced into a photolysis cell at a pressure
of 0.1-0.2 Torr. The flow system was operated under stable
conditions for several hours.

3. Results and Discussion

First, we carried out an experiment with low@.2 cnt?!)
resolution and found the following facts for the photodissociation
of HOCI to OH + CI. (i) The OH fragment is vibrationally
cold in both 266 and 355 nm photolysis. We could not observe
a trace of OH in the vibrationally excited state. (ii) The spin
orbit population ratio of OH shows a preference 3ok, with
a ratio of2II/?I11» = 2.0 at 266 nm and 1.5 at 355 nm. (jii)
The OH rotational population in thé1z, and?[1y, states can
be approximated by a Boltzmann distribution. The Boltzmann
temperature is 800 K foflIz;, and 770 K fordIy, in the 266
nm photolysis and 530 K foflIz;, and 510 K for?Ily; in the
355 nm photolysis.

Second, we have chosen theg(R line of OH to elucidate
the vector correlation g, v) from the anisotropy of OH
photofragments for two reasons: (i) It is well separated from
other rotational lines. (ii) It is insensitive to other vector
correlations g, J) and §, J).2* Figure 2 shows the line shape
observed in the 266 nm photolysis under two different pho-

F(Av) = (LAvp)[1 + BP,(cosO)P,(AvIAvp)]  (5)
whereAv is the displacement from the line centey Avp =
voV/c is the Doppler shiftf is the anisotropy parametet,is

e angle between the photolysis polarization aRignd the
probe laser axi&® andP,(x) = (3x2 — 1)/2. We calculated
the Doppler profiles by convoluting(Av) with the parent HOCI
Doppler motion at 298 K and the probe laser profile (0.04Hm
The line profile observed under the conditigh|| k& was quite
sensitive to the anisotropy parameter, and the 16 measurements
gavefs = 1.31+ 0.12 at the total pressure of 0:20.16 Torr.
This value reproduced the line profile observedfaf] k? as
shown in Figure 2b. All of the observed spectra showed the
Doppler width of Avp = 0.44 cnt?, which indicated the recoil
velocity of the OH fragments to be 4100 m/s.

The positive 8 value suggests parallel alignment of the
transition moment and the recoil axis. Since the ground state
is of A’ symmetry, this finding confirms the symmetry of the
excited state to be ‘A This is consistent with a theoretical
predictions that theA'—1%A’ transition dominates the strong
absorption around 250 nm. However, the measyredlue is
smaller than the upper limit of-2 expected for the parallel
transition.

This reduction in the8 value cannot be attributed to nonzero
lifetime in the ZA’' excited state. According to theoretical
studies, all singlet excited states of HOCI in the ultraviolet region
are strongly repulsive in the -©Cl coordinate, and the dis-
sociation is direct. The OH fragments are expected to recoil
along the axis of the ©CI bond with the small rotational
excitation, which was experimentally and theoretically con-
firmed15-20 Furthermore, since the OH recoil velocity (4100
m/s) is by 1 order of magnitude larger than the tangential
velocity by the rotation of parent molecule (300 m/s), the OH
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fragments do not attain a substantial tangential velocity to deflect
the recoil axis. (a) (b)

A plausible explanation is that the transition moment contains ‘
a small component perpendicular to the Ol bond. In a simple
diatomic approximation, the value ffis related to the angle
betweenu andv2324

B = 2P,(cosy) (6)
and the relation of = 28 + 3° is obtained from the value of ; ‘ N el . : !
p =1.31+0.12. In ab initio calculations, Jaffe and Langhoff 0.5 0.0 0.5 -0.5 0.0 0.5

predicted that the A'—1!A’ system was dominated by the
transition moment parallel to the-€Cl axis!* However, there
ISa contribution of the perpendlculzflr_ transition Co_mpor!ent lying photolysis. The experimental geometrieska) k* andeP O k2 and (b)

in tr_le molecular plane. The transition moment is est!mated tO0 1o 0 ka8 and P || k&. The dots show the experimental spectra, and the
incline at an angle of 725° from the O-Cl axis depending on  soid lines show simulated ones withvp = 0.31 cnT* andg = —0.7.

the basis set and molecular geometry used in the calculations.

On the other hand, a recent ab initio calculation by Nanbu and '
Iwata showed that the absorption band that peaked at 245 nm
resulted from two transitions1&'—1A’ and 2ZA""—11A' 15 As (a) Q.3
for the transition moment of thel&'—1'A’' system, the
component perpendicular to the-@l| bond predominated over
the parallel component. Since th&A2 —11A’ transition only
became important at higher energies, this calculation placed the
transition moment in the molecular plane, making the angle of
~85° with respect to the ©CI axis at 266 nm. Our result
agrees with the prediction by Jaffe and Langhoff in terms of
the existence of a small perpendicular transition moment in the
21A'—11A" system, but not with that by Nanbu and Iwata.

Frey and co-workers studied the photodissociation dynamics (b)
of HOCI from the internal energy distribution of OH and
Cl.18-20.25 They observed the spectra of the OH fragment by
laser-induced fluorescence in the photolysis at 248 and 266 nm.
The excitation spectra were characterized by the negative
rotational alignment parameté%®, and the OH fragments
showed the preferential production of thgA') lamda doublet
state with an increase of rotational quantum number. These
results showed the transition moment lying in the molecular
plane and agreed with thé& —1!A’ transition at 248 and 266
nm18-20 However, they reported that the Cl atoms with their Viem-!
initial velocities aligned in the plane perpendicular to the Figure 4. The main transition gf5) and accompanying satellite line
photolysis laser polarization for the 235 nm photolysis, implying <Pz(5) in the 355 nm photolysis of HOCI observed at two photolysis/
that the transition moment was perpendicular to theGDaxis2® probe geometries: (aj(|| k®andeP || €9) and (b) & || k* andePl €).
This conclusion is obviously in conflict with our observation.

To solve the problem, we have recently studied the photodis- peaked profile in spectrum a under the conditionskf||( k&
sociation of HOCI by using the photofragment imaging tech- andePO k?), while a single-peaked one in spectrum b under the
nique26 HOCI was photodissociated at 235 nm using the second conditions of kP 0 k2 andeP || k3. This result indicates that
harmonics of a dye laser, and the same pulse was used to ionizés predominantly aligned perpendiculare®) not alongeP. The

the CI fragments in the (2 1) multiphoton absorption. The  Doppler profiles in spectra a and b are reproduced\by =
spacial distribution of Cl ions showed that the Cl fragments 0.31 cnt!andg = —0.7. The Doppler widtiAvp = 0.31 cnt?
recoiled along the electronic vector of the photolysis laser. The indicates that the OH fragments recoil with a velocity of 2900
anisotropy parametegt = 1.7 + 0.2 is close to the upper limit  m/s. The 44 measurements gave the valu@ ef —0.70 +

of 2 for the parallel transition. Since this result is consistent 0.12 under the total pressure of 0-0@.21 Torr.

with the observation presented in this paper, the transition at The § value is obviously negative, suggesting that the
235 nm is attributed to the same electronic transition at 266 transition moment of HOCI at 355 nm is perpendicular to the

Av/em’! Av/em

Figure 3. Doppler profiles of R(1) line of OH in the 355 nm

P, (5)

32402 32403 32404

nm. The theoretical calculations ensured this point of i&td. O—ClI bond. At first sight, this conclusion is consistent with
The 8 value is slightly different from the present study, since the recent predictions that théAl’'—11A’ lies at wavelengths
HOCI is photolyzed at shorter wavelengths. In tha'2— 11A’ longer than 300 nm. However, we still cannot exclude the

system, the direction of the transition moment (and accordingly possibility that the transition moment is perpendicular to the

the value off) is predicted to show the wavelength dependence O—CI bond, but that it lies in the molecular plane.

by the theoretical calculation (Figure 9 in ref 15). To clarify this point, we studied the vector correlatiop, (
Figure 3 shows the Doppler profiles of the(R) transition J), between the transition moment and the rotation vector of

observed in the 355 nm photolysis. The dependence of thethe fragment. Figure 4 shows a typical example of the spectra,

profiles on the photolysis/probe geometry is contrary to that of showing the main ¢J5) transition and the accompanying

the 266 nm photolysis. Namely, the(R) line showed a double-  satellite P,y(5) line recorded with two photolysis/probe
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geometries: (a)kP || k* andeP || € and (b) kP || k2 and PO can be reproduced withgiss = 19 000+ 1000 cnt?, which is
€%). The Q-branch transition obviously shows the reduction of consistent with the recently reported values of 19 299.3.6
the central dip in spectrum b owing to the, () correlation. and 19 288.8+ 0.6 cnr1.32:33

Apart from the change of the Doppler profile, it is more

important here to realize that the satellite P line increases in 4. Conclusion

intensity relative to the main Q-branch transition, when we
compared spectrum b with spectrum a. This phenomenon
occurs due to theu(, J) correlation. The alignment afon to

[ is quantitatively derived from the polarization dependence
of the intensity ratios between the P (or R)- and Q-branch
transitions originating from the same lower state. By the
treatments in the literatuf®,2® we obtained the rotational
alignment paramete¥® ~ 0.3 atN = 5 from the results shown

in Figure 4. TheAs@ value isJ-dependent. At the highlimit

Ao®@ may take the value$4/5 (u || J) and—2/5 (@ 0 J). Since .AckrjowleFjgme.nt. The work is par.tly supporFed by a
the dissociation of HOCI occurs by repulsive impulse along the Hiroshima City University Grant for Special Academic Research

O—Cl bond,Jow is perpendicular to the molecular plane. The (General Studies). T.l. is grateful to a Grant-in-Aid for Scientific
positive A/@ value shows a preferential parallel alignment of Research from the Ministry of Education, Science, Sports and

# andJop, indicating the transition moment being perpendicular Cullturbei. ;_he au_thors a((i:knowledge Prof. M. Kawasaki for
to the molecular plane at 355 nm. This result indicates that Valuable discussions and comments.

the LA" — 11A transition dominates the absorption spectrum
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