
P

H
a

b

a

A
R
R
A
A

K
C
V
R
S
S

1

c
t
m
d
m
f
C
i
C
m
T
w
T
s
s
h
t
s
e
s
s

1
d

Journal of Photochemistry and Photobiology A: Chemistry 221 (2011) 123–127

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journa l homepage: www.e lsev ier .com/ locate / jphotochem

hotodissociation dynamics of Cl2O at 235 nm using velocity map ion imaging

ahkjoon Kima,∗, Simon W. Northb

Department of Chemistry, Duksung Women’s University, 419 SSangmundong, Seoul, Republic of Korea
Department of Chemistry, Texas A&M University, P.O. Box 30012, College Station, TX 77842, United States

r t i c l e i n f o

rticle history:
eceived 22 February 2011
eceived in revised form 16 April 2011
ccepted 22 April 2011
vailable online 30 April 2011

eywords:

a b s t r a c t

We have investigated the photodissociation dynamics of expansion-cooled Cl2O at 235 nm using
photofragment velocity map ion imaging coupled with resonance-enhanced multiphoton ionization
(REMPI) to measure the speed and angular distributions of the Cl(2P3/2) and Cl(2P1/2) products. We observe
speed-dependent spatial anisotropy for both Cl fragments from the imaging data and attribute this to a
fraction of nascent ClO, which undergoes secondary photodissociation. We have employed a Monte–Carlo
forward-convolution scheme to analyze the data and obtain the speed distribution and anisotropy param-

2 2

hlorine monoxide
elocity map ion imaging
EMPI
econdary photodissociation
peed-dependent anisotropy

eters for the ClO + Cl( P3/2,1/2) channels. We find that the speed distribution of the Cl( P3/2) + ClO channel
is bimodal with an anisotropy parameter of 1.2±0.2, whereas the speed distribution of the Cl(2P1/2) + ClO
channel consists of a single component with an anisotropy parameter of 1.0±0.2. We have determined
branching ratios for Cl(2P3/2) + ClO and Cl(2P1/2) + ClO channels to be 0.97±0.02:0.03±0.02. Based on
the translational energy distribution of Cl(2P3/2) + ClO channel, 28% of the parent molecule undergoes
three-body dissociation.
. Introduction

The photochemistry of chlorine-containing species has received
onsiderable attention due to their role in the catalytic destruc-
ion of ozone in the stratosphere [1,2]. Although Cl2O (chlorine

onoxide) is known to be a minor agent in stratospheric ozone
estruction, it is an anhydride form of HOCl, which is one of the
ajor chlorine oxides in the atmosphere. In addition, since Cl2O is

requently used as a precursor to important chlorine-oxides such as
lO and ClONO2 in the laboratory [3,4], it is necessary to character-

ze the photodissociation dynamics of Cl2O to permit analysis of the
lO and ClONO2 data. In the field of reaction dynamics, it is an ideal
olecule for the study for three-body dissociation dynamics [5–7].

he absorption spectrum of Cl2O exhibits overlapping broad bands
ith distinguished features at 410, 285, 256, and 171 nm [8–10].

here have been several theoretical studies to model the absorption
pectrum by calculating vertical excitation energies and oscillator
trengths of the electronic transitions [11,12]. Nickolaisen et al.
ave employed the CASSCF/MRSD-DI method to calculate the ver-
ical excitation energies and oscillator strength of various excited
tates in order to interpret the experimental spectrum [11]. Persico

t al. have carried out perturbed MRCI calculations and semiclas-
ical simulations of the excited states to interpret the absorption
pectrum and photodissociation dynamics such as bimodal transla-
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tional energy distributions and anisotropy parameters [12]. Despite
differences between theoretical calculations in the interpretation
of the absorption spectrum, there is a consensus that the 1 1B2←1
1A1 transition is dominant for spectral features between 225 and
325 nm. There have also been several experimental studies of Cl2O
photodissociation [13–16]. There are three dissociation pathways
that are energetically accessible in the UV region:

Cl2O+hv→ ClO + Cl(2PJ) (1)

Cl2O+hv→ 2Cl(2PJ) + O(3PJ,
1D) (2)

Cl2O+hv→ Cl2+O(3PJ,
1D) (3)

Nelson et al. studied the photodissociation of jet-cooled Cl2O
using photofragment translational spectroscopy (PTS) at 193, 248,
and 308 nm and concluded that (1) is the only available channel
at 308 nm, a dominant channel at 248 nm and (3) is a domi-
nant channel at 193 nm [13]. The authors also observed bimodal
translational energy distributions for the channel (1) at 248 and
308 nm which they attributed to dissociation on different poten-
tial energy surfaces. Later, Moore et al. reinvestigated the TOF
data and derived three different translational energy components
and anisotropy parameters at 248 and 308 nm on the basis of
the forward-convolution fittings [14]. Tanaka et al. studied the
photodissociation of Cl2O at 235 nm using photofragment ion imag-

ing coupled with the resonance-enhanced multiphoton ionization
(REMPI) technique in order to obtain the speed and angular dis-
tributions of Cl(2P3/2) and Cl(2P1/2) [15]. They found that the
translational energy distribution of Cl(2P3/2) is significantly differ-
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Fig. 1. Raw images of Cl(2P3/2) and Cl(2P1/2

nt from that of Cl(2P1/2), although the anisotropy parameters of
oth Cl photofragments were equivalent (ˇ = 1.2±0.2). The authors
bserved no discernible speed-dependent anisotropy parameter,
hich is in contrast to the results of Moore et al. Recently, Roth

t al. investigated the photodissociation of Cl2O at 235 and 207 nm
y using time-of-flight (TOF) REMPI [5,6]. The authors observed
imodal translational energy distributions for both Cl photofrag-
ents with an anisotropy parameter of 0.7±0.2 at 235 nm, lower

han previously reported. At 207 nm, Cl(2P3/2) and Cl(2P1/2) prod-
cts were observed with similar translational energy distributions
nd an anisotropy parameter of 0.2±0.2. From the observed kinetic
nergy distribution, they concluded that three-body dissociation is
ignificant at both wavelengths. Zou et al. studied the three-body
issociation of Cl2O at 248 and 193 nm using photofragment trans-

ational spectroscopy with tunable VUV photoionization detection
7]. On the basis of the forward-convolution fittings of the TOF
pectra, the authors concluded that two there were three-body
rocesses originating from both symmetric stretching and anti-
ymmetric stretching motions in the Franck–Condon region giving
ise to bimodal translational energy distributions.

In the present study, we have investigated the photodissoci-
tion of expansion-cooled Cl2O at 235 nm using velocity map ion
maging in combination with the resonance-enhanced multiphoton
onization technique. We have employed Monte–Carlo forward-
onvolution fitting [17] to model the secondary photodissociation
nd compare to the experimental data. On the basis of the forward-
onvolution fits, we find that branching ratios for Cl(2P3/2) + ClO
nd Cl(2P1/2) + ClO channels to be 0.97±0.02:0.03±0.02 with
nisotropy parameters of ˇ = 1.2±0.2 and 1.2±0.4, respectively.
e also determined the fraction of three-body dissociation based

n the translational energy distribution of both Cl fragments.

. Experimental

Details of the experimental apparatus are published elsewhere
18,19]. In brief, a pulsed Cl2O molecular beam, collimated by a con-
cal skimmer, was intersected at 90◦ by a linearly polarized laser
eam. The 235 nm beam was generated using a Nd:YAG (Spectra
hysics GCR-150-10) pumped dye laser (LAS LDL 2051) followed by
frequency doubling crystal (BBO). The fundamental wavelength
as accurately calibrated using a Ne-filled hollow cathode lamp.

he Cl(2P3/2) and Cl(2P1/2) products were probed using 2 + 1 REMPI
ransitions at 235.336 nm (4p 2D3/2←3p 2P3/2) and 235.205 nm (4p

P1/2←3p 2P1/2), respectively [20]. The resulting chlorine ions were
ccelerated by velocity mapping ion optics [21,22] before entering
he 50 cm long field-free flight tube along to the axis defined by the

olecular beam. The ions were projected on a position-sensitive
ng from Cl2O photodissociation at 235 nm.

detector consisting of a dual microchannel plate-phosphor assem-
bly. A photomultiplier (PMT) positioned off-axis was used to record
mass spectra and establish proper timing. Images were acquired
using a CCD camera and a frame grabber controlled by commercial
software (Coda32) which involved centroiding and event count-
ing [23]. The final images were obtained by repeatedly scanning
Doppler profiles of the REMPI transitions to achieve homogeneous
detection efficiency. The 3-dimensional velocity distributions were
reconstructed from the two-dimensional projections using the
basis set expansion (BASEX) algorithm developed by Reisler and co-
workers [24]. The speed distributions were calibrated by measuring
Cl fragments arising from the 235 nm dissociation of ICl [25].

Cl2O was synthesized by the method of Cady [26]. Cl2 is collected
directly from a lecture bottle without further purification then col-
lected on pre-baked HgO (Aldrich) powder and the reaction was
allowed to run overnight at 195 K. The product was then purified
by vacuum distillation, and the purity (>90%) was checked by UV
absorption spectroscopy.

3. Results and discussion

Fig. 1 shows the raw images of Cl(2P3/2) and Cl(2P1/2) frag-
ments arising from the photodissociation of Cl2O at 235 nm. The
Cl(2P1/2) image (right panel) is qualitatively different from the
image reported in the previous study by Tanaka et al. In par-
ticular, we observe a significantly lower contribution from slow
fragments. Although we did observe slow fragments in some of the
measured Cl(2P1/2) images, the signal remained when the probe
laser wavelength was detuned from the 2 + 1 REMPI resonance
(Supporting Information). Subtraction of the non-resonant signal
results in images consistent with the image shown in Fig. 1. On the
basis of the image intensity and the relative detection efficiency
of Cl(2P3/2) and Cl(2P1/2) [27,28], we determine a Cl(2P3/2)/Cl(2P1/2)
branching ratio of 16±2, consistent with, but higher than, the ratio
of 13±2 obtained by Tanaka et al. It should be noted that we
have used the most recent reported value for the relative detection
efficiency for Cl(2P3/2)/Cl(2P1/2) (0.6) based on the work of Wittig
and co-workers, while a value of 0.85 was employed in the earlier
work of Tanaka et al. Fig. 2 shows the corresponding center-of-
mass translational energy distributions of Cl(2P3/2) and Cl(2P1/2)
derived from the images in Fig. 1. The translational energy dis-
tribution of Cl(2P3/2) exhibits two distinctive peaks located near
35 and 90 kJ/mol, and long tail extending to 220 kJ/mol, consis-

tent with previous studies. These two peaks correspond primarily
to three-body dissociation and two-body dissociation. The thresh-
old energies for the three-body dissociation are represented by the
vertical dashed lines in Fig. 2. The ratio of the three-body dissocia-
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ig. 2. Translational energy distributions derived from Cl(2P1/2) (upper panel) and
l(2P3/2) (lower panel) images in Fig. 1. Vertical lines represent the three-body dis-
ociation threshold.

ion relative to the two-body dissociation can be determined from
he forward convolution fits discussed below. A fraction of the sta-
le ClO fragments, associated with the two-body dissociation, can
ndergo secondary photodissociation (vide infra). The translational
nergy distribution of Cl(2P1/2) fragments is qualitatively different
rom that of Cl(2P3/2), exhibiting a single peak at∼130 kJ/mol with a
ong tail extending to 220 kJ/mol. The average translational energy
f Cl(2P3/2) and Cl(2P1/2) is 60.7 kJ/mol and 121 kJ/mol, respectively.
e speculate that contributions from Cl2 impurities are insignifi-

ant because a sharp feature at 127 kJ/mol, arising from the Cl2
hotodissociation, is not apparent in the translational energy dis-
ributions. Fig. 3 shows the angular distributions of the Cl(2P3/2)
ragments arising from the Cl O photodissociation at 235 nm with
2
he translational energy near 50 kJ/mol (bottom) and 200 kJ/mol
top). It is clear that the angular distribution for the slow Cl(2P3/2)
roducts is consistent with a cos2 � dependence whereas that for

ig. 3. Angular distributions of Cl(2P3/2) in Fig. 1 with the translational energy near
0 and 200 kJ/mol. The solid line is the best-fit simulation obtained using Eq. (4) in
he text.
hotobiology A: Chemistry 221 (2011) 123–127 125

the fastest Cl(2P3/2) products is not. We have, therefore, included a
cos4 � term in order to fit the data using the following form [29]:

P(�) ∝ {1+ ˇ2(v)× P2(cos �)+ ˇ4(v)× P4(cos �)} (4)

where � is the recoil angle relative to the electric vector of the
dissociating light, P2(cos �) and P4(cos �) are the second- and
fourth-order Legendre polynomials. We find that values of ˇ2 and
ˇ4 are 1.5±0.1 and 0.7±0.1, respectively, provide a reasonable fit
to the data shown in the lower panel of Fig. 3. Given the previous
results that the angular distributions in photodissociation steps (1)
and (2) are described by a second-Legendre polynomial, the inclu-
sion of the fourth-Legendre polynomial suggests that a fraction of
Cl(2P3/2) fragments in the image arise from the secondary photodis-
sociation of ClO by the tightly focused laser [17]. It is important
to note that the observation of the fourth-Legendre contribution
to the angular distribution can also arise from an atomic orbital
alignment of the chlorine atoms although this effect is not consid-
ered in this paper. Previous studies of Cl + ClO photodissociation
using 2 + 1 REMPI detection of the Cl fragments did not report a
fourth-Legendre contribution to the angular distribution [5,6,15].
Details of modeling secondary photodissociation and spontaneous
secondary dissociation are discussed in our previous publication on
the ClONO2 system [17]. In brief, when secondary photodissocia-
tion occurs the final angular distribution of the fragments will be a
product of each dissociation step:

P1(cos �)× P2(cos �) =
{

1+ ˇ1 ×
(

3 cos2 � − 1
2

)}

×
{

1+ ˇ2 ×
(

3 cos2 � − 1
2

)}
(5)

resulting in a cos4 � term in the angular distribution. In contrast,
for three-body dissociation, where spontaneous secondary disso-
ciation of a triatomic occurs within a vibrational period of the
intermediate, the final angular distribution will depend on only
P2(cos �). The primary dissociation channel produces Cl(2P3/2) and
Cl(2P1/2) via the following pathways:

Cl2O+hv→ ClO + Cl(2P3/2) (1a)

→ ClO + Cl(2P1/2) (1b)

The branching ratio of (1a)/(1b) is expected to be large on the
basis of the image intensity and can be obtained by the combi-
nation of the image intensity and forward-convolution fits. The
photodissociation of ClO at 235 nm has been studied previously
[30] revealing that the dominant channel is Cl(2P3/2) + O(1D2) with
a relative yield of >0.98 and an anisotropy parameter of ˇ = 1.8±0.2.
One of the important minor channels was Cl(2P1/2) + O(1D2) with an
anisotropy parameter of ˇ =−1±0.1. On the basis of the branch-
ing ratios of the overall dissociation pathways, the Cl(2P3/2,) image
has contributions from the primary dissociation, three-body dis-
sociation and secondary photodissociation, whereas the Cl(2P1/2)
image has contributions limited to the primary dissociation and
secondary photodissociation. It should be noted that the branching
ratio and anisotropy parameters for the ClO dissociation at 235 nm
have been shown to be identical irrespective of the vibrational state
at this wavelength [30]. The speed distribution of ClO, P(v1), arising
from the primary dissociation can be established by Monte–Carlo

sampling weighted by the following functional form:

P(v1) = a× exp

(
−(v1 − a1)2

a2

)
+ b× exp

(
−(v1 − b2)2

b2

)
(6)
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Fig. 4. (a) Derived speed distribution of Cl(2P3/2) arising from primary dissociation.
Vertical line represents the three-body dissociation threshold. (b) Best-fit speed
distribution of Cl fragments (solid line) from the primary dissociation (dashed line),
26 H. Kim, S.W. North / Journal of Photochemistry

here parameters in (6) are adjustable and reflect the image data
s shown in Fig. 1. The speed-independent angular distribution of
lO is given by:

(�) = 1+ ˇ2 ×
(

3 cos2 �1 − 1
2

)
(7)

The joint probability associated with the velocity of the ClO
ragment is then given by

(v1) = P(v1)× P(�1) (8)

The internal energy of the ClO fragment can be determined by
nergy conservation:

avail = hv− Do
o(Cl− ClO) = Etrans + Eint(ClO)+ Eint(Cl) (9)

here hv is the photon energy, Do
o(Cl–ClO) is the bond dissociation

nergy of Cl2O, Etrans is the total translational energy determined
rom image data, Eint(ClO) is the internal energy of the ClO fragment,
nd Eint(Cl) is the internal energy of the Cl fragment. Only stable
lO resulting from the primary dissociation is expected to undergo
econdary photodissociation. The energy available for translation of
he Cl atom upon secondary photodissociation includes the internal
nergy of the ClO

T = hv− Do
o(Cl–O)+ Eint(ClO)− Eint(O) (10)

here Do
o(Cl–O) is the bond dissociation energy of ClO (38050 cm-1)

nd Eint(O) is the internal energy of the O fragment. The speed
istribution of the secondary photodissociation can be evaluated
sing (9), (10) and its angular distribution is described by the same
unctional from in (7) using the speed-independent anisotropy
arameters reported in the previous study. The vector sum of the
wo dissociation steps provides a resultant vector representing the
l fragment velocity with respect to the axis of linear polariza-
ion of the dissociation laser with a probability equal to the joint
robabilities of the individual vectors.

(v) = P(v1)× P(v2) (11)

ClO fragments with internal energy in excess of the bond dis-
ociation energy will undergo spontaneous secondary dissociation
ithin a vibrational period. The energy available to the fragments

f ClO dissociation can be described by conservation of energy.

avail = Eint(ClO)− Do
o(Cl–O) = Etrans + Eint(Cl)+ Eint(O) (12)

Angular distribution of the spontaneous secondary dissocia-
ion was described by a Gaussian (FWHM 20◦) function centered
t 40◦ used to fit TOF spectrum of Cl2O photodissociation at 193
nd 248 nm [7]. Fig. 4(a) shows the derived speed distribution of
l(2P3/2) from the primary dissociation of Cl + ClO. A vertical line
epresents the threshold for spontaneous secondary dissociation
nd slow components marked by ‘I’ undergo spontaneous sec-
ndary dissociation. A small fraction of the fast components marked
y ‘II’ undergo secondary photodissociation. Fig. 4(b) shows a best-
t speed distribution of Cl fragments (solid line) from the primary
issociation (dashed line), secondary photodissociation (SP: dot
nd dashed line), spontaneous secondary dissociation (SSD: dot-
ed line), and speed distribution from the image data (circle). It
hould be mentioned that we have ignored rotational metastabil-
ty of ClO resulting some degree of disagreement between data and
ts. From the previous studies, it is known that a bimodal transla-
ional energy distribution is due to a bifurcation of the 1B2 state
long the reaction coordinate resulting in the symmetric (slow
lO) and asymmetric (fast ClO) stretching motion of the parent

olecule. Our data show that the fraction of the slow ClO in coin-

idence with Cl(2P3/2) is higher than the 248 nm data by Zou et al.,
hich is in good agreement with previous expectation that the

ymmetric stretch will increase at shorter wavelength [7]. We find
secondary photodissociation (SP: dot and dashed line), spontaneous secondary dis-
sociation (SSD: dotted line), and speed distribution from the image data (circle).

that 28% of the parent molecule undergoes spontaneous secondary
dissociation by comparing the speed distributions of the primary
distribution and secondary spontaneous dissociation in Fig. 4. The
lack of slow Cl(2P1/2) products indicates that the dissociation path-
ways along the potential energy surface for (1a) and (1b) may be
considerably different although their initial origin (1B2) is identical
on the basis of the anisotropy parameters. As Tanaka et al. pro-
posed, the Cl(2P3/2) + ClO channel is available through nonadiabatic
crossings to relatively low potential energy surfaces from the 1B2
state that correlates to the Cl(2P1/2) + ClO channel [15]. The fraction
of secondary photodissociation can be determined by integrating
the speed distribution of the primary and secondary photodis-
sociation. This fraction can be increased with laser fluence but
may lead to saturation of the primary photodissociation, thereby
reducing the original anisotropy parameter. From the image inten-
sity data along with the fraction of the secondary dissociation,
we have determined branching ratios for the 1(a) and 1(b) chan-
nels to be 0.97±0.02: 0.03±0.02. Bottom panel in Fig. 5 shows
the derived ˇ2 of the Cl(2P3/2) fragments (circle) from the image
data along with the Monte–Carlo forward-convolution fits using
the anisotropy parameters for the primary dissociation of 1.2 aver-
aged over a 250-m/s interval. The data and fits exhibit a clear
speed dependence although each dissociation step is described by
speed-independent anisotropy parameters. We find that the speed-
independent anisotropy parameters are 1.2±0.2 for the channel
(1a) and on the basis of a comparison to the data. Likewise, we
also determined the speed-independent anisotropy parameters for
the channel (1b) to be 1.2±0.4. The similarity of the anisotropy
parameters for (1a) and (1b) suggests that the excited state lead-
ing to (1a) and (1b) are the same as suggested by Tanaka et al. It
should be stressed that the primary dissociation prior to both sec-
ondary dissociation is (1a) from the branching ratios as discussed in
this section. Top panel in Fig. 5 shows the derived ˇ4 of the Cl(2P3/2)
fragments (circle) from the image data along with the Monte–Carlo
forward-convolution fits using the anisotropy parameters for the
primary dissociation of −1 (dash-dotted line), 0 (dashed line), and
1.2 (solid line) averaged over a 250-m/s interval. A positive ˇ4 is a

result of a product of two positive ˇ2 (1.2, 1.8) for each dissocia-
tion step. Thus, the sign and the magnitude of the speed dependent
ˇ4 are strong evidences for secondary photodissociation even if
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ig. 5. Speed-dependent ˇ2 and ˇ4 for the Cl( P3/2) fragments arising from the Cl2O
hotodissociation at 235 nm along with the forward-convolutions fits.

ts contribution to the whole image is small. In addition, ˇ4 pro-
ides another constraint for modeling secondary photodissociation
o obtain accurate anisotropy parameters for each dissociation step.

. Conclusions

We have investigated the photodissociation dynamics of
xpansion-cooled Cl2O at 235 nm using velocity map ion imaging
oupled with REMPI. We have observed speed-dependent ˇ2 and
on-zero ˇ4 for both Cl atoms indicating that a fraction of nascent
lO undergoes secondary photodissociation. We have employed
Monte–Carlo forward-convolution fitting scheme for modeling

he secondary photodissociation. On the basis of the forward-
onvolution fits, we find that branching ratios for Cl(2P3/2) + ClO
nd Cl(2P1/2) + ClO channels to be 0.97±0.02:0.03±0.02 with

nisotropy parameters of ˇ = 1.2±0.2 and 1.2±0.4, respectively.
or Cl(2P3/2) + ClO channel, 28% of the parent molecule undergoes
hree-body dissociation whereas stable ClO are produced exclu-
ively for Cl(2P1/2) + ClO channel.
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[
[
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