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Abstract

The photodissociation of CINO, embedded in argon and water clusters was investigated at 235 nm by detecting the
CI(*P;») photofragments with resonance enhanced multiphoton ionization time-of-flight spectroscopy (REMPI-TOF).
Under various cluster formation conditions the speed distributions of Cl(2P3/2) were recorded. In contrast to the
monomer photolysis only one decay channel was found to be active showing the fragments to be Boltzmann distributed
and isotropic. In view of atmospheric chemistry, CINO, in water clusters is a photolytical source of Cl and NO, radicals
with low translational and internal energy. They are thus less favorable for consecutive reactions than the monomer
products. © 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Nitryl chloride, CINQO,, is a molecule of atmo-
spheric interest. It is formed by heterogeneous re-
actions of gaseous N,Os with HCI on ice surfaces
in the stratospheric clouds and by N,Os(g) with
NaCl(s) in the marine boundary layer [1-3]. Both
of these reactions are significant in atmospheric
chemistry because they convert inert solid chloride
to a gas phase active chlorine compound. Re-
cently, the emission inventories for major reactive
chlorine species have been explored and based on a
general circulation model the concentration of
CINO; has been calculated [4,5]. Behnke et al. [6],
studying the interactions between N,Os and NaCl
in an aerosol smog chamber, proposed a forma-
tion mechanism for CINO,. Exposed to solar ra-
diation this product is readily photolysed to
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provide Cl and NO, [7-9]. It has therefore been
suggested that CINO, plays a role in photochem-
ical air pollution in the marine troposphere [1,10]
and in catalytic ozone depletion in the stratosphere
[2,3,11,12].

The UV spectrum of CINO, at room tempera-
ture starts with a weak, unstructured absorption
between 300 and 400 nm followed by an onset at
around 280 nm, a peak at 215 nm (o =3.2 x
10~'% ¢cm?) and a strong increase below 200 nm
[7,8,13]. For the present study we used an excita-
tion wavelength of 235 nm (¢ = 1.5 x 1078 cm?
[13]) which corresponds to 508 kJ/mol. Under
these conditions the following reaction channels
are energetically accessible according to thermo-
chemical data [14].

CINO; + hv — Cl 4+ NO,

(1)
AH = 138 kJ/mol

—ClIO+NO AH=174kJ/mol  (2)
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—CINO+0O AH=283kJ/mol (3)

—Cl+0+NO AH=439kJ/mol  (4)

The reaction enthalpies refer to the products in
their electronic ground states. However, it is pos-
sible that the photofragments are formed in elec-
tronically excited states which is relevant for the CI
and O atoms having low lying spin-orbit excited
states and also for the NO, molecule where the
A’B,, B’B, and C’A, states lie at 9726, 14743 and
16360 cm™! above the X?A, ground state, re-
spectively [15-17].

To the best of our knowledge, there is no evi-
dence for the rearrangement of the molecule
leading to ClO + NO (channel 2) and for the three-
body decay process to Cl+ O+ NO (channel 4)
[13]. The photodissociation of CINO, at 350 nm
has been studied earlier by Johnston and co-
workers using resonance fluorescence detection of
Cl and O atoms [8]. Dissociation of the N-CI bond
to yield Cl 4+ NO; (channel 1) was found to be the
dominant process with a quantum yield of
¢(Cl) = 0.93 £ 0.15; the decay path to CINO+O
(channel 3) was of minor importance (¢(O) <
0.02). In addition, after excitation at 308 and 235
nm they observed a broad emission from elec-
tronically excited NO, fragments, but could not
identify the emitting states [18]. Recently Carter
et al. [19] investigated the 235 nm photodissocia-
tion of CINO, by the REMPI-TOF detection
method. A bimodal velocity distribution of the
nascent Cl atoms in the 2P3/2 ground state was
observed which led to the conclusion that two
decay channels are active in reaction (1):

CINO, + hv — Cl + NO,(X?A)) (1a)
— Cl+NO,(A’B,) (1b)

The minor reaction leads to NO,(X?A;) with
¢ = 0.15 £+ 0.05, the dominant one to NOz(A2B2)
with ¢ = 0.85 + 0.05. Using photofragment tran-
slation energy spectroscopy (PTS) [13] at 248 nm
this study was extended confirming the formation
of NO, fragments in the first electronically excited
state A’B,. Furthermore the internal energy dis-
tribution of the NO, fragments obtained from the
well-structured translational energy distribution

revealed the NO, fragments to be produced not
only in the electronic ground state X*A; (~ 30%)
and the excited electronic states A’B, (~ 30%),
but probably also in the B*B; state (~ 40%).

Very recently, Plenge et al. [20] reported results
on the photofragmentation of CINO, at 240 and
308 nm employing photoionization mass spect-
rometry. For the two important channels (1) and
(3) they found ¢(Cl) =0.93 £0.10 and ¢(O) =
0.07 £ 0.01, respectively after 308 nm excitation.
However, at 240 nm the Cl production was found
to be significantly reduced relative to that of oxy-
gen (¢(Cl)/¢(0) = 1.44 +0.15) which could not
be conciliated with previous results. At both pho-
tolysis wavelengths the atomic oxygen was formed
in its 3P, ground state.

Owing to the potential importance of the
photodissociation of nitric acid, HONO,, attached
to ice particles in the stratosphere [21-23] we
studied water-clustered HONO, at 193 nm [24].
This photolysis wavelength reproduces well the
solar photolysis conditions in the stratosphere,
where the 190-230 nm region is largely unfiltered
by 03,0, and N,. In the same spirit we explored
CINO,; (an isovalent molecule of HONO,) and
report here the results of the 235 nm photodisso-
ciation of CINO, attached to or embedded in Ar
and H,O clusters with an average cluster size
n ~ 200-800. Using resonance enhanced multi-
photon ionization time-of-flight spectroscopy
(REMPI-TOF) the velocity distribution of the
Cl(*P;;;) fragments emerging from clustered
CINO, was investigated and compared to results
previously obtained from CINO, monomer
photolysis.

2. Experiment

The apparatus has been described in some detail
elsewhere [25,26]. Briefly, it consists of a molecular
beam source chamber, pumped by two diffusion
pumps, and a main chamber, separated by a
skimmer and equipped with a time of flight mass
spectrometer (TOF-MS). The main chamber is
pumped by two turbomolecular pumps, one
mounted directly below the MS accelerator stage
and one at the detector end of the flight tube. The
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TOF-MS is a two stage Wiley-McLaren design
with an extraction and an acceleration region [27].
Two orthogonal pairs of deflection plates allow
any drift in the ion trajectories to be corrected. The
photofragment ions are detected by a multichannel
plate detector (Galilleo FT 4000) which is moun-
ted at the end of a 40 cm long field-free flight tube.
The ion signal is amplified by a 500 MHz pream-
plifier and digitized by a 500 MHz digital sampling
oscilloscope (HP5422A). A sufficient signal to
noise ratio for the TOF measurements is typically
achieved after about 500 shots.

The photodissociation experiments were car-
ried out with a Lambda Physik FL2002 dye laser
pumped by a Lambda Physik LPX200 excimer
laser running on XeCl at 308 nm. The laser beam
is focused by a 40 cm focal length lens into the
middle of the extraction region of the TOF-MS
where it crosses the molecular beam. In the pre-
sent work, the dye laser pulse ran on Coumarin
47 and the output was frequency doubled with a
BBO crystal yielding a pulse energy of 400 pJ
around 235 nm with a bandwith of 0.4 cm™'.
Measurements on the Cl photofragments were
performed using a one-colour arrangement in
which the same dissociation laser pulse was used
for both dissociation and detection. The CI> P, /2
atomic ground state was probed by (2+ 1) RE-
MPI at 235.27 nm via the 4p °Dj), < 3p° °P5
transition [28]. The dissociation laser was linearly
polarized to ~97% and the polarization could be
rotated by a suitable 1/2 plate. The photodisso-
ciation experiments were carried out with parallel
(x = 0°), perpendicular (y =90°), and magic
angle (y = 54.7°) polarizations relative to the de-
tection axis. The photofragment speed distribu-
tions P(v) were obtained from the TOF data using
a forward convolution procedure as previously
described [26].

Nitryl chloride was synthesized by passing HCI
gas through a mixture of nitric and sulfuric acid
and collecting the product in a low-temperature
bath [29]. In order to generate the cluster beam, a
conical nozzle (aperture d = 1 mm, length 10 mm,
opening angle 260 = 20°) mounted on a piezoelec-
tric pulsed valve was used. Ar cluster with CINO,
was generated by expanding a premixture of 0.5-
2% CINO; in Ar at a backing pressure of 2 bar Ar.

In the case of water cluster formation, a mixture of
0.4% CINO, in 2 bar He was guided into a flask
filled with H,O at temperature between 30 and
65 °C. The outgoing gas mixture, possessing a
partial pressure of p(H,O) = 40-250 mbar, was
then passed through a heated tube to the pulsed
valve. The latter was also heated to prevent con-
densation of water. Based on the work of Buck
and Krohne [30] and Hagena [31], the average
cluster size for the argon and the water clusters is
expected to be in the range of ~200-400 and
~400-800, respectively.

3. Results

The TOF profiles recorded for the CI(*P3))
fragments following photodissociation of Ar,CINO,
and (H,O),CINO, clusters at 235.27 nm are dis-
played in Fig. 1la and b for the laser polarization
parallel, at the magic angle and perpendicular to
the detection axis, respectively. The feature on the
right-hand side of the profiles is due to the onset of
the corresponding TOF profile of the *’Cl isotope.
The analysis by a forward convolution proce-
dure [26] yielded three speed distributions P(v) of
Cl photofragments indicated as dotted, dashed
and chain-dashed lines. These distributions are
shown in Fig. 2a and b for the Ar,CINO, and
(H,0),CINO, clusters, respectively. The main,
middle component (dashed line) consists of ~62%
and 60% of all the detected Cl fragments from the
Ar,CINO, and the (H,O), CINO, clusters, re-
spectively, and is centered at ~1600 m/s for both
distributions. The faster component (chain-dashed
lines) consists of 14% and 12% of the detected CI
fragments from Ar,CINO, and (H,0), CINO,,
respectively, and has a mean speed of ~2700 m/s
for both clusters. The analysis further revealed
that the two components have the same anisotropy
parameter § = +1.0 = 0.1 in both types of cluster
dissociations. The ratio between the two compo-
nents is thus about 82:18. Based on the earlier
findings of the monomer photodissociation per-
formed at the same excitation wavelength [19], we
assign the fast component of the Cl fragment dis-
tributions to reaction (la) with the products
Cl+NO, (X*A,) and the middle component to
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Fig. 1. REMPI-TOF spectra of CI(*P);) fragments from CINO, photodissociation at 235 nm recorded under three different polar-
ization angles for (a) argon clusters and (b) water clusters. The expansion conditions were: (a) 2 bar Ar with 0.5% CINO,, (b) 2 bar He
with 0.4% CINO, and 250 mbar H,O. The open circles are the experimental data. The dotted line indicates Cl fragments from cluster
dissociation, the chain-dashed line those from channel 1(a), and the dashed line those from channel 1(b); the soild line is the sum of the

three contributions. The corresponding photofragment speed distributions are given in Fig. 2.

reaction (1b) with the products Cl + NO,(A”B,).
For the monomer we previously found the two CI
speed distributions centered at 2700 and 1700 m/s
and the ratio between the slow and fast component
85:15 [19]. Thus, all these data are the same for
monomer and cluster photolysis within experi-
mental error. On the other hand, the slow com-
ponent (indicated by dotted lines in Fig. 2), which
accounts for 24% and 28% of all detected Cl
fragments, has a mean speed of 590 and 620 m/s
for Ar,CINO, and (H,O),CINO; clusters, respec-
tively. Both cluster types show the fragment an-
isotropy parameter to be f=0.0+0.1. This
component of the Cl products is attributed to

emerge from the photodissociation of CINO, in-
corporated in clusters (see below).

In order to explore cluster formation and clus-
ter size distribution, the CINO, concentration in
the premixed samples with Ar and H,O was var-
ied. Fig. 3 shows the effect on the TOF profiles of
the Cl photofragments on reducing the CINO,
concentration in Ar from 2% to 0.5% while keep-
ing the Ar stagnation pressure at 1.5 bar. A dis-
tinct, relative increase of a factor of almost two
(from 11% to 20%) is observed for the slow com-
ponent in Fig. 3a paralleled by a corresponding
increase of the isotropic part shown in Fig. 3b
(center portion). Moreover the distribution of the
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Fig. 2. CI(°P3),) photofragment speed distributions P(v) from
the REMPI-TOF data in Fig. 1, (a) Ar,CINO, and (b)
(H,0),CINO,. The dotted, dashed and chain-dashed lines in-
dicate Cl fragments form cluster dissociation, from channel 1(b)
and from channel 1(a), respectively. The arrows mark the
maximum thermodynamically allowed speed EF** for the re-
spective component.

slow Cl fragments is narrowed and its mean ve-
locity shifted from 750 to 590 m/s due to this de-
crease in the CINO, concentration. A similar effect
is observed when the stagnation pressure of Ar is
increased. Going from 1.5 to 2.5 bar and keeping
the CINO, concentration constant at 0.5%, the
relative increase of the slow component is from
20% to 31% accompanied by a narrowing of its
distribution. In both cases, i.e. for the CINO,
concentration decrease and the Ar pressure in-
crease, the velocity distributions of the fast and
medium components of the Cl fragments remain
unchanged.

The corresponding results for the (H,O),CINO,
clusters are displayed in Fig. 4. It shows the speed

distributions for CI(*Ps;) photofragment stem-
ming from photodissociation in an expansion of
0.4% CINO; in 2 bar He with varying H,O partial
pressures. The fraction of the slow component is
observed to increase with the water partial pres-
sure from 9% at p(H,O) = 40 mbar to 28% at 250
mbar. This is accompanied by a decrease in the
mean speed of the slow component which falls
from 700 to 620 m/s and by a decrease of the
distribution width. The mean speed of the middle
and fast component depends only slightly on
(pH,0) as evident from the reduction from 1750
and 2800 m/s at p(H,O) = 40 mbar H,O to 1650
and 2700 m/s at p(H,O) =250 mbar H,O, re-
spectively.

The cluster formation of (H,0),CINO, and
Ar,CINO, was recorded by the CI(*P;),) signal as
a function of the stagnation pressure. The
(H,0),CINO, cluster measurements were carried
out using a mixture of 0.4% CINO, in He at a
pressure of 0.4 to 2.5 bar and a constant H,O
partial pressure of 200 mbar. The signal intensity
for the slow component, which exclusively reflects
cluster formation, is depicted in Fig. 5. It shows an
abrupt increase at ~0.9 bar reaching a constant
maximum value at ~1.4 bar. This behavior is
reminiscent of a “phase transition” associated with
cluster formation [25,26]. At a stagnation pressure
below the onset pressure, the TOF profile is bi-
modal paralleling that of the monomer dissocia-
tion while pressures above the threshold yield
trimodal profiles which contain the additional slow
component. A similar behavior was observed for
Ar,CINO, as obtained with a mixture of 0.1%
CINO; in Ar and a changing pressure from 0.4 to
2.5 bar. The phase transition occurs here between
~0.8 and 1.2 bar (cf. Fig. 5).

4. Discussion

The photodissociation of CINO, monomer at
235 nm has been studied by the REMPI-TOF
method detecting the Cl ground state (*P;))
photofragment [19]. Two contributions were ob-
served in the speed distribution of CI(*Ps);),
15 4+ 5% of the fragments centered at 2700 m/s and
85 4+ 5% centered at 1700 m/s. The fast fragments
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Fig. 3. REMPI-TOF spectra of C1(*P3,) photofragments (b) and the corresponding speed distributions P(v) (a), as a function of the
CINO, concentration seeded in Ar at a stagnation pressure of 1.5 bar. The arrows mark ET**.

were attributed to decay channel 1(a) and the slow
ones to 1(b) where the NO, counterfragment
emerges in the ground X°A; and electronically
excited A’B, state, respectively. The recoil anisot-
ropy f§ was measured to be +1.1 4 0.1, suggesting a
transition dipole moment along the N-CI bond to
an excited electronic state of A; symmetry. The
dissociation lifetime estimated from this f§ value is
shorter than 2.2 ps. At the excitation wavelength of
235 nm corresponding to 508 kJ/mol, the available
energy E,, obtained by the energy balance

Eyi = hv — Do (Cl = NOy) + Ein(CINO,), (Ic)

is 370 kJ/mol; the dissociation energy D,
(CI-NO,) is 138 kJ/mol [14] and the internal en-
ergy of the parent molecule E;,(CINO,) in the
supersonic jet can be neglected. As the average
total translational energy (Et) was measured to be
~220 kJ/mol for channel (1a) and ~100 kJ/mol for
channel (1b) [19], the internal energy E.i, + Eyof 1S
thus 150 kJ/mol for NOQ(XZAl) and 154 kJ/mol
for NOZ(Asz). The electronic excitation of the
latter amounts to 116 kJ/mol [15].

The CI photofragement speed distribution re-
corded under various cluster formation condi-
tions are shown in Fig. 3 for Ar,CINO,, and in
Fig. 4 for (H,0),CINO; illustrating the influence
of a cluster environment on the photofragmen-
tation of CINO,. While for the monomer disso-
ciation a bimodal speed distribution of the Cl
fragment has been found [19], we observed three
speed distributions. The analysis revealed that the
fast and the medium component, which show the
same intensity ratio and the same speed maxima
under the various conditions applied, parallel the
behavior of the two components found in the
monomer dissociation for reactions (1a) and (1b).
Furthermore the recoil anisotropy for both of
these components, their non-Boltzmann speed
distributions and the absence of a phase transi-
tion with increasing stagnation pressure are in
excellent agreement with the monomer photolysis
[19]. Thus only the slow speed component in
Figs. 3 and 4 appears to be due to the CINO,
fragmentation in the cluster environment, while
the majority of the detected Cl fragments stems
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Fig. 4. CI(*P;52) photofragment speed distributions P(v) as a
function of the partial water pressure p(H,O) = 40-250 mbar.
The expansion condition were 2 bar He with 0.4% CINO,. The
arrows mark EP**.

from free or at most very weakly cluster-bound
CINO;,.

The analysis of the slow Cl fragments from
Fig. 2 shows an isotropic recoil and a Boltzmann
velocity distribution with a temperature of
450 + 100 K and 580 4+ 100 K (corresponding to
(Et) of ~5.6 kJ/mol and ~7.2 kJ/mol) for the ar-
gon and water clusters, respectively. These findings
allow us to assign the slow component to frag-
ments which are initially generated by photolysis
in the cluster interior. During the escape from the
evaporating cluster cage they are thermalized and
lose their vector correlation. The small (Et) values
calculated above (assuming mcy < Mmcpser) indicate
that most of E,,; = 370 kJ/mol is transferred to the
cluster cage. From inspection of Figs. 2-4 it ap-
pears as if the portion of the CI cluster fragments
would generally be small compared to all the CI
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Fig. 5. Argon and water cluster formation as a function of
the stagnation pressure py measured for the slow component in
Fig. 2. The expansion conditions were (a) 0.4% CINO, with
200 mbar H,O in helium and (b) 0.1% CINO; in argon.

fragments. However in our cluster photodissocia-
tion we detect only the CI fragments which escape
the cluster cage and for the broad cluster size
distribution created under our conditions we ex-
pect only small clusters to be melted upon pho-
tolysis. In large clusters the Cl fragments will
remain caged.

Fig. 3 shows the relative portion of CI cluster
fragments to increase with decreasing CINO,
concentration (from 2% to 0.5%) i.e. a higher
percentage of CINO, molecules becomes incorpo-
rated in clusters. A similar effect is observed when
the Ar pressure is increased. In the latter case this
is ascribed to the decreasing expansion tempera-
ture with increasing stagnation pressure leading to
more favorable cluster formation conditions. For
water clusters (Fig. 4) the increase of the cluster
material by increasing the H,O partial pressure
from 40 to 250 mbar produces more clusters and
hence more ClI cluster fragments relative to those
produced from the monomers.
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