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Abstract

The photodissociation of CH,Cl is studied by the ion imaging technique. At 235-243 nm, CI photofragments are
produced via the simultaneous excitation of the perpendicular (1A « 12B;) and parallel (2°B; « 1°B,) electronic
transitions. The relative populations and translational energy distributions of Cl fragments generated via each tran-
sition are extracted. H-atom products, which are detected in a one-color experiment at 243.1 nm, exhibit an angular
distribution characteristic of perpendicular transitions only. They may be produced via excitation to the valence 124,
and/or Rydberg 22A,(3s) states. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The photodissociation dynamics of methyl and
halogen substituted methyl radicals is a subject of
current interest, because of the role halomethyl
radicals play in upper atmospheric chemistry and
ozone depletion. Despite this interest, to date only
the photodissociation of the methyl radical has been
studied experimentally [1], and H + CH,(a' A) has
been identified as a major channel in dissociation
from the lowest excited, 3s Rydberg, state.

Recently, we identified Cl+ CH, as a major
channel in the photolysis of CH,ClI radicals in a
molecular beam at 312-214 nm. Based on the
measured product speed and angular distributions
[2], and recent high-level ab initio calculations of
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the vertical excitation energies of CH,Cl [3], we
attributed the Cl product at Apne = 247 nm to
excitation of the perpendicular 12A, «+ 1°B, tran-
sition, whose vertical maximum is at ~252 nm,
and identified the main dissociation channel at
these wavelengths as CHZ(X3B1) + CI(*P3)5). At
shorter wavelengths, ca. Apno <220 nm, the
strong, parallel transition 2°B; < 1?°B; dominated,
and the major product channels were
CH,(a'A;) 4+ CI(*Py/232). The latter transition
was also recorded in 300 K absorption, where an
intense maximum around 200 nm was observed
[4]. Both absorption bands are continuous, indi-
cating fast dissociation. The dominance of the Cl
channel is expected based on the antibonding na-
ture of the orbitals involved in the excitation (see
Section 4) [3].

In the region 235 < Aphot < 243 nm, the angular
distributions of the CI(*P;»3,2) products are speed
dependent, and the effective recoil anisotropy pa-
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rameter, .y, changes from positive to negative as
the product speed increases. This indicates that
parallel and perpendicular transitions are excited
simultaneously, and that the Cl product transla-
tional energy distributions arising from these
transitions are different.

In this Letter, we focus on the wavelength re-
gion in which simultaneous optical excitation to
more than one excited state is observed. From the
measured f parameters in spectral regions where a
single electronic transition dominates and the
variation of S with Cl speed, we are able to ex-
tract the fraction of Cl products that is generated
via each of the excited states, and determine its
corresponding translational energy distribution.

We also report the first observation of H-
photofragments (obtained by one-color photodis-
sociation/detection at 243.1 nm), and describe
their translational and angular distributions. Our
interest in the H + CHCI channel derives from the
proximity of its thermochemical threshold to that
of the Cl + CH, channel [2]:

CH,Cl
— Cl+CH, AH =391+5kJ mol™ (1)
— H+ CHCI AH =395+ 5 kJ mol™"  (II)

Based on the similarity between the H-atom
translational energy and angular distributions
obtained in the photodissociation of CHj; and
CH,Cl, we raise the possibility that the perpen-
dicular transition to the Rydberg 3s state also
contributes to channel II.

2. Experimental methods
2.1. Radical production

CH,(Cl radicals are produced by thermal de-
composition of chloroiodomethane (CH,ClI) in a
pulsed pyrolysis source, as described before [2].
According to known thermochemical data [5-12],
the lowest energy dissociation channel of CH,CII
leads to CH,Cl + I (AH° = 242 kJ/mol). The next
two channels, CHCl+ HI and CH,I + Cl, have
higher thermochemical thresholds: AH® = 337 and
367 klJ/mol, respectively. This difference allows

optimization of the conditions in the pulsed pyr-
olysis source to maximize production of CH,Cl.

The experiments are performed using a pulsed
molecular beam containing 1.0% CH,CII in 1.0
atm of He. The gas mixture is prepared by passing
the carrier gas over CH,ClI (Fluka, > 97% purity)
kept at —18 °C in a benzyl alcohol slush. The
mixture is expanded through a pulsed piezoelectric
valve (10 Hz repetition rate) with a heated SiC
tube nozzle [13]. The optimal conditions of the
pulsed pyrolysis source are determined by mea-
suring the relative yields of CH,Cl and HI in the
molecular beam with 2+ 1 REMPI at 303.18 nm
or 300.1 nm, respectively [2,14], at several nozzle
temperatures and backing pressures. Under con-
ditions, where CH,Cl is maximized relative to the
other products only about half of the precursor is
pyrolyzed.

Following supersonic expansion, the radicals
are skimmed twice before entering the reaction
chamber. Experiments are carried out in the
leading edge of the molecular pulse in order to
take advantage of velocity slip and minimize sig-
nals from the photodissociation of CH,CII [2,15].

2.2. Photodissociation and detection of products

Radical photolysis and product detection are
achieved using the frequency doubled output of
Nd:YAG pumped dye laser systems. In the case of
H-atom products, a single laser at 1 = 243.14 nm
is used for both photolysis and product ionization.
Less than 0.1 mJ of laser energy is used in a beam
focused with a 46.0 cm focal length lens. Hydrogen
atoms are ionized by 2 + 1 REMPI. To interrogate
CI(*P;);) products with ~243 nm photolysis, one
laser system is used for photolysis (pump) and the
other to ionize the product (probe). The pump
laser wavelength is slightly shifted from the hy-
drogen atom  REMPI  wavelength, to
Jphot = 243.23 nm, in order to avoid space charge
effects due to simultaneous ionization of H-atoms.
CI(*Py/») products are usually ionized by 2+ 1
REMPI at }vphot = 235.34 nm via the 2D3/2 — 2P3/2
transition [16]. The polarizations of the two lasers
are fixed parallel to each other and kept perpen-
dicular to the plane defined by the molecular beam
and the laser propagation axis. Using unpolarized
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probe radiation, or REMPI transitions via the
281/, < *Py; and P, « Py, transitions did not
lead to significant changes in the speed-dependent
angular distributions, within our experimental ac-
curacy. Thus, alignment effects are not important
for assessing the contributions of the parallel and
perpendicular transitions to the images. The pump
(1.0 mJ) and probe (0.15 mJ) laser beams are fo-
cused with 40.0 and 30.0 cm focal length lenses,
respectively. During the acquisition of an image,
the probe laser is scanned over the full Doppler
profile of the monitored fragment.

The velocity mapping photofragment ion
imaging arrangement used for product detection
has been described previously [16,17]. In brief, it
consists of an ion-acceleration stage, a 60-cm long
drift tube, and a CCD camera that monitors a
phosphor screen coupled to a MCP detector. The
ion-optics consists of a repeller, an open extractor
electrode, and an open ground electrode.

2.3. Image processing

Background signals are subtracted from the
images obtained in two-color pump and probe
experiments. First, the signal generated by the
probe laser alone is monitored. Then, the ‘dark
noise’ of the CCD camera is collected with both
the pump and probe lasers off. In the one-color
experiments, the main background arises from H-
ions generated from the residual gas, which have
isotropic angular distributions. The signal gener-
ated with the nozzle closed is subtracted to elimi-
nate the contribution of this background.
Additionally, the signals obtained with the pyrol-
ysis tube heating on and off are always compared
in order to verify that the signal originates from
the radical. The resultant images are normalized to
the relative sensitivity of the pixels in the CCD
camera. The inverse Abel transform is performed
on the normalized signal to extract the 3D distri-
butions [17-19].

The fragment translational energy distribution
is derived from the speed distribution, which is
obtained from the transformed images by inte-
grating the signal for each radial distance from the
center (after calibrating the image for conversion
from distance to speed). The total center-of-mass

(c.m.) translational energy distribution, £, is de-
rived by scaling according to the mass ratio dic-
tated by the momentum and energy conservation.
We only display the c.m. translational energy dis-
tribution above 1900 cm~!, because in the Abel
transform the errors accumulate towards the cen-
ter of the image, which corresponds to low trans-
lational energies (see Figs. 1 and 2).

We have discussed the determination of the
angular distribution in detail previously [20].
Briefly, to obtain the speed-dependent angular
distributions the velocities within a prescribed
small velocity range Av are summed and the value
of the recoil anisotropy parameter, S (v), is de-
termined in the usual manner [2,20,21]. The lim-
iting values of f§ are +2.0 and —1.0 for parallel and
perpendicular transitions, respectively. In a paral-
lel transition in CH,Cl, the transition dipole mo-
ment is parallel to the C-CI bond [2].

3. Results and analysis

As discussed above, with 235-243 nm photoly-
sis simultaneous transitions to several excited
states are evident. Fig. la depicts an Abel trans-
formed image of CI(*Ps;) obtained with 243.23
nm photolysis. In this figure, as in all other images,
the electric field vector of the photolysis laser is
parallel to the vertical direction of the image plane.
Fig. 1b shows the total photoproduct c.m. trans-
lational energy and the anisotropy parameter dis-
tributions obtained by monitoring CI(*P/,). The
width of the CI(°P3,) translational energy distri-
bution corresponds to a range of internal excita-
tions in the CH, co-fragment, as discussed in our
previous work [2]. The energy thresholds for the
production of the ground and first excited states of
the CH, co-fragment are indicated in Fig. 1b.

In our previous work we obtained the values of
p=1240.1 and —0.7 0.1 for the parallel and
perpendicular transitions, respectively, which were
speed-independent [2]. At Jphot = 243.24 nm, S of
CI(*P5») is different than these previous values and
is speed dependent, i.e., products with higher
translational energies have smaller values of f.;
(down to —0.4) than do those with lower transla-
tional energies (up to 0.2). The variations are re-
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Fig. 1. (a) Abel transformed image of CI(*Ps,) obtained from CH,Cl photodissociation at 243.23 nm. CI(*P3)») is detected by (2 + 1)
REMPI at 235.34 nm. The electric field vector of the photolysis laser is parallel to the vertical direction of the image plane. (b) C1(*Ps),)
signals as a function of total c.m. photofragment translational energy, £, are given by the solid curve (arbitrary units). The squares

show the values of the recoil anisotropy parameter,

Peir» determined at specific translational energies. The connecting lines are for

convenience of viewing. The error bar depicts the typical error in the measurement of f.;, and the long arrows indicate the energy
thresholds for the production of CHz(f@Bl) and CH,(a'A,) from vibrationally cold CH,Cl. (c) Product c.m. translational energy
distributions for the perpendicular (dot-dashed curve) and the parallel (solid curve) transitions extracted from the total c.m. trans-
lational energy distribution shown in (b) as described in the text. The plotted probabilities reflect the relative populations. The error

bars are determined by the uncertainty in f.g-.

producible and larger than the measurement error.
Our results at Aot = 235.34 nn, presented previ-
ously [2], show a similar behavior of S as a
function of speed both for CI(*P;),) and CI(*Py ),
and . ranges from about 0.9 to 0.3. The error in
the anisotropy parameter measurements reflects
the spread in values obtained from several images.

In Fig. 2, an image of the H atom photoproduct
obtained in a one-color experiment at 243.1 nm
and the corresponding c.m. translational energy
and anisotropy parameter distributions are shown.
The channel II threshold is also marked. Because
of high contributions from background hydrogen
ions, the signal to noise ratio was poor and we
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Fig. 2. (a) Abel transformed image of the H-atom photofrag-
ment obtained in a one-color experiment at 243.14 nm. The
electric field vector of the photolysis laser is parallel to the
vertical direction of the image plane. (b) H-atom signals as a
function of the total c.m. photofragment translational energy,
E,, are given by the solid curve (arbitrary units). The squares
show the values of the recoil anisotropy parameter, f.;, de-
termined at specific translational energies. The connecting lines
are for convenience of viewing. The arrow indicates the energy
threshold for channel II.

were able to get reliable results only for the
one-color experiment. Unlike CI(*P3;) at this
wavelength, the angular distribution of H is
characteristic of a perpendicular electronic transi-
tion at all speeds (f = —0.5+£0.1). At transla-

tional energies greater than 8000 cm™', the

anisotropy measurements become less reliable be-
cause of larger contributions from the residual H
background signal, which is isotropic.

3.1. Analysis of Cl images in the region of 235-243
nm

The separate product c.m. speed distributions
for the perpendicular and parallel transitions at
235-243 nm can be extracted for channel I at each
dissociation wavelength from the measured speed
distribution, P(v), and the values of f,.; at each
product speed v. The following assumptions are
used in the extraction procedure: (i) each measured
product speed distribution, P(v), is a combination
of two distributions, P;(v) and P,(v), which arise
from the excitation of a perpendicular and a par-
allel transition, respectively; (ii) each of these two
separate distributions is characterized by a value
of the anisotropy parameter (f,,) which is speed-
independent; (iii) the f values measured in pho-
tolysis regions where a single excited state is ac-
cessed can be used for the perpendicular and
parallel transitions, respectively [2]. The values
p,=-0.7+0.1 and 5, = 1.2 £ 0.1 were obtained
for the pure perpendicular and parallel transitions
excited in the regions 312-247 and 219.5-214 nm,
respectively [2]. From these assumptions it follows
that for each product speed v:

P(e) = PL(v) + Pa0), 1)
fualo) = PO P o)
and, therefore,

A =L L) G)
Ao = PP ), @)

In Fig. 1c we show the separate c.m. translational
energy distributions associated with the parallel
and perpendicular transitions at 243.23 nm ob-
tained by using Egs. (3) and (4), and 5, = 1.2 and
p, = —0.7. The error bars shown in the figure re-
flect the signal to noise ratio in the measured c.m.
translational energy distribution shown in Fig. 1b,



262 A.B. Potter et al. | Chemical Physics Letters 349 (2001) 257-265

Perpendicular

@ pE) Aghot= 23534 nm
1.0,

0.84
0.6
0.4+

0.2

4000 6000 8000 10000 12000 14000

E, cm’™!

0.0+
2000

(c) PE)

1.04

Appot = 24323 nm

0.84
0.6
0.4

0.24

10000 12000 14000

0.0k . : .
2000 4000~ 6000 8000
E, cm

(e) P(E)

1.0

Aohot = 247 nm

0.2+

6000 8000
E, cm’!

0.0+ T
2000 4000

10000 12000 14000

Parallel

) pE) Dphot = 235.34 nm
1.04

(b

CH, @'Ap)

0.8

0.64

0.4

0.24

0.0+ T
2000 4000

— ¥ - )
6000 8000 10000 12000 14000
E, cm
(d) P(E)
1.04

}"phot =243.23 nm

0.84
0.6
0.4

0.2

0.0+ v
2000 4000

6000 8000 I10600 12000 14000

E,cm

 PE)
1.04

Aphot = 214 nm

0.8
0.6
0.41

0.2

6000 8000 10000 12000 14000
E, cm’!

0.0
2000 4000

Fig. 3. In the left and right panels, the c.m. translational energy distributions for channel I (Cl(*Ps);) fragment) arising from the
perpendicular and parallel transitions, respectively, are shown, normalized to the same maximum. At 235.34 and 243.23 nm, they are
extracted from the corresponding total c.m. translational energy distributions as described in the text. In panels (e) and (f), the dis-
tributions obtained before at wavelengths where only the perpendicular or parallel transition is excited, respectively, are shown for
comparison [2]. The arrow in panel (e) marks the thermochemical threshold of channel I for cold CH,Cl radicals.

as well as the error in the measured f,;(v) values
(£0.1).

Fig. 3 shows the total c.m. translational energy
distributions for the perpendicular (left panels)
and parallel (right panels) transitions that were
extracted from the corresponding CI(*P3),) prod-

uct speed distributions obtained at Appo =
235.34 nm (panels a, b), and Aphot = 243.23 nm
(panels ¢, d). The distributions for pure perpen-
dicular (panel e) and parallel (panel f) transitions
were measured before at Ayno = 247 and 214 nm,
respectively [2]. Each distribution is normalized to
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Table 1

Relative contributions of the perpendicular and parallel transitions

CI(Py))

Jphot = 243.23 nm
(Eq = 8430 cm™)

CI(*P32)
Aphot = 235.34 nm
(Eqn = 9812 cm™)

CI(*Py2)
Aphot = 235.21 nm
(Ea = 8954 cm™!)

Relative yield (perpendicular/parallel) 26+04

0.48 +0.08 0.5140.08

its maximum. We also extracted the contributions
from the perpendicular and parallel transitions by
monitoring CI(*P, /2) At Aphot = 235.21 nm (see [2,
Fig. 7]). They are similar to those for CI(*P;,) at
235.34 nm.

Table 1 lists the relative contributions of the
perpendicular and parallel transitions calculated
by integrating the extracted perpendicular and
parallel components over all speeds. As expected,
the relative amount of the perpendicular compo-
nent decreases with increasing excitation energy.
The accuracy of the relative yield calculations re-
flects mainly the accuracy of determining the an-
isotropy parameters f3,,; i.e. £0.1. Changing the
values of f8;, within these limits does not signifi-
cantly affect the shapes of the distributions, but
only the relative populations.

4. Discussion

The results and analysis reported above enable
us to extract the fractions of CI products produced
via either the parallel or perpendicular transitions,
and determine the corresponding translational
energy distributions. The main assumption in-
volved in the analysis is that the § parameter as-
sociated with each transition does not vary with
wavelength. This is a reasonable assumption,
considering that all the investigated wavelengths
are thousands of wave numbers above the ther-
mochemical threshold of channel I, and the dy-
namical behavior appears to be dominated by
strong repulsive forces. Before comparing the ex-
tracted distributions with those obtained in re-
gions where absorption to a single electronic state
dominates, the relevant excited electronic states
are briefly discussed.

In recent ab initio calculations it was found that
in the 300-200 nm region, three electronic transi-

tions are allowed [3]. The two lowest-energy tran-
sitions are perpendicular; the first involves the 12A
valence state arising from ¢, « T €Xcitation,
and the next one excites the 22A; Rydberg state
(3s «— m&q). Their vertical maxima are at 4.92 eV
(252 nm) and 5.54 eV (224 nm), respectively. The
third and strongest allowed transition, whose cal-
culated vertical maximum is at 6.33 eV (196 nm), is
parallel and involves excitation to the valence 2B,
state (mi < Tca). Because excitation to the two
valence states involves promoting an electron to a
C—Cl antibonding orbital, it is not surprising that
Cl is the dominant dissociation product.

A distinctive feature of the perpendicular tran-
sition giving rise to channel I is the intense ‘hot
band’ absorption observed even in the supersonic
beam. At wavelengths >260 nm and with He as a
carrier gas, at least half of the Cl products are
generated via hot band excitation, and although
this fraction diminishes at higher excitation ener-
gies, it is still significant at 247 nm. Previously, we
identified the C-Cl stretch as a major contributor
to the hot bands, and concluded that the C-Cl
bond length in the ground and 12A; states must be
quite different [2]. It is likely that the 12A1 state is
bound in the C-Cl coordinate, but that at the
wavelengths where absorption is significant, the
radical is excited to regions of the potential energy
surface that are repulsive in the C-Cl coordinate.
The Cl translational energy distributions obtained
from images taken at Ay < 266 nm indicate that
a large fraction of the available energy is deposited
in relative translation. CH,(X*B;) and CI(*Ps,)
are the main photofragments.

The parallel transition observed at Agpe =
214-220 nm is at the red wing of the strong tran-
sition whose observed peak is around 200 nm [2,4].
We find that CI(*Ps);) and CI(*P,,) are produced
in comparable amounts at these wavelengths, and
CH,(a'A) appears to be the predominant state of
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the methylene co-fragment. The Cl translational
energy distributions are broad and their maxima
are at energies where about half the available en-
ergy is deposited as internal energy (electronic,
vibrational and rotational) of the methylene co-
fragment. The excited 2B, state is probably repul-
sive [2].

The photolysis wavelengths used in the present
work correspond to the red wing of the parallel
transition and the blue wing of the valence per-
pendicular transition. Inspection of the extracted
Cl distributions for the perpendicular transition
shows that, in accordance with the trends observed
before, the distributions contain a diminishing
fraction from ‘hot band’ excitation at the shorter
wavelengths, and most of the fragments have high
translational energies. However, we find that al-
though in the peak region of the transition,
CI(*P5)») is the dominant product, C1(*P; ;) images
obtained at 235.21 nm and 240.25 nm (not shown
here), although exhibiting overall a positive fy,
contain a significant fraction of CI(*P;,,) products
that derives from the perpendicular transition. Not
surprisingly, the exit-channel interactions that are
responsible for mixing the two spin-orbit states of
chlorine depend on the excitation energy.

As expected, at shorter wavelengths the fraction
of the parallel transition increases relative to the
contribution from the perpendicular transition.
The translational energy distribution of the par-
allel ClI component resembles qualitatively the
distributions obtained in regions where this tran-
sition dominates [2]; i.e. hot-bands are less im-
portant than in the perpendicular transition, and
the translational energy distributions correspond
to a large fraction of the available energy in the
internal degrees of freedom of the CH, co-frag-
ment. From the measurements at 220-214 nm we
concluded that CH,(a'A,) is the main product [2].
At the lower excitation energies studied here, we
find that a larger fraction of the products have
internal energies that are lower than the excitation
energy necessary to reach the CH,(a'A,) state (at
3147 cm™). It appears therefore that the fraction
of ground-state methylene increases at lower ex-
citation energies. Extrapolating from the measured
shape of the CH,Cl absorption spectrum in the
region of the parallel transition [4], we estimate

that the absorption cross section at 235-243 nm is
more than an order of magnitude lower than the
absorption at the peak.

In contrast to the Cl angular distribution ob-
tained at 243.24 nm, the H-photofragment at
243.14 nm arises exclusively from perpendicular
transition(s), and the measured value of f =
—0.54+0.1 is speed independent. The H-photo-
fragment energy distribution is quite different from
the corresponding perpendicular component of the
Cl distribution at the same photolysis wavelength.
Although both the Cl and H translational energy
distributions exhibit a larger hot band component
than do the Cl distributions from the parallel
transition, a smaller fraction of the available en-
ergy appears as translational energy for channel II
than it does for channel I. Furthermore, the c.m.
translational energy distribution of channel II is
rather similar to the one observed in the CH; —
H + CH, dissociation from the 3s Rydberg state
[1]. North et al. obtained a negative § parameter for
this process at 193.3 nm, and determined that the
c.m. translational energy distribution is broad and
peaks at ~ 5000 cm~', while the total available
energy is ~12200 cm™!. In our case, the transla-
tional energy distribution for channel II is broad as
well, and extends down to the lowest translational
energies. Since the vertical maximum of the
3s « 12B, transition is calculated to lie at ~224 nm
[3], excitation at 243 nm would be at the red wing of
this transition (whose adiabatic origin is yet un-
known), and might also contribute to the observed
signal. A study of the H-photofragment yield
spectrum and its comparison to the Cl photofrag-
ment yield spectrum should shed further light on the
nature of the participating states, but unfortunately
could not be carried out with our present experi-
mental arrangement because of the small signals
and the large H-background discussed above.

In summary, the Cl images in the spectral region
235-243 nm indicate that both the perpendicular
(1A, < 1’B;) and parallel (2°B; < 1°B,) transi-
tions contribute significantly to Cl formation via
channel I, with the fraction of the parallel transi-
tion increasing as the wavelength is decreased. The
shapes of the translational energy distributions,
which are determined by the shape of the potential
energy surface near the Franck—Condon region for
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excitation, remain qualitatively similar to those
obtained in regions where the transitions are iso-
lated. The fractions of the electronic and spin-orbit
states of the products, which depend on specific
surface crossings, change with excitation wave-
length. H-atom is identified as a minor product. We
raise the possibility that in addition to the
12A; «— 1?B, perpendicular transition, excitation
to the Rydberg 3s state also contributes to H-for-
mation. Although we do not have a direct proof for
the participation of the Rydberg state, nor do we
know the corresponding band origin of the tran-
sition, the H-atom distributions (angular and en-
ergy) are qualitatively similar to those obtained in
the dissociation of the methyl radical from the 3s
state at 193.3 nm [1,3]. Therefore, this suggestion
merits further investigation.
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