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The DC slice imaging method is used to record energy- and angle-resolved distributions for both ground-
state Cl (2P3/2) and spin-orbit excited Cl* (2P1/2) photofragments produced from the A˜ -band photolysis of
CH3Cl at 193.3 nm. The dissociation is found to be highly impulsive, with∼90% of the available energy
being released into translation. The angular distributions are predominantly perpendicular in the case of both
the ground state and spin-orbit excited chlorine atom fragments, as characterized by recoil-energy averaged
values ofâ ) -0.46 andâ* ) -0.74 respectively, although we find considerable variation in both channels
as a function of CH3 internal energy. In contradiction with previous measurements, we conclude that the
transition to the1Q1 state dominates much of the A˜ -band profile, and this has significant implications for the
description of the dissociation dynamics. Our findings are rationalized in terms of similar measurements
performed with other methyl halides and their H atom substituted analogues.

1. Introduction

Over the past 25 years considerable effort has been invested
in developing a detailed understanding of the initial electronic
excitation and subsequent inter-surface dynamics that play a
role in the Ã-band photolysis of both CH3I1-14 and CH3Br.15-18

Many recent studies have also investigated the fluorinated and
chlorinated analogues of the methyl group.19-29 In all of these
cases, single photon absorption leads to a broad and unstructured
continuum band that exhibits two dominant photofragmentation
pathways:

As was first demonstrated by Mulliken,30 for a system of the
type CX3Y, the lowest lying electronic transition arises from
the promotion of a nonbonding lone pair electron on the Y atom
to a σ* orbital localized along the C-Y bond. In the presence
of spin-orbit coupling, the excited state electronic configuration
gives rise to three optically accessible potential surfaces that
are traditionally denoted1Q1, 3Q0, and3Q1 (which correspond
to 1Π1, 3Π0, and3Π1 in conventional Hund’s case a notation).
All three excited state surfaces are repulsive and dissociate
rapidly compared to the time scale of molecular rotation.1,31

Transitions to the1Q1 and3Q1 states are perpendicular in nature
and asymptotically correlate with the exclusive formation of
ground-state Y (2P3/2) atoms. Excitation to the3Q0 state is of
parallel character and correlates with spin-orbit excited atom
products, Y* (2P1/2). This is summarized graphically in Figure
1. Along the C-Y dissociation coordinate, these states do not
interact in the equilibriumC3V geometry. However, distortion
of the molecular frame lowers the overall symmetry toCs and

this can result in a strong coupling between the1Q1 and 3Q0

states. This coupling gives rise to a conical intersection that
may produce a significant intersystem crossing as the molecule
falls apart. Since the crossing point does not lie in the Franck-
Condon region, the atomic product branching ratio and the
associated fragment angular distributions may be rationalized
in terms of the oscillator strength carried by the transition to
each of the three states1Q1, 3Q0, and3Q1 at a given excitation
wavelength and the probability that intersystem crossing
subsequently occurs as the fragments separate.

In the case of methyl iodide, the A˜ -band absorption lies in
the 210-350 nm region, with a maximum at∼260 nm. Owing
to the relative ease with which this range of wavelengths may
be produced experimentally, CH3I has been by far the most
extensively studied of the methyl halide species. As first
demonstrated by Gedanken and Rowe,32 and later reaffirmed
by subsequent investigations,7,33 the parallel transition to the
3Q0 surface is the overwhelmingly dominant absorption, with
very weak perpendicular excitations directly to the1Q1 and3Q1
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Figure 1. Schematic representation of the key elements that play a
role in the Ã-band photolysis of the generic symmetric top molecule,
CX3Y, in the presence of significant spin-orbit coupling, along the
C3V reaction coordinate.
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surfaces only becoming significant at the extreme blue4 and red
wings5-7 of the band, respectively. This observation is attributed
to the large spin-orbit coupling induced by the presence of
the iodine atom mixing the various excited states and bringing
about an effective breakdown in the selection rules governing
the restriction on singlet-triplet transitions (it is not known why
the 3Q0 transition is so much stronger than the3Q1 transition
however). This behavior is reflected in the photofragment
branching ratio, where [I*]/[I]> 3.0 across the majority of the
absorption profile.7,34 Additionally, the angular distribution of
the dominant I* (2P1/2) channel exhibits aâ-parameter which is
very close to the limiting parallel value of 2.0. The observation
of ground-state I (2P3/2) atoms is largely attributed to an
intersystem crossing through the conical intersection formed
between the1Q1 and3Q0 surfaces as the transition state distorts
away fromC3V symmetry. This picture of predominantly indirect
ground-state iodine atom formation is born out by the parallel
character of the I (2P3/2) fragment angular distribution, withâ
∼ 1.7 at photolysis wavelengths shorter than∼300 nm.7 This
slightly reduced value ofâ relative to the near limiting behavior
of â* observed in the spin-orbit excited iodine atom channel
is a direct consequence of the distorted transition state geometry
required to induce the inter-surface coupling. Far out on the
red wing of the Ã-band absorption (λ > 300 nm),â (2P3/2) falls
steadily to∼0.25 at 330 nm, and this effect may be attributed
directly to increasing transition strength carried by the perpen-
dicular transition to the3Q1 surface in this region. Additionally,
the fraction of ground state iodine atoms produced rises
considerably over this range, and although this observation may
also be explained in part by the increased involvement of the
3Q1 state (which correlates asymptotically with the formation
of ground-state I atoms), it is known that the intersystem
crossing transferring population from the3Q0 surface to the1Q1

surface also plays a key role since the possibility of this process
occurring is significantly enhanced at longer wavelengths owing
to the slower photofragment recoil velocity. It should be noted
that the3Q0 and3Q1 surfaces are not thought to interact.12,14

The internal energy distribution of the methyl fragment
following the dissociation of CH3I has also been considered in
many studies. It is generally accepted that the dissociation
induces a degree of vibrational excitation within the CH3 out-
of-plane bending mode,ν2, and that this is considerably more
pronounced in the ground-state I (2P3/2) channel than in the I*
(2P1/2) case, due to the different angles the C-H bonds make
to the symmetry axis in the3Q0 and1Q1 states and the abrupt
change in geometry that therefore occurs at the seam of the
conical intersection.12 Excitation of the CH3 symmetric stretch,
ν1 (and more recently the asymmetric deformation,ν4), has also
been observed. Additionally, the end-over-end rotation (associ-
ated with theN quantum number) of the methyl fragments from
the I (2P3/2) channel is found to be hotter than in the I* (2P1/2)
channel, while the rotation about the principal symmetry axis
(associated with theK quantum number) is cold in both
instances. In the I (2P3/2) channel this is attributed to the zero-
point vibration of theν6 bending mode in CH3I inducing a
“kick” to the departing CH3 fragment at large separation
distances (i.e., beyond the conical intersection) as the molecule
falls apart. On the3Q0 surface (which correlates with the I*
(2P1/2) channel) the steeper walls of the potential relative to1Q1

cause this motion to be suppressed. It should be noted that,
although most studies investigating the internal state distributions
of the CH3 fragment agree qualitatively, the exact extent of both
the rotational and vibrational energy partitioning has been the

subject of some debate, a more thorough discussion of which
may be found in the recent work of Eppink and Parker.7,11

Studies investigating the A˜ -band absorption of CF3I show
very similar findings to those reported in CH3I, with parallel
absorption to the3Q0 surface again dominating over much of
the absorption band and evidence of nonstatistical energy
partitioning in the CF3 fragment.19-22,28,29A subtle difference
however is that the extent of the parallel character in the
fragment recoil anisotropy of the I (2P3/2) channel is reduced
relative to that in CH3I, and this pathway is even observed to
become predominantly perpendicular at excitation wavelengths
>295 nm, indicating increased involvement of the low-lying
3Q1 state.

The situation in methyl bromide is somewhat different from
that encountered in methyl iodide. The A˜ -band absorption is
blue-shifted into the 175-270 nm region, with a maximum at
around 202 nm.35,36Owing to the reduced spin-orbit interaction
that results from replacing iodine with a lighter bromine atom,
the restrictions governing singlet-triplet transitions become
more strictly enforced. Electronic transitions to the3Q0 and3Q1

states are therefore now reduced in intensity relative to those
to the1Q1 surface, and the cross sections for excitation to3Q0

and 1Q1 in fact become comparable across much of the
absorption band.15,17This change in relative transition strength
is clearly observed in the bromine atom angular distributions,
where the ground-state Br (2P3/2) fragments display predomi-
nantly perpendicular behavior across much of the absorption
region. This is particularly pronounced on the blue wing of the
band,15,16providing clear evidence for the greatly increased role
of the1Q1 state compared to the situation in CH3I. This change
in the relative absorption strengths is also illustrated at longer
wavelengths, where the anisotropy in both the Br (2P3/2) and
Br* (2P1/2) channels is seen to fall considerably due to an
increased propensity for intersystem surface crossing between
dissociating species originating from both the3Q0 and1Q1 states.
This is in contrast to the situation in CH3I, where only the
anisotropy in the I (2P3/2) channel is significantly reduced since
the majority of the initial population is prepared exclusively on
the 3Q0 surface and significant transfer of population via the
conical intersection can therefore only occur in one direction.
As in CH3I and CF3I, there is also evidence of both vibrational
(ν2) and rotational excitation of the methyl fragment, particularly
in the Br (2P3/2) channel.17,18

Limited studies investigating the A˜ -band photolysis CF3Br
and CCl3Br have also been carried out.23-27 As in the case of
CH3Br, there is strong evidence for absorption to multiple
surfaces in the initial excitation, in conjunction with significant
intersystem crossings during the subsequent dissociation. One
interesting point of note here is that, in the case of CCl3Br
photolysis at 234 nm, Jung et al.26 report that both the Br (2P3/2)
and Br* (2P1/2) channels display predominantly perpendicular
anisotropy (as characterized byâ ) -0.44 andâ* ) -0.31
respectively) and this represents the first example of such
behavior in Ã-band dissociation studies of CX3Y type species.
This observation was attributed to a large (80%) contribution
of the 1Q1 surface to the total absorption in this instance, and
although not directly addressed by the authors, one may
speculate that the presence of the Cl atoms serves to reduce the
overall extent of the spin-orbit coupling interaction.

The Ã-band absorption continuum of methyl chloride lies in
the deep UV region between 165 and 230 nm. This system has
been somewhat neglected in favor of the experimentally more
convenient absorption bands of the bromide and iodide ana-
logues, with very little information relating to the dissociation
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dynamics having been reported. Kawasaki and co-workers first
studied the photolysis of CH3Cl at 193.3 nm using time-of-
flight mass spectrometry and found the dissociation event to
be well described by a simple impulsive model, with most of
the available excess energy being released into fragment
translation.37 The [Cl*]/[Cl] branching ratio at 193.3 nm was
first reported by Hirota and co-workers to be 0.50( 0.05, based
upon time-resolved absorption profile measurements.38 A sub-
sequent investigation by Matsumi et al. employing Doppler
spectroscopy determined the [Cl*]/[Cl] branching ratio to be
0.58 ( 0.05 and reported that the angular distribution for the
ground-state Cl (2P3/2) atoms was almost exclusively of parallel
character.39,40This observation was rationalized in terms of an
initial excitation taking place to the3Q0 statesa parallel
transition asymptotically correlated with the production of spin-
orbit excited Cl* (2P1/2) atomsswith subsequent intersystem
crossing to the1Q1 state giving rise to the appearance of the
ground-state products. No measurement of the spin-orbit
excited Cl (2P3/2) fragment angular distribution was reported in
this study however. Similar findings were documented at the
same photolysis wavelength by Dagdigian and co-workers, who
quote a [Cl*]/[Cl] value of 0.62( 0.06 and who also observed
a qualitatively parallel distribution for the Cl (2P3/2) fragments.41

In addition, this study revealed the presence of a minor H atom
elimination channel and demonstrated a profound change in the
observed product state branching ratios and Cl (2P3/2) angular
distribution when the fourth C-H overtone stretch of the methyl
group was excited prior to interaction with the 193.3 nm beam.
This was attributed to the vibrational excitation inducing a
change in the nuclear dynamics of the same excited state
potential surfaces as accessed in the case of internally cold CH3-
Cl, rather than the involvement of any additional electronic
states. It should be noted at this point that the [Cl*]/[Cl]
branching ratios of 0.58( 0.05 and 0.62( 0.06 that are quoted
above were initially reported based upon (2+ 1) REMPI line
strength factors determined by Kawasaki and co-workers.40

These values may be rescaled to 0.84( 0.07 and 0.89( 0.08,
based upon subsequent studies of HCl dissociation by Wittig
and co-workers.42 A more recent paper by Ashfold and
co-workers43 confirms the observations of the Wittig group, and
also provides a good review of this issue, to which the reader
is directed for further information.

Further limited studies investigating the dissociation dynamics
of ground-state CH3Cl have been performed out on the extreme
red edge of the A˜ -band absorption at 212, 218, and 235 nm.44,45

Importantly, at 212 and 218 nm there have been quantitative
measurements of the Cl-atom angular distributions, and both
the Cl (2P3/2) and Cl* (2P1/2) channels were found to be
preferentially of parallel character, with each fragment channel
exhibiting â ∼ 1.1 at both wavelengths. As at 193.3 nm, the
nature of the photofragment anisotropy was interpreted as the
result of a dominant transition to the3Q0 surface.

The experimental findings reported to date in the case of CH3-
Cl are somewhat at odds with the original theoretical predictions
of Mulliken,30 who concluded that, in contrast to the case of
CH3Br and CH3I, the weak spin-orbit interaction induced by
the chlorine atom would bring about insufficient state mixing
to produce any significant breakdown in the selection rules
governing the restriction on singlet-triplet transitions. Absorp-
tion to the 1Q1 surface should therefore be the dominant
transition across almost all of the A˜ -band in methyl chloride,
and this assertion appears to be supported by the decomposition
analysis of the band performed by Gedanken and Rowe using
magnetic circular dichroism (MCD) spectroscopy.32 Although

the MCD work predates the small handful investigations into
the dissociation dynamics described above, there have been no
attempts to fully reconcile the discrepancies between these
various studies or to quantify the dynamics to the same detailed
extent as has been done previously with other methyl halide
species. Here we present a new evaluation of the A˜ -band
absorption of methyl chloride at 193.3 nm based on data
recorded using the recently reported DC slicing variant of the
well-known photofragment imaging technique, as outlined in
the following section.

2. Experiment

The key aspects of the experimental setup employed in the
DC slice imaging approach have been described in detail
elsewhere.46 Only the points specific to this particular study will
be summarized here. A molecular beam comprising 10% methyl
chloride (stated purity 99.5%) seeded in argon was introduced
into the source chamber of our differentially pumped apparatus
at a backing pressure of∼2 bar. After passing through a
skimmer, the collimated beam entered into a velocity mapping
electrode assembly optimized for slice imaging and was then
intersected at right angles by two counterpropagating laser
beams. The photolysis laser (193.3 nm) was produced using an
argon fluoride mini-excimer system (GAM EX10/600) running
at 10 Hz. Polarization selection of the electric field vector was
achieved by allowing this beam to pass through a “pile-of-plates”
stack comprising a total of eight fused silica windows set at
Brewster’s angle. The electric field vector was chosen to be
parallel to the imaging plane of the detector. The power of the
photolysis laser was attenuated to approximately 400µJ/pulse,
and the beam was focused into the interaction region using a
30 cm lens. The probe laser was provided by frequency tripling
the output of a dye laser (Continuum Jaguar, LDS 722 dye)
pumped by the 532 nm harmonic of a Nd:YAG laser (Quanta
Ray DCR-2). The polarization of this beam (∼300 µJ/pulse)
could be set either vertical or horizontal using a Soleil-Babinet
compensator (Special Optics) before being focused through a
second 30 cm lens. The Cl-atom photofragments produced in
the dissociation event were initially probed using the following
(2+1) REMPI schemes:

It should be noted however that several other nearby
transitions were subsequently used as a means of confirming
our experimental observations. The probe laser was calibrated
with a wavemeter (Coherent WaveMaster), and the frequency
of each resonant transition used was found to be in excellent
agreement with previous work.47 A second point of note here
is that our initial interest in studying the dissociation of CH3Cl
at 193.3 nm stemmed from our ongoing investigations into the
orbital polarization of atomic photofragments.48,49It was for this
reason that majority of our data for the Cl (2P3/2) channel was
collected utilizing the REMPI scheme proceeding via the2D5/2

state, as outlined above, rather than the more conventionally
used Cl (2D3/2) rr Cl (2P3/2) transition at 237.808 nm, since
only the former case is expected to display any sensitivity to
orbital alignment effects.48,50

Following ionization, chlorine ions are accelerated through
the multilens velocity mapping assembly and impact upon a
dual microchannel plate array of 120 mm diameter, which is
coupled to a P-47 phosphor screen (Burle Electro-Optics). In

Cl 3p5(2P3/2) 98
2hV

Cl 3p44p(2D5/2) 98
hV

Cl+ 236.284 nm (2a)

Cl* 3p5(2P1/2) 98
2hV

Cl 3p44p(2P3/2) 98
hV

Cl+ 236.527 nm (2b)
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this particular instance a repeller electrode held at+850 V was
used in conjunction with three additional focusing lenses in the
velocity-mapping scheme to stretch the photofragment ion cloud
along the time-of-flight axis to around 380 ns. The overall flight
path from the laser interaction region to the detector was 105
cm. Application of a narrow (∼50 ns) time gate at the detector
was then sufficient to exclusively sample the central section of
the distribution. A fully detailed description of this approach
may be found in previous discussions.46,49The resulting image
was recorded using a CCD camera (Mintron 2821e, 512× 480
pixels) in conjunction with PC acquisition software (McLaren
Research), which permitted real-time centroiding analysis of the
data. The probe laser was repeatedly scanned across the Cl-
atom Doppler profile during data acquisition. To ensure accurate
velocity calibration of our apparatus, the image magnification
factor of the ion lens assembly was determined by recording
images of Cl (2P3/2) atoms produced during the 193.3 nm
dissociation of HCl under identical experimental conditions. The
scaling of our images was evaluated based upon the radius of
the single sharp ring we observe experimentally in this case
and that which would be expected purely on the basis of the
chlorine atom time-of-flight and an accurate knowledge of the
HCl bond energy.51

3. Results

Figure 2 shows the raw experimental sliced images recorded
using the Cl (4D5/2) rr Cl (2P3/2) and Cl (2D3/2) rr Cl* (2P1/2)
REMPI transitions, as described in the previous section. Other

REMPI lines probing both ground and spin-orbit excited
chlorine atoms gave rise to identical results. It is immediately
apparent that the chlorine atom distributions exhibit significant
spatial anisotropy and that this is predominantly perpendicular
in character. Repeated switching of the probe laser polarization
between 0 and 90° with respect to the photolysis beam produced
no observable change in the spatial distribution or overall
intensity of either image, indicating that the ground-state Cl
(2P3/2) photofragments do not exhibit any significant orbital
alignment. The recoil-energy averaged angular distributions for
each fragmentation are plotted in Figure 3a along with the results
obtained from fitting the data to the well-knownâ-parameter
expression for the differential cross-section:

The best-fit values of the velocity anisotropy parameters
averaged over all photofragment recoil energies areâ ) -0.46
( 0.03 andâ* ) -0.74( 0.03 for the ground-state Cl (2P3/2)
and spin-orbit excited Cl* (2P1/2) state chlorine atoms, respec-
tively. The corresponding translational energy distributions
(averaged over all recoil angles) are plotted in Figure 3b. The
average kinetic energy release,〈ET〉, is calculated to be 252.8
( 7.5 kJ/mol for the Cl channel and 248.6( 7.5 kJ/mol for
the Cl* pathway. Note that the data in Figure 3b is scaled such
that the ratio of the integrated area under the two peaks is 0.86s
in order to meet agreement with previous measurements of the
[Cl*]/[Cl] branching ratio, as discussed in section 1. The
dissociation energy,D0, of the C-Cl bond in methyl chloride
has been recently determined to be 344.0( 0.4 kJ/mol.52 At

Figure 2. Images of (a) Cl (2P3/2) and (b) Cl* (2P1/2) from the 193.3
nm photodissociation of CH3Cl, recorded using the (2+ 1) REMPI
probe transitions as shown.

Figure 3. (a) Angular distributions of Cl (2P3/2) and Cl* (2P1/2)
photofragments resulting from the 193.3 nm photolysis of CH3Cl. (b)
Translational energy release distributions for Cl (2P3/2) and Cl* (2P1/2).
The peak areas have been scaled to reproduce a [Cl*]/[Cl] branching
ratio of 0.86. The positions of the CH3 ν2 vibrational combs should
only be regarded as a qualitative guide to the extent of any internal
excitation, as discussed in the main text.

I(θ) ∝ 1 + âP2(cosθ) (3)
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the argon fluoride excimer photolysis wavelength, 193.3( 0.25
nm, the maximum energy available for release into fragment
translation,Eavl, is therefore 275.0( 1.2 kJ/mol, and this
calculated upper limit is in very good agreement with our
experimental observations. The average fraction of the available
energy released into translation,fT ) 〈ET〉/Eavl, is 0.92( 0.03
in the case of Cl (2P3/2) production and, taking the magnitude
of the spin-orbit splitting in chlorine to be 10.5 kJ/mol, it
follows thatfT ) 0.94( 0.03 for Cl* (2P1/2) when only internal
excitation of the methyl fragment is considered explicitly. These
values are in reasonable agreement with the spin-orbit averaged
measurement offT ) 0.85 quoted by Kawasaki et al.,37 and this
value may be revised upward to 0.87 based upon the more
accurate evaluation ofD0 that is now available.

Figure 3b also provides clear evidence for a difference in
the internal energy distribution of the CH3 fragments associated
with the two dissociation pathways. This is illustrated in both
the broader energy release distribution in the Cl (2P3/2) channel,
and the fact that the difference in the value offT for the two
channels is considerably smaller than the magnitude of the
chlorine atom spin-orbit splitting. As discussed in section 1,
based upon the outcome of previous investigations of CH3I and
CH3Br photolysis, it would seem reasonable to assume that a
large portion of this internal energy is partitioned within the
CH3 out-of-plane bending mode,ν2. Overlaying the vibrational
frequencies of Spirko and Bunker in Figure 3b,53 it is clear that
in both fragmentation channels there is a strong indication that
several levels ofν2 are populated, however, within the limits
of our experimental resolution it is not possible to fully quantify
this observation from this particular spectrum.

Examining Figure 2 in more detail it is apparent that in the
case of the Cl* (2P1/2) channel, the distribution is considerably
wider at 90° (horizontal) than at 0° (vertical), implying that the
degree of CH3 internal excitation is significantly less for
fragments ejected parallel to the polarization vector of the
photolysis laser than is the case for those ejected in a
perpendicular direction. This angular variation in ring thickness
is less pronounced in the Cl (2P3/2) channel. This observation is
confirmed upon analyzing the angular dependence of the energy
release distributions in more detail, as shown in Figure 4. In
the Cl (2P3/2) channel the (scaled) distributions are very similar
for two orthogonal recoil directions whereas for the Cl* (2P1/2)
pathway the internal energy distribution of the CH3 fragments
is considerably narrower about the recoil direction parallel with
the direction of photolysis laser polarization and peaks at a
higher translational energy (i.e., lower internal excitation of CH3)
than is the case in the perpendicular direction.

In light of the recoil-angle dependence of the translational
energy distribution, it is therefore unsurprising that both images
in Figure 2 also exhibit a significant energy dependence in their
respective angular distributions when analyzed more closely.
This is shown in Figure 5, where both channels exhibit a steady
decrease inâ with increasing fragment translational energy. In
the case of the Cl* (2P1/2) fragments, the slowest recoil speeds
display a limiting perpendicular value ofâ ) -1.

4. Discussion

The recoil-energy averaged anisotropy parameters ofâ )
-0.46( 0.03 andâ* ) -0.74( 0.03 that we obtain from our
data demonstrate that both dissociation channels originate from
predominantly perpendicular transitions. As outlined in section
1, and in contrast to previous results, this suggests excitation
mainly to the1Q1 and/or3Q1 excited-state surfaces. However,
the production of significant quantities of spin-orbit excited

Cl* (2P1/2) photofragments and the considerable deviation of
the anisotropy parameters from the limiting perpendicular value
of -1.0 provides strong evidence for the involvement of the
3Q0 surface and the influence of significant intersystem crossing
on the dissociation dynamics.

For a pseudo-diatomic system such as CH3Cl, along theC3V
coordinate the limiting case of a single surface dissociation
occurring on a more rapid time scale than the period of
molecular rotation would be expected to show values forâ and
â* of -1.0 and+2.0, respectivelyscorresponding to either a
purely perpendicular or purely parallel excitation. Additionally,
the [Cl*]/[Cl] branching ratio observed under these conditions
would therefore be directly correlated to the oscillator strength
connecting the ground state to the various excited-state potential

Figure 4. Normalized translational energy release distributions for
photofragment ejection in two different angular regions following the
193.3 nm photolysis of CH3Cl. (a) Cl (2P3/2) channel. (b) Cl* (2P1/2)
channel. The positions of the CH3 ν2 vibrational combs should only be
regarded as a qualitative guide to the extent of any internal excitation,
as discussed in the main text.

Figure 5. Velocity anisotropy parameter,â, vs photofragment trans-
lational energy for the Cl (2P3/2) and Cl* (2P1/2) channels following the
193.3 nm photolysis of CH3Cl. Eachâ value has an associated error
of (0.05.
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surfaces. Deviations from this limiting case behavior may be a
result of three distinct effects: (1) the influence of molecular
rotation prior to dissociation, (2) distortion of the transition state,
and (3) internal conversion and/or intersystem crossing between
different fragment exit channels as the molecule falls apart.
Following the approach first employed by Frey and Felder,54

and used in several subsequent studies,6,7,25-27 the relative
contributions of these three processes to the overall dissociation
dynamics may be determined directly from experimental
measurements in the following manner.

For a given dissociation channel, the overall photofragment
recoil anisotropy that is observed may be simply expressed as
a weighted sum of the individualâ-parameters arising from
transitions to each excited state that can individually contribute
to that channel in some way.

In the specific case under consideration here, namely the A˜ -
band photolysis of methyl chloride at 193.3 nm, the above
expression should therefore become a summation over transi-
tions to the1Q1, 3Q1, and3Q0 states. However, to significantly
simplify our analysis, it is assumed that excitation to the3Q1

surface is negligible at this dissociation wavelength. This would
seem to be a valid assertion since, as discussed in section 1,
the only quantitative measurements of the Cl-atom angular
distributions so far reported, at 212 and 218 nm,44 exhibit
preferentially parallel anisotropy. This suggests that out on the
extreme red edge of the A˜ -band absorption, excitation to the
3Q0 surface starts to become dominant. Making the assumption
that the energy ordering in the Franck-Condon region of the
three allowed transitions that compose the A˜ -band are the same
as in methyl iodides1Q1 > 3Q0 > 3Q1, as depicted in Figure
1sit is therefore reasonable to assume that the perpendicular
character we observe at 193.3 nm comes from excitation to the
1Q1 surface alone. Additionally, since there is strong evidence
to suggest that the3Q1 surface is not coupled to either the1Q1

or 3Q0 states,12 its role in any intersystem crossing also need
not be considered. The angular distributions for the Cl (2P3/2)
and Cl* (2P1/2) fragments may therefore be defined as follows:

where the expansion coefficientsan andbn are normalized such
that

At this point it should be noted that the above expressions
assume that any interference effects resulting from the coherent
excitation of multiple states leading to the same final product
channel are negligible. It is well documented that such interfer-
ence effects introduce additional modulations into the photo-
fragment angular distribution that are sensitive to an adjustment
of the probe laser polarization direction relative to the polariza-
tion used for the initial photolysis step.48 Since in this case the
angular distributions we observe are insensitive to any changes
in this polarization geometry, this assumption appears to be
confirmed in this case. The fraction of each pathway contributing

to each final product state may therefore now be expressed in
the following way:

whereΦ is the photofragment quantum yield, as defined by

Parts a-d of eq 6 express the dynamics of the dissociation
event in terms of its constituent parts, and one may therefore
easily determine the relative transition strength for the initial
excitation to each surface and then use this result to evaluate
the intersystem crossing probability using

In the evaluation of eq 5, parts a and b, the anisotropy
parametersâ1Q1 andâ3Q0 are assumed in this case to take values
of -1.0 and 2.0, respectively (the limiting case values for
instantaneous perpendicular and parallel dissociation). This is
a clearly valid assertion in this instance since we observe values
of â ) -1.0 in our energy resolved angular distributions, as
shown in Figure 5. From the work of Bersohn et al.,1,55we may
deduce an upper state lifetime< 70 fs.

We first consider our recoil-energy averaged measurements.
Table 1 summarizes the values which may be obtained from
eqs 5a-c and 6a-d using a value of 0.86 for [Cl*]/[Cl],â )
- 0.46, andâ* ) -0.74. As would be predicted qualitatively
from the appearance of the experimental images in Figure 2,
perpendicular excitation to the1Q1 state dominates the overall
absorption at 193.3 nm, carrying 87% of the transition strength.
There is however a nonnegligible (∼13%) contribution to the
overall absorption that arises from direct parallel excitation to
the 3Q0 surface, indicating that spin-orbit mixing induced by
the Cl-atom is still able lift the restriction on singlet-triplet
transitions to some extent. In addition, there is significant
transfer of population through the conical intersection formed
between the1Q1 and3Q0 surfaces, as characterized by P3Q0f1Q1

) 0.69 and P1Q1f3Q0 ) 0.49. Differences in the relative
propensity for moving “up” and “down” through the conical
intersection are not accounted for by simple diatomic models
such as Landau-Zener theory, which invoke a one-dimensional
“curve-crossing” picture of the interaction between different
electronic states. Previous studies of CF3Br and CCl3Br have

âexpt ) ∑
i

aiâi (4)

âexpt(Cl) ) a1â3Q0
+ a2â1Q1

(5a)

âexpt(Cl*) ) b1â3Q0
+ b2â1Q1

(5b)

a1 + a2 ) b1 + b2 ) 1.0 (5c)

TABLE 1: Recoil Energy Averaged Expansion Coefficients
and Fractional Components Obtained for CH3Cl
Dissociation at 193.3 nm, As Described in the Main Text

a1 a2 b1 b2 f1Q1 f1Q1f3Q0 f3Q0 f3Q0f1Q1

0.18 0.82 0.09 0.91 0.44 0.43 0.04 0.09

f3Q0f1Q1
) a1ΦCl (6a)

f1Q1
) a2ΦCl (6b)

f3Q0
) b1ΦCl* (6c)

f1Q1f3Q0
) b2ΦCl* (6d)

ΦCl ) 1

1 +
[Cl*]

[Cl]

(7a)

ΦCl* ) 1 - ΦCl (7b)

P3Q0f1Q1
)

f3Q0f1Q1

f3Q0
+ f3Q0f1Q1

(8a)

P1Q1f3Q0
)

f1Q1f3Q0

f1Q1
+ f1Q1f3Q0

(8b)
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reported observations similar to those presented here, however,
quoting crossing probabilities which differ by more than a factor
of 2 in some instances, and with P3Q0f1Q1 always greater than
P1Q1f3Q0.26,27 Analysis of the CH3Br data of Kitsopoulos and
co-workers17 by the method outlined above also produces a
similar picture. This variation in crossing behavior may be
accounted for by the different geometries of the potential
surfaces involved. In the case of CH3I, theoretical studies have
concluded that the1Q1 surface is steeper than in the3Q0 case
along both the radialr(C-I) coordinate and also the off-axis
distortion coordinate,φ.12,14Consequently, fragments dissociat-
ing on the1Q1 surface do so more rapidly and sample a smaller
range of distorted geometries than in the3Q0 pathway, and the
probability of an intersystem crossing taking place (which is
dependent upon distortion away form theC3V geometry) is
therefore smaller in the former case. Although no such detailed
theoretical studies have been reported for other analogous
systems such as CH3Br and CF3Br, it is argued that the
experimental observations relating to surface crossing behavior
imply a similar situation must exist in these cases, and we also
suggest that the same effect accounts for our findings in CH3-
Cl.

The results of expanding our analysis to investigate the
relative probability of intensity in a given photofragment channel
originating from either the1Q1 or 3Q0 surface as a function of
photofragment recoil energy is presented in Figure 6a. The
probability of the intensity appearing in a given channel via an
intersystem crossing is shown relative to the recoil energy in
Figure 6b. The required angular information is taken from Figure
5 and the relevant [Cl*]/[Cl] branching ratio may be estimated
from the scaled data in Figure 3b. The key point of interest in
Figure 6 is the sharp fall in the intersystem crossing probability

from the3Q0 to the1Q1 surface with increasing photofragment
recoil energy relative to the essentially constant value for
P1Q1f3Q0 across much of the distribution. It is difficult to account
for this observation by simply invoking arguments relating to
the shape of the relevant potential surfaces, and it would seem
to suggest that the manner through which the internal energy is
imparted into the dissociating molecule is different for initial
excitation to the3Q0 and1Q1 states. As discussed in section 1,
previous studies investigating both CH3I and CH3Br have shown
that methyl fragments originating from the Cl (2P3/2) channel
exhibit a considerable amount of vibrational excitation, par-
ticularly within the ν2 bending mode, whereas the Cl* (2P1/2)
pathway produces somewhat internally colder CH3. This
behavior may be attributed to a combination of two factors:
(1) the geometry change upon initial excitation to the A˜ -band,
which is expected to be most significant (in the case of CH3I)
for the transition to the1Q1 state since the angle the C-H bonds
make with the principal symmetry axis is 111.2, 103.9, and 90°
in the ground,3Q0, and 1Q1 states, respectively,12 and (2) a
sudden change in geometry at the seam of the conical intersec-
tion imparting additional energy into the out-of-plane bend as
the molecule dissociates. In our CH3Cl images, evidence for
the same effects can clearly be observed, as illustrated in Figure
4sCl* (2P1/2) fragments remaining exclusively on the3Q0

surface are directed primarily along 0° (vertical in Figure 2)
and correlate with cold CH3, whereas those fragments that
initially populate the1Q1 state and then at some later time end
up on 3Q0 following intersystem crossing are preferentially
ejected around 90° and produce internally excited methyl
radicals (as a result of either mechanism 1 or 2). We note
however that fully quantifying the internal energy distribution
in the CH3 fragments is impossible at this level of experimental
resolution ((7.5 kJ/mol). The vibrational combs for theν2 mode
in Figure 4 therefore merely serve as a qualitative guide to the
overall extent of any internal excitation in the methyl radical.

In the ground-state Cl (2P3/2) channel, fragments originating
from the3Q0 state that cross to1Q1 would appear to acquire a
degree of internal excitation while passing through the conical
intersection; hence, the distribution at 0° is wider than in the
Cl* (2P1/2) channel. Fragments that traverse the1Q1 surface for
the entire course of the dissociation still show a high amount
of CH3 internal excitation, however, implying that vibrational
excitation imparted by the initial excitation is the most
significant process in this instance. This picture is seemingly
confirmed by Figure 6b, which demonstrates that fragments
dissociating along the Cl* (2P1/2) pathway have an essentially
constant probability of having got there via an intersystem
crossing from the1Q1 surface, irrespective of the degree of
internal CH3 excitation, which would imply that a significant
amount of the internal energy was imparted into the methyl
chloride molecule prior to the region of the conical intersection.
This is in contrast to excitation to the3Q0 state, where the
molecule is vibrationally cold until passing through the conical
intersection; hence, the probability of fragments appearing in
the Cl (2P3/2) channel via an intersystem crossing from the3Q0

surface therefore seems elevated in the case of the slowest
fragment recoil energies relative to those moving apart more
rapidly. The slight divergence in the crossing probabilities at
the fastest fragment energies in Figure 6b is most likely an
artifact relating to the very small population in the Cl* (2P1/2)
channel at this point and the large associated error in evaluating
the photofragment quantum yields.

The central question raised by the results presented here is
that of how well our findings fit in with existing measurements

Figure 6. (a) Relative probability of intensity in a given photofragment
channel originating from either the1Q1 or the3Q0 surface as a function
of photofragment recoil energy. (b) Probability of the intensity appearing
in a given photofragmentation channel via an intersystem crossing vs
recoil energy.
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reported for related systems and additionally, why our observa-
tions differ so dramatically with previous, albeit qualitative,
observations of photofragment angular distributions resulting
from methyl chloride photolysis at 193.3 nm. In the first case,
our data would seem to conform to the original predictions of
Mulliken, and MCD data of Gedanken and Rowe, in that the
role of the3Q0 and 3Q1 states in the A˜ -band excitation of the
methyl halides becomes less significant as the mass of the
halogen atom decreases, due to weaker spin-orbit induced
mixing with the1Q1 surface. Even on the red wing of the methyl
chloride Ã-band, at 193.3 nm, our findings strongly suggest that
1Q1 absorption is the principal transition and this leads us to
conclude that this is the case across almost the entire absorption
region. This is in contrast to the situation in CH3Br where the
comparable intensities of transitions to3Q0 and1Q1 play a key
role in shaping the observed dynamics across much of the A˜ -
band, and in CH3I where the3Q0 state is largely dominant, as
discussed in more detail in section 1. Similar general trends
are also directly observed in the analogous HX (X) F, Cl, Br,
I) systems, the A-band absorptions of which have all been
studied extensively.42,43,57-60 Here, the absorption cross sections
of the3Π(0) and3Π(1) states (which correspond to the3Q0 and
3Q1 state labels in CH3X) are known to rise progressively with
the halogen atom mass due to increased spin-orbit mixing, as
would be expected in CH3X systems and as appears to be
confirmed by our measurements.

The two previous reports of the Cl (2P3/2) photofragment
angular distribution resulting from methyl chloride photolysis
at 193.3 nm, as discussed in section 1, were based upon Doppler
time-of-flight measurements.39,41 In both cases, anunpolarized
ArF excimer beam was used to initiate the dissociation step
and we therefore speculate that this tended to obscure the true
nature of the angular distribution in these earlier studies. Given
the nonlimiting value ofâ ) -0.46, we obtain for the Cl (2P3/2)
fragments from our fully angle (and polarization) resolved
measurements, this may be a plausible scenario.

One final point of note is the apparent absence of any
significant orbital alignment in the Cl (2P3/2) fragments. As
discussed previously, an interest in orbital polarization effects
served as our initial motivation for investigating this system,
and given the relatively large alignment previously observed
in the 193.3 nm dissociation of HCl by Rakitzis et al.61 (and
also confirmed by our own experimental measurements62), the
lack of any effect seems somewhat surprising. At 193.3 nm,
the A-band absorption in HCl is almost exclusively (> 99%)
via a perpendicular excitation to the1Π1 state,42 although there
is considerable intersystem crossing as the molecule falls apart,
as indicated by the [Cl*]/[Cl] branching ratio of 0.69. Rakitzis
et al. concluded that∼80% of the Cl (2P3/2) fragments populated
mJ ) (1/2 and that this arose predominantly from a coherent
mechanism resulting from nonadiabatic transfer of population
to the3Π1 state at very large fragment separation distances. This
is in contrast the case of dissociation purely on the1Π1 state,
where an incoherent alignment populatingmJ ) (3/2 exclusively
is predicted.61,63Although the low-lying electronic states of CH3-
Cl are similar in character to those in HCl, we speculate that
the significant absorption to the3Q0 surface (which is an order
of magnitude larger than the corresponding transition to the3Π0

state in HCl) and high propensity for subsequent intersystem
crossing to the1Q1 surface are sufficient to eliminate any
incoherent alignment effects. Moving the photolysis wavelength
to higher energies (where both the initial contribution of the
3Q0 state and the probability of crossing to the1Q1 surface would
be expected to be smaller) may permit the observation of

incoherent polarization effects, however, although this has
obvious practical difficulties. Additionally, coherent interactions
at long range giving rise to coherent polarization may not take
place in methyl chloride (or are too weak to give rise to an
observable effect), possibly as a result of differing symmetry
considerations.
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