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A double resonance scheme was employed to photodissociate jet-cooled CH3CF2Cl in a time-of-flight mass
spectrometer. First, the molecule was promoted to the second (3νCH) or third (4νCH) methyl overtone by
direct IR excitation. Subsequently, a UV laser beam at∼235 nm was used to both dissociate the molecule
and tag the Cl2P3/2 [Cl] and Cl 2P1/2 [Cl*] photofragments by (2+ 1) resonantly enhanced multiphoton
ionization. The photofragment action spectra revealed multiple peak structures in both overtone regions,
attributed to couplings of the C-H stretches and to methyl stretch-deformation Fermi resonances. The cooling
of the samples afforded narrowing of the peaks, relative to room temperature photoacoustic spectra, due to
the reduced rotational and vibrational congestion, and enabled observation of a new splitting in the high
frequency peak of the second overtone. This splitting apparently resulted from a local resonance of the mixed
stretch-deformation state with a close lying dark state. The time scales for vibrational energy redistribution
in the local resonance and between the mixed stretch-deformations were evaluated. These time scales and
the measured Cl*/Cl branching ratios were compared to those of other hydrohalocarbon compounds. The
Cl*/Cl ratio was also compared to that of the nearly isoenergetic vibrationless ground state 193 nm
photodissociation and found to be different, demonstrating the effect of vibrational pre-excitation on the
photodissociation dynamics.

Introduction

Vibrationally mediated photodissociation (VMP),1,2 where
vibrationally pre-excited molecules are further excited to a
dissociative electronic state, is an advantageous tool in explora-
tion of both photolysis dynamics and vibrational spectroscopy.
In VMP, the wave function of the vibrationally excited molecule
extends to wider portions of the ground state potential energy
surface (PES), and therefore when promoted to upper PES(s) it
samples different regions of it (them). This allows the manipula-
tion, to some extent, of the photodissociation outcome. The
vibrational pre-excitation may affect the photoproduct branching
ratios and their quantum states, especially when more than one
excited PES is involved and the adiabatic and nonadiabatic
interplay between them is significant to the photodissociation
process.2-12

Also, utilizing VMP with jet-cooled samples facilitates
monitoring of action spectra, i.e., the photoproduct yield as a
function of the vibrational excitation laser wavelength. These
vibrational overtone spectra benefit from a reduced spectral
congestion provided by relatively fewer populated rotational
lines and the removal of hot bands, and from the signal
enhancement originating from a better Franck-Condon (FC)
overlap of the vibrational state with the upper PES. This affords
diminishing of the inhomogeneous structure and revealing, in
some cases, splittings caused by local resonances between the
initially excited states and close lying states. Therefore, action

spectra serve as a valuable source for information on the time
scales of intramolecular vibrational redistribution (IVR) and the
specific pathways of energy flow.2-4,13-16

The present work is an extension of our previous
VMP research on hydrochlorofluorocarbon (HCFC) com-
pounds.3,4,15,17-19 These species are of atmospheric importance
due to the phase out of the ozone destroying chlorofluorocarbons
(CFCs) and halons20-22 and their interim replacement by
HCFCs. The HCFCs contain one or more C-H bonds and
therefore are active toward OH and O(1D) free radicals in the
troposphere. Consequently, their atmospheric lifetimes are
shorter than those of fully halogenated CFCs and their ozone
depletion potentials and global warming potentials are lower.
Also, the first absorption band of the HCFCs (designated as
the A band) in the 180-240 nm range23 is of atmospheric
relevance since photolytic decomposition through the middle
and lower stratosphere (20-30 km) occurs predominantly in
this spectral range.24 In all HCFCs these bands are broad and
unstructured, with absorption cross sections (σ) differing by
several orders of magnitude in different molecules. Nevertheless,
all compounds show the same trend of highσ at short
wavelengths, decreasing gradually toward the red wing.24-26

This electronic transition can be described as aσ* r nCl

excitation, involving the promotion of an electron from a
nonbonding Cl 2p orbital to an antibonding C-Cl orbital.23

We studied the∼235/243 nm photodissociation of CHFCl2

(HCFC 21) and CHF2Cl (HCFC 22) vibrationally excited to
the N ) 3, 7/2, and 4 C-H stretch-bend polyads (see
below),15,17,18 and of CH3CFCl2 (HCFC 141b) excited to the

† Part of the special issue “Donald Setser Festschrift”.
* Corresponding author.

BATCH: jp91a19 USER: amr69 DIV: @xyv04/data1/CLS_pj/GRP_jx/JOB_i36/DIV_jp014431v DATE: August 21, 2002

8285J. Phys. Chem. A2002,106,8285-8290

10.1021/jp014431v CCC: $22.00 © 2002 American Chemical Society
Published on Web 06/22/2002



fundamental symmetric and the second and third overtones of
the CH3 stretch.3,4,19 The VMP results were compared to the
193 nm photodissociation of vibrationless ground-state mol-
ecules.7,27,28The photodissociation of both vibrationless ground
state and vibrationally excited molecules was characterized by
extensive release of Cl photofragments occurring in both ground
Cl 2P3/2 [Cl] and spin-orbit excited Cl2P1/2 [Cl*] states and
some loss of H atoms. Comparison of the action spectra of Cl,
Cl*, and H with the room-temperature photoacoustic (PA)
spectra, monitored simultaneously, revealed considerable nar-
rowing of the former, enabling in some cases exposure of new
features. Also, the yield of all photofragments increased relative
to the vibrationless ground-state photodissociation at∼235/243
nm, however, with a lesser extent for H, although the vibrational
energy was deposited in the C-H stretches. The new features
and the enhancement of the chlorine yield are indications of
energy flow via anharmonic couplings to other vibrational
modes. In the case of CH3CFCl2 the VMP Cl*/Cl branching
ratio differed from that of the almost isoenergetic 193 nm direct
photodissociation, showing that the involvement of the vibra-
tional intermediate state affected the dynamics of the photo-
dissociation.

Previously we also measured the room-temperature PA
vibrational spectra in the second (3νCH), third (4νCH), and fourth
(5νCH) CH3 overtones of CH3CF2Cl (HCFC 142b) and found
out that they were characterized by a multipeak structure that
was attributed to strong coupling between the zeroth order C-H
stretch and deformation states that generated the observed mixed
eigenstates.29 A simplified local mode (LM) model was used
by us to assign the spectra. The LM model, based on the model
of Duncan et al.,30 included Darling-Dennison resonances
between the C-H stretches and stretch-deformation Fermi
resonances.29 The present paper focuses on the∼235 nm
photodissociation of CH3CF2Cl pre-excited to 3νCH and 4νCH.
By monitoring the more detailed jet-cooled action spectra,
additional information and a better understanding of the
processes controlling energy redistribution and their time scales
was achieved. The influence of the initially prepared vibrational
states on the access to the upper PESs and the nonadiabatic
interactions between them was assessed by determining the Cl*/
Cl branching ratio and comparing it to that in direct 193 nm
photodissociation.

Experimental Section

The concept of the experiments is illustrated in Figure 1. In
the first stage the molecule was excited to the second or third
CH3 overtone of CH3CF2Cl with an IR laser beam, then a second
laser in the UV (∼235 nm) was used to promote the pre-excited
molecule to the upper PESs. The combined energy acquired by
the molecule, i.e., IR+ UV photons, was∼51150 or∼53850
cm-1 when excited to the second or third overtone, respectively.
This energy is well above the dissociation enthalpy, 30173 cm-1

(as calculated from the data in refs 25 and 31), for Cl detachment
from CH3CF2Cl, hence causing the excited molecule to dis-
sociate (additional 881 cm-1 are needed for Cl* detachment32).
At the third stage of the experiment, the Cl or Cl* photofrag-
ments were detected by (2+ 1) resonantly enhanced multipho-
ton ionization (REMPI) with the same UV laser pulse used for
the electronic excitation.

The experimental setup is the one used in our previous VMP
experiments.2,4,15,17,18The photodissociation took place in a
home-built time-of-flight mass spectrometer (TOFMS)33 that
allowed a sensitive and mass-selective detection. The two

counterpropagating laser beams got into the TOFMS, perpen-
dicular to its axis. The vibrational excitation beam was provided
by the idler of an optical parametric oscillator (bandwidth∼0.08
cm-1) that was pumped by the third harmonic output of a Nd:
YAG laser. Typical energies of∼7 and∼5 mJ were used in
the 875-900 and 1140-1180 nm ranges, respectively, and the
beam was focused with a 15 cm focal length (f.l.) lens onto the
interaction region of the TOFMS. The∼120µJ UV beam was
delayed by 10-15 ns and focused to the same point with a 30
cm f.l. lens. It was obtained from the doubled output of a tunable
dye laser (bandwidth∼0.5 cm-1), pumped by the third harmonic
of another Nd:YAG laser. The energies of both lasers were kept
at these low values to prevent saturation. Only when both lasers
were employed did effective photolysis occur, due to the very
low absorption cross section of vibrationless ground-state
molecules at∼235 nm.25 Pre-excitation of the CH3CF2Cl
molecules enhanced significantly the photodissociation, owing
to a better FC overlap.

The molecular beam was perpendicular to both the TOFMS
axis and the laser beams. CH3CF2Cl (Atochem,> 99.85%),
prepared as a∼5% mixture in Ar at a total pressure of 760
Torr, was expanded through a pulsed valve and a needle and
traveled another∼2 cm to the chamber center where it was
intersected by the laser beams. Two turbomolecular pumps
evacuated the source and the ion detector chambers, respectively,
and kept a base pressure of 2× 10-6 Torr in both chambers.
The pressure increased to 1.6× 10-5 Torr when the pulsed
nozzle was on (driven with a pulse of 120 V,∼190µs, 10 Hz).
Relying on simulation of the action spectra of the second C-H
stretch overtone of propyne-d3, expanded under similar condi-

Figure 1. Schematics of the experimental concept of vibrationally
mediated photodissociation. An IR photon excites the CH3CF2Cl
molecule to 3νCH or 4νCH then a UV photon promotes the molecule to
the excited potential energy surfaces (PESs) where the molecule
dissociates. The Cl or Cl* photofragments are tagged by the same UV
photons via (2+ 1) resonantly enhanced multiphoton ionization. The
UV wavelength is 235.336 or 235.205 nm for tagging Cl or Cl*,
respectively, according to the corresponding two-photon transitions.
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tions, it is assumed that the expansion resulted in a predominant
rotational temperature of∼12 K and a vibrational temperature
<100 K.34

The photofragments formed in the focal volume were ionized
by REMPI via the following two-photon transitions: Cl (4p
2D3/2 r 3p 2P3/2) at 235.336 nm and Cl* (4p2P1/2 r 3p 2P1/2)
at 235.205 nm.35 Efforts were made to measure also the H signal
via the (2s2Sr 1s 2S) transition at 243.135 nm;36 however, it
was too weak and noisy. The ions were subjected to continu-
ously biased extraction, two acceleration stages, two pairs of
orthogonal deflection plates and an Einzel lens prior to entering
the field free drift region, and were finally detected by a
microsphere plate (MSP) at its end. The MSP output was
amplified and fed into a digital oscilloscope and a boxcar
integrator where wavelength-dependent ion signals of35Cl, 37-
Cl, 35Cl*, and37Cl* were captured and processed by a computer.
The signals of masses 35 and 37 were monitored simultaneously
by two independent boxcar channels, utilizing the mass resolu-
tion of the TOFMS. Fixing the UV laser on the wavelength of
a particular transition and scanning the IR laser produced action
spectrum of the respective photofragment. Each data point in
the ensuing spectra was an average of thirty pulses.

The vibrational absorption spectra at room temperature were
monitored simultaneously by PA spectroscopy37 in which an
acoustic signal was produced by the relaxation of the vibra-
tionally excited molecules. A dichroic mirror in the IR beam
path, after the TOFMS, was used to direct the beam to a PA
cell. Wavelength calibration was accomplished by monitoring
the rovibrational overtone PA spectra of water in the corre-
sponding wavelength regions and determining the wavelength
according to the positions of the water absorption lines taken
from the HITRAN database.38

In addition, Doppler profiles were measured to determine the
Cl*/Cl branching ratios. In these measurements the IR laser was
fixed and the UV laser scanned the Cl or Cl* transition.
Attention was given to employment of similar experimental
conditions in the measurements of Cl and Cl*. The areas of the
Gaussian shaped profiles were extracted, and a very small
background from the UV one-photon photodissociation was
subtracted to get the “net” signal resulting from VMP. The ratio
of the experimental areas was corrected with a scaling factor
of the above-mentioned transitions39 to achieve the branching
ratio.

Results and Discussion

A. PA and Action Spectra.Figure 2 displays representative
PA spectrum (a) and action spectra of35Cl and 37Cl (b) and
35Cl* and 37Cl* (c) photofragments, as a function of the
excitation laser wavelength scanned across the second CH3

stretch overtone of CH3CF2Cl. Similar spectra of the third CH3
stretch overtone were measured as well, and those of35Cl and
37Cl together with the PA spectrum are given in Figure 3. The
PA spectra reflect the contribution of both CH3CF2Cl isoto-
pomers, while the35Cl and 35Cl* action spectra account only
for the more abundant isotopomer (CH3CF2

35Cl, natural abun-
dance∼76%), and the37Cl and 37Cl* action spectra account
for the less abundant one (CH3CF2

37Cl, ∼24%). Nevertheless,
the action spectra of all photofragments exhibit a similar
structure, and the spectral features corresponding to the CH3-
CF2Cl isotopomers cannot be distinguished under our resolution,
similarly to the situation encountered in CH3CFCl2.4 On the
other hand, the action spectra of CHF2Cl and CHFCl2 exhibited
narrower features, enabling observation of a shift between the
peaks of the different isotopomers, yet, the general appearance

of the features and the relative intensities between the different
bands were similar in all the action spectra.15,17 Contrasting
behavior was found in VMP of CH3Cl pre-excited with three
quanta of C-H stretch,9 where the action spectra of35Cl* and
37Cl* differed. Moreover, the intensities of the bands in the PA
and action spectra of CH3Cl differed, and theν1 + 2ν4 band
was absent in the latter, implying that the cross sections for
VMP via the second C-H stretch overtone depend on the
specific excited vibrational level.

Both the PA and action spectra of the second and third
overtones of CH3CF2Cl are characterized by multiple peak
structure. A similar multiple peak structure was found aso in
the second and third CH3 overtone spectra of CH3CFCl2 (refs
4 and 29) and was attributed, in both cases, to coupling between
the CH3 stretches and deformations. To support this ascription
we applied the simplified LM model,29 relying on Duncan et
al.30 The model accounts for the C-H stretch modes, Darling-
Dennison resonances between them, and stretch-deformation
Fermi resonances, and its results pointed to multiple peak

Figure 2. Vibrational overtone excitation spectra of 3νCH of CH3CF2-
Cl. (a) Photoacoustic absorption spectrum. (b)35Cl and 37Cl action
spectra. (c)35Cl* and 37Cl* action spectra.

Figure 3. Vibrational overtone excitation spectra of 4νCH of CH3CF2-
Cl: photoacoustic absorption spectrum and35Cl and37Cl action spectra.
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structures of mixed stretch-deformation eigenstates in the
corresponding spectral regions, in accordance with the observa-
tions.

The jet-cooled action spectra and the room temperature PA
spectra differ mainly by their peak widths (Figures 2 and 3). In
the former, most of the peaks are 40-60% narrower and
therefore more resolved. Due to the better resolution, the
shoulders observed at the low-frequency end of both 3νCH and
4νCH manifolds and at∼8670 cm-1 in the 3νCH region of the
PA spectra appear as resolved peaks in the action spectra.
Another prominent difference between the PA and action spectra
is that the peak of highest frequency in the second overtone
region is split into two peaks in the latter.

The line widths of the observed overtone spectra are
determined by both homogeneous and inhomogeneous contribu-
tions. The inhomogeneous structure is influenced mainly by the
width of the rotational contour of the transition and by the
overlap with hot band transitions. CH3CF2Cl has a few low-
frequency vibrational modes,40 which at room temperature
occupy∼52% of the population. Hence, it is reasonable that
hot bands underlying the corresponding overtone regions
contribute to the observed PA spectral structure. Indeed, the
low-frequency peak of 4νCH possesses the largest area in the
PA spectrum but is much smaller than other peaks in the action
spectra, demonstrating the existence of hot bands in this spectral
region. Another source for the peak widths might be the
existence of several conformers. CH3CF2Cl possesses two
conformers, staggered and eclipsed, where the energy of the
latter is 3.7-4.4 kcal mol-1 higher than that of the former.31,41

The probability to overcome a barrier of this height in
vibrationless ground-state molecules even at room temperature
is low; however, it may be that the vibrational excitation induces
conformational isomerization as in the case of 2-fluoroethanol
excited to the-CH2F asymmetric C-H stretch.42

The inhomogeneous contribution is significantly reduced in
the jet-cooled action spectra. Most of the vibrational and some
of the rotational congestion is eliminated at rotational temper-
ature of∼12 K and vibrational temperature<100 K. Therefore,
the jet-cooled action spectra reveal more of the homogeneous
structure that reflects the vibrational couplings of the mixed
stretch-deformation states among themselves and with other
modes of the molecule. The appearance of several peaks in the
frequency domain, caused by the strong coupling between
stretch and deformation modes, is exhibited in the time domain
by quantum beats,43 i.e., a periodic return of the vibrational
energy to the excited mode, with a recurrence periodτ ) 1/c∆ν,
where ∆ν is the spectral splitting between the states.13 The
splittings in the C-H overtone spectra of CH3CF2Cl and some
other compounds, together with the corresponding energy

redistribution time scales, i.e., half the periods, are given in Table
1. As can be seen, similar time scales were found for the second
and third overtones of both CH3CF2Cl and CH3CFCl2, where
the redistribution time between the stretch-deformation mixed
states was estimated as 0.25-0.65 ps.

Nevertheless, the situation is somewhat different for mol-
ecules with an isolated C-H chromophore where, as shown in
Table 1, the energy redistribution between C-H stretches and
bends usually takes less than 0.1 ps, and in the extreme cases
less than 0.2 ps. In these molecules the spectra were character-
ized by polyads of many components separated by hundreds of
wavenumbers in each C-H overtone region, which were
attributed to stretch-bend coupling and were analyzed by Quack
and co-workers by a normal-mode model.44-46 They also
calculated the time evolution of the zero-order states,46 and the
redistribution time between the C-H stretching and bends was
assessed around 0.03-0.10 ps.47,48We applied jet-cooled action
spectroscopy to study the second and third stretch-bend
overtones of the methane derivatives homologues of CH3CF2-
Cl and CH3CFCl2, i.e., CHF2Cl and CHFCl2, and found that
the redistribution between the mixed states occurs within 0.05-
0.17 ps.15,17These findings indicate that the energy redistribution
in the methyl group of CH3CF2Cl and CH3CFCl2 is slower than
in the molecules with isolated C-H chromophore. The apparent
redistribution reflects the mixing of stretches and deformations
via Fermi resonance. Also, these resonances have an important
role in IVR of other methyl-containing molecules such as the
isotopomers of toluene, where the influence of stretch-bend
interaction changes for the different overtones, as they tune in
and out resonance.49

An interesting feature of the action spectra is the splitting in
the highest frequency peak of the 3νCH region into two peaks,
one at 8734.0 cm-1 and the other at 8726.5 cm-1. The splitting
may arise from a local resonance between the mixed stretch-
deformation eigenstate and another close lying state. The
energies of the unperturbed states and the coupling constant,
W, may be found by the two-level model,50 using the known
energies of the perturbed states and their relative intensities.
The energies were determined as 8733( 1 and 8727.5( 1
cm-1 and the coupling constant|W| ) 2.6 cm-1; however, the
resonant dark state could not be definitely identified due to the
large number of possible combination bands with comparable
energy.

A similar phenomenon of peak splitting resulting from local
resonances appears in other HCFCs and also in other C-H
containing molecules. Some examples for these splittings
together with the corresponding time scales for energy redis-
tribution between the resonating mixed and dark states are given
in Table 1 (the oscillation period is given byτ ) 1/c∆ν, as

TABLE 1: Spectral Spacing between Stretch-Bend Mixed States and between the Mixed States and Close Lying Resonant
Dark States, and the Corresponding Time Scales for Energy Redistribution

mixed states local resonances between mixed and dark states

molecule ∆ν (cm-1) τ (ps) peak 1 (cm-1) peak 2 (cm-1) τ (ps) refs

CH3CF2Cla 28-71 0.25-0.60 8726.5 8734 2.2 this work
CH3CFCl2a 25-60 0.25-0.65 11328 11346 0.9 4
CHFCl2b 150-260 0.05-0.10 9975 9988 1.3 15
CHF2Clb 100-210 0.08-0.17 8725 8718.5 2.6 17

8457 8469 1.4 17
11429.5 11427.5 8.8 17
11200 11222.5 0.7 17

CHCl3 ∼ 0.05c 11382.5 11386.5 ∼ 5 47
CHF3 < 0.10c 13800 13807 ∼ 2.5 13, 46

a The data are for the 3νCH and 4νCH bands.b The data are for theN ) 3, 7/2 and 4 polyads.c These values were calculated using the effective
Hamiltonian and the time evolution matrix (ref 46).

BATCH: jp91a19 USER: amr69 DIV: @xyv04/data1/CLS_pj/GRP_jx/JOB_i36/DIV_jp014431v DATE: August 21, 2002

8288 J. Phys. Chem. A, Vol. 106, No. 36, 2002 Dorfman et al.



explained above). It is clearly seen from Table 1 that the
recurrence time differs from molecule to molecule and even
for different bands of the same molecule, yet the separation of
the split peaks is always smaller than the splitting between the
mixed states implying a longer redistribution time. This
manifests the existence of two time scales for IVR, the shorter
one between the strongly coupled mixed states and the longer
one between them and the rest of the molecule via the local
resonances.

B. Branching Ratios.The emergence of the action spectrum
means that the yield of the monitored photofragment is enhanced
by the vibrational excitation. This enhancement was observed
for all the photofragments we probed (i.e., H, Cl, and Cl*);
nevertheless, it was less extensive for H. The enhancement of
the Cl and Cl* yield when the C-H methyl stretch is excited
before photodissociation might indicate the intramolecular
energy flow to the C-Cl bond, which becomes the reaction
coordinate. As metioned above, IVR occurs in less than one ps
whereas the laser pulse durations and the delay between them
are a few ns; hence, when photodissociation takes place energy
has already been redistributed. The photofragment yield is
dependent on the vibrational excitation efficiency, the absorption
from the vibrational state to the upper electronic states, and the
branching into the specific channel. The fact that H photofrag-
ment signal was enhanced to a lesser extent than the chlorine
photofragment implies IVR to the C-Cl bond and, probably, a
better FC overlap of vibrational modes containing C-Cl
excitation and a higher electronic transition probability to the
upper PESs.

Moreover, additional information regarding the dynamics on
the upper PESs may be provided by the branching ratios of the
photoproducts. The branching ratios were calculated from the
Doppler profiles corrected by a scaling factor of the REMPI
transitions.39 The Cl*/Cl branching ratios for CH3CF2Cl VMP
via the second and third C-H methyl overtones are presented
in Table 2 together with the branching ratio for 193 nm
vibrationless ground-state photodissociation. Also given in the
table are the Cl*/Cl ratios for photodissociation of CH3CFCl2,
CHF2Cl, and CHFCl2. It is worth noting that the 193 nm
branching ratios were corrected for the new available transition
probabilities.35,39,51As shown in Table 2, the branching ratios
in VMP are about 0.5 for all the compounds. Nevertheless, in
193 nm direct photodissociation there is a clear difference
between CHF2Cl and the ethane derivatives: while the former
has a Cl*/Cl ratio of 0.5, the latter possess considerably lower
values. The energy of the 193 nm photon (51813 cm-1) falls
between the combined energies used for VMP of CH3CF2Cl
and CH3CFCl2 via 3νCH and 4νCH (see Table 2). Therefore, the
alteration of the branching ratio in VMP of CH3CF2Cl and CH3-
CFCl2, as compared to the almost isoenergetic vibrationless
ground-state photodissociation, implies that the dynamics of the

photolysis is varied. The same trend is exhibited also by the
different Cl*/Cl branching ratios for vibrationless ground state
193 nm photodissociation of CH3CF2Cl at room temperature
obtained by Brownsword et al. from laser induced fluoroscence
(LIF) tagging of Cl and Cl* combined with a photolytic
calibration method.52 They found a higher branching ratio than
that for the cooled molecules and lower than for VMP. This
might be because the dissociation occurs partly via vibrationally
excited states, since, as mentioned above, at room temperature
52% of the molecules are vibrationally excited.

These four HCFC compounds belong to theCs symmetry
group and may have transitions to states of A′ and A′′
symmetries (for CHF35Cl37Cl and CH3CF35Cl37Cl the symmetry
reduces to C1). However, CHFCl2 and CH3CFCl2 possess two
Cl atoms lying in the symmetry plane, whereas in CHF2Cl and
CH3CF2Cl the C-Cl bond is out of the symmetry plane. The
different branching ratios at 193 nm photodissociation of the
different molecules led us to infer that at least two PESs of
different symmetries are involved in the absorption.28 Indeed,
Ying and Leung53 have shown by molecular orbital calculations
that transitions of both symmetries underlie the first absorption
band of CHF2Cl and CHFCl2, related to theσ* r n transition.
In the former, two transitions are involved with predominance
of the A′ r A′, while in the latter four transitions are possible
where only two of them contribute substantially, dominated by
the lowest A′′ r A′. Accordingly, it is reasonable that Cl and
Cl* are formed in direct and vibrationally mediated photodis-
sociation of these molecules via absorption to A′ and A′′ states
followed by curve crossing as the fragments depart from the
molecule.54 Also, measurements of the anisotropy parameter,
â, in VMP of CHFCl2 and CH3CFCl2, excited in the second
and third C-H overtone regions,18,19 revealed positive values,
similar for both Cl and Cl*, and lower than the limiting value
for a pure A′′ r A′ transition. This together with the Cl*/Cl
branching ratios indicate that both Cl and Cl* are produced in
these cases by simultaneous absorption to A′ and A′′ states that
probably mix via curve crossing. A positiveâ was found in the
193 nm photodissociation of CHFCl2 as well, and was attributed
also there to the involvement of two transitions.55 The resem-
blance in structure and branching ratios leads us to infer that
also in photodissociation of CH3CF2Cl at least two states of
different symmetries are involved and the Cl*/Cl branching ratio
is determined by the nonadiabatic interplay between them. The
increase of the Cl*/Cl ratio in VMP of CH3CF2Cl and CH3-
CF2Cl as compared to the vibrationless ground-state photodis-
sociation indicates that the nonadiabatic processes are more
dominant in the former case. Another possibility is that the
accessibility of the various PESs is changed due to the
vibrational excitation. A similar phenomenon of increase in the
branching into Cl* was observed in VMP of CH3Cl and CHD2-
Cl pre-excited to the fourth overtone of the C-H stretch, with

TABLE 2: Cl*/Cl Branching Ratios in Vibrationless Ground State and Vibrationally Mediated Photodissociation of CH3CF2Cl,
CH3CFCl2, CHF2Cl, and CHFCl2

direct photodissociation vibrationally mediated photodissociation

193 nm refs 2nd overtone 3rd overtone refs

energya 51813 ∼ 51150 ∼ 53850
CH3CF2Cl 0.25( 0.06b 7, 28 0.54( 0.09 0.55( 0.09 this work

0.39( 0.11c 51
CH3CFCl2 0.22( 0.06b 7, 28 0.49( 0.11 0.46( 0.10 4
CHF2Cl 0.50( 0.04b 7, 27 0.55( 0.09 0.50( 0.09 17
CHFCl2 0.52( 0.13 0.49( 0.10 15

a The energy given for VMP is the combined energy, vibrational excitation+ photodissociation, differing somewhat for each compound according
to the monitored eigenstate.b The value differs from that given in the refs, due to different scaling factors used.c This ratio was measured at room
temperature, whereas all the other values are for jet-cooled samples.
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a larger increase in CH3Cl.6,8 In the photodissociation of
vibrationally excited CF3I (prepared by heating the sample) an
increase in the branching into I photoproducts was found.5 The
alteration of branching ratio in all the above-mentioned com-
pounds demonstrates the effect of vibrational pre-excitation of
the alkyl group on the photodissociation dynamics, presumably
due to further crossing between the upper PESs.

Conclusions

The action spectra of the 3νCH and 4νCH regions of CH3CF2-
Cl, obtained by VMP of jet-cooled samples, exhibit multipeak
structures attributed to mixed eigenstates of methyl stretch and
deformation. The action spectra resemble the PA spectra of the
same spectral regions; however, they are narrower and, due to
their better resolution, a new feature is revealed in the region
of the highest frequency peak of the second overtone. This
feature is related to a local resonance of the stretch-deformation
eigenstate with a neighboring dark state, and the splitting
between them reflects a redistribution time,∼2 ps, that is larger
than the 0.3-0.6 ps redistribution time between the stretch-
deformation states. The energy flow from the C-H to the C-Cl
bond is also manifested by the increased yield of chlorine
photofragments, in both ground and spin-orbit excited states,
that presumably results from a better FC overlap with the upper
PESs and a higher electronic transition probability. The Cl*/Cl
branching ratios are∼0.5, very similar to those of CH3CFCl2,
therefore it is inferred that also in this case the photodissociation
involves at least two transitions to states of A′ and A′′
symmetries and the branching ratio is determined by the
nonadiabatic interactions between them.
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