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The collision-free gas-phase photodissociation dynamics of CHF2Cl (HCFC-22) were studied at room
temperature using the laser photolysis/laser-induced fluorescence “pump/probe” technique. Lyman-R laser
radiation (λ ) 121.6 nm) was used both to photodissociate the parent molecule and to detect the nascent H
atom products via (2p2P r 1s2S) laser-induced fluorescence. An absolute H atom quantum yield ofΦH )
0.77( 0.13 was determined by a calibration method in which H2O photolysis at 121.6 nm was used as a
reference source of well-defined H atom concentrations. The line shapes of the measured H atom Doppler
profiles indicate a bimodal velocity distribution suggesting the presence of two different H atom formation
pathways in the Lyman-R photodissociation of CHF2Cl.

Introduction

As a result of the worldwide effort to design replacements
for the chlorofluorocarbons (CFCs) which have been implicated
in the ozone destruction in the stratosphere,1 a variety of
substitutes have been developed.2 For many applications
hydrochlorofluorocarbons (HCFCs) are being recognized as
“environmentally friendly” replacements. HCFCs have at least
one C-H bond and can therefore be oxidized by OH radicals
in the troposphere, preventing them from entering the strato-
sphere. However, a big increase in the atmospheric concentra-
tion of for example CHF2Cl (HCFC-22), which is currently used
in industry as a replacement for CCl2F2 (CFC-12) and C2F5Cl
(CFC-115), has been observed between the first Atmospheric
Trace Molecule Spectroscopy (ATMOS) experiment flight in
1985 and the Atmospheric Laboratory for Applications and
Science (ATLAS-3) mission in 1994.3 According to model
calculations, CHF2Cl will soon become the dominant source of
odd chlorine in the atmosphere above 40 km if the global
emission rate remains unabated.4 Thus, investigations of the
ultraviolet (UV) and vacuum-ultraviolet (VUV) photochemistry
and in particular measurements of photolysis product branching
ratios for this compound are clearly needed.
The UV and VUV photodissociation dynamics of the HCFCs

have rarely been studied,5 and the latter in particular has yet to
be characterized experimentally. UV absorption cross sections
of CHFCl2 (HCFC-21) and CHF2Cl were measured by several
groups.6-8 Huber and co-workers9 carried out detailed studies
of the CHFCl2 UV photodissociation (λphoto ) 193 nm) using
photofragment translational spectroscopy and found that, at this
wavelength, C-Cl bond fission is the primary photolytic
process. Recently, CHF2Cl photodissociation dynamics studies
were carried out by Melchior et al. at the same UV wavelength.10

In these studies a channel producing H atoms was observed
besides Cl(2P3/2) and Cl(2P1/2) formation. Using time-of-flight
mass spectrometry (TOF-MS) in combination with (2+ 1)
resonance-enhanced multiphoton ionization (REMPI) product
detection, they measured a H/{Cl(2P3/2) + Cl(2P1/2)} branching

ratio of 0.19( 0.06. In the same studies an upper limit of 1%
for the HCl elimination channel was reported. VUV absorption
and photoelectron spectra (200-120 nm) of CHF2Cl were
reported by Doucet et al.11 and Gilbert et al.12 extended the
absorption measurements down to 65 nm. However, no
information about the photochemical reaction products was
reported for that photolysis wavelength region. The aim of the
work to be presented in this article is to provide experimental
dynamical quantities such as a photolytic H atom yield and
information about the energy partitioning in the VUV photolysis
of CHF2Cl. The Lyman-R wavelength was chosen owing to
its very strong presence in the solar emission spectrum1 and
because of the possibility for simultaneous H atom product
detection via (2p2P r 1s2S) laser-induced fluorescence (LIF).

Experiment

The photodissociation studies were carried out in a flow
apparatus (schematically depicted in Figure 1), which is similar
to the one used in bimolecular reaction dynamics studies of the
O(1D) + H2/D2/HD13a and OH + CO14 reactions. Room
temperature CHF2Cl (Messer Griesheim, 99.9%) was pumped
through the reactor without further purification. The CHF2Cl
flow was controlled by a Tylan flowmeter. For the calibration
measurement H2O (deionized and double distilled) was passed
through the reactor. The H2O flow was regulated by a glass
valve. Typical pressures during the photodissociation experi-
ments were 60-90 mTorr as measured by an MKS Baratron.
VUV laser lightstunable around the H atom Lyman-R

transition at 121.567 nmswas generated by resonant third-order
sum-difference frequency conversion of pulsed-dye-laser radia-
tion in a phase-matched Kr-Ar mixture15 and used to photo-
dissociate the CHF2Cl molecule as well as to detect the
photolytically produced H atom via (2p2Pr 1s2S) laser-induced
fluorescence (LIF) within the same laser pulse. The duration
of the laser pulse was about 15 ns (as indicated in Figure 1).
The Kr mixing scheme via which the VUV radiation (ωVUV )
2ωR - ωT) was generated is included as an inset in Figure 1.
The laser radiation ofωR (λR ) 212.55 nm) is resonant with
the Kr 4p-5p (1/2,0) two-photon transition and was held fixed
during the experiments, whileωT was tuned from 844 to 846
nm to generate VUV radiation covering the H atom Lyman-R
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transition. The fundamental laser radiation was obtained from
two dye lasers (Lambda Physik FL 2002), simultaneously
pumped by a XeCl excimer laser (Lambda Physik EMG 210
MSC). In dye laser A Coumarin 120 was used to generate the
425.10 nm radiation which was subsequently frequency doubled
in a BBO II crystal in order to obtainλR ) 212.55 nm. λT )
844-846 nm was obtained directly by operating dye laser B
with Styryl 9 dye.
The generated Lyman-R light was carefully separated from

the fundamental laser light by a lens monochromator (denoted
as LM in Figure 1) followed by a light baffle system. The H
atom LIF signal was measured through a band-pass filter (ARC,
Model 122-VN-ID,λcenter) 122 nm, fwhm) 20 nm) by a solar
blind photomultiplier (Hamamatsu Model R1259, denoted as
PM 1 in Figure 1) positioned at right angles to the VUV laser
beam. The VUV beam intensity was monitored after passing
through the reaction cell with an additional solar blind photo-
multiplier of the same kind (PM 2 in Figure 1). In order to
obtain a satisfactory signal-to-noise (S/N) ratio, each point of
the H atom Doppler profiles (Figure 2) was averaged over 30
laser shots. The measurements were carried out at a laser
repetition rate of 6 Hz. The LIF signals and the VUV beam
intensity were recorded with a two-channel boxcar integrator
system (SRS 250) and transferred to a microcomputersvia an
analog-to-digital converter (SRS 235)swhere the LIF signal was

normalized point-by-point to the square of the VUV laser
intensity. In Figure 2a the “raw” H atom LIF signal is shown
(ii) together with the recorded Lyman-R laser intensity (i). Figure
2b shows the H Doppler profile which results from normalizing
curve (ii) to the square of the Lyman-R laser intensity (i). In
Figure 2c a H atom Doppler profile from the H2O photolysis is
shown which has been obtained using the same normalization
procedure. Bearing in mind that sequential multiphoton absorp-
tion (n > 2) may distort the results, the (n ) 1 + 1)-photon
nature (one-photon dissociation of the parent molecule followed
by one-photon H atom LIF detection) of the process was
checked directly in separate experiments by varying the VUV
laser intensity. Log-log plots of the measured H atom LIF
signal versus the VUV laser intensitysas depicted in Figure
3syielded slopes ofn ) 2.1( 0.2 andn ) 1.9( 0.1 in the
case of CHF2Cl and H2O photolysis, respectively. It is therefore
concluded that secondary dissociation of photolysis products is
negligible and need not be considered in the analysis of the
results. Optical absorption cross sections of CHF2Cl and H2O
at the Lyman-R wavelength were also measured in the course
of the present experiments. The following values were ob-
tained: σLR (CHF2Cl) ) (1.8( 0.2)× 10-17 cm2 andσLR (H2O)
) (1.6( 0.2)× 10-17 cm2.

Results

H Atom Quantum Yield. The absolute quantum yieldΦH

for photolytic H atom formation was obtained by calibrating
the H atom signal SH(CHF2Cl) measured in the CHF2Cl
photodissociation against the H atom signal SH(H2O) from well-
defined H atom number densities generated by photolyzing H2O.
The H2O photodissociation has been extensively studied,16 and
recently the Lyman-R photodissociation dynamics was inves-
tigated in great detail.17 In the present study, the absolute H
atom quantum yield was determined using the following
equation:

whereσH2O andσCHF2Cl are the absorption cross sections of H2O

Figure 1. Experimental apparatus used for the CHF2Cl VUV photolysis studies. The Kr four-wave mixing scheme for VUV generation is shown
as an inset. (Details are explained in the text.)

Figure 2. Doppler profiles of H atoms. (a) Curve i is the measured
Lyman-R laser intensity change, and curve ii is the measured H atom
LIF signal obtained in the CHF2Cl (85 mTorr) photolysis. (b) The
same H atom Doppler profile after normalization to the square of the
Lyman-R laser intensity. (c) A normalized H atom Doppler profile
obtained in the H2O (65 mTorr) photolysis. The centers of the LIF
spectra correspond to the Lyman-R transition for the H atom (82 259
cm-1).

ΦH ) {SH(CHF2Cl) Φ*HσH2O
pH2O

}/

{SH(H2O) σCHF2Cl
pCHF2Cl} (1)
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and CHF2Cl at Lyman-R wavelength.Φ*H is the absolute H
atom branching ratio in the Lyman-R photolysis of H2O, which
has been reported to be 1.02.18 SH is the integrated area under
the measured H atom Doppler profiles, andpH2O and pCHF2Cl
are the pressures of H2O and CHF2Cl, respectively.
In Figure 2, typical H atom Doppler profiles from the

Lyman-R photodissociation of CHF2Cl (b) and H2O (c) are
shown. In independent calibration runs, integrated areas under
the fluorescence curve were determined for the H2O and
CHF2Cl photodissociation under identical experimental condi-
tions which gavesusing eq 1san average value ofΦH ) (0.77
( 0.13).
H Atom Translational Energy Release. From the H atom

Doppler profile the first direct quantity of interest, the average
kinetic energy (ET) of the H atoms in the laboratory frame, was
determined. Because the measured H atom Doppler profile
reflects directly, via the linear Doppler shiftν - ν0 ) Vzν0/c,
the distribution of the velocity componentVz of the absorbing
H atoms along the propagation direction of the probe laser beam,
the average translational energy is given (assuming a spatially
isotropic velocity distribution) byET ) 3/2mH〈Vz2〉, where〈Vz2〉
represents the second moment of the laboratory velocity
distribution of the H atoms. Evaluation of the measured profiles
by a direct calculation of the second moment gave a value of
ET ) 140 ( 2 kJ/mol. Although this value is the one of
practical atmospheric interest, because it determines the total
amount of energy the photolytically produced atoms introduce,
a more detailed analysis of the profiles was carried out in order
to obtain more information about the underlying dissociation
mechanism. The measured H atom Doppler profiles (all of them
show a clear bimodal structure) were therefore fittedsfollowing
the suggestion of Matsumi and co-workers19sby a superposition
of a wide non-Gaussian component which describes a speed
distribution centred at a high velocity and a narrow Gaussian
component which corresponds to a statistical Maxwell-Boltz-
mann-like velocity distribution. The results of such a numerical
least-squares fit to a measured Doppler profile are shown in
Figure 4a. The average width (fwhm) of the non-Gaussian
contribution (represented in our case by a symmetric double

sigmoidal function) was 10.7( 0.6 cm-1, and that of the
Gaussian was 4.5( 0.3 cm-1. In Figure 4 the two translational
energy distributionsP(ET) are depicted (solid lines) which
correspond to the non-Gaussian (Figure 4b) and the Gaussian
component (Figure 4c), respectively. Evaluation of the two
translational energy distributions yielded average values of
ET(non-G) ) 207( 10 kJ/mol andET(G) ) 74( 15 kJ/mol for
the non-Gaussian and Gaussian components of the Doppler
profile, respectively. The ratio of the areas of the two different
Doppler profile contributions (non-Gaussian divided by Gauss-
ian) was determined to beΓnon-G/ΓG ) 1.0( 0.3. The quoted
uncertainties reflect one standard deviation of the values
(Gaussian and non-Gaussian widths and areas, respectively)
obtained in the evaluation of the complete set of measured
profiles. The quality of each individual Doppler profile fit was
much higher, as can be seen in Figure 4a, and in no case was
a systematic trend in the residuals of the fit observed.

Discussion

An absolute H atom quantum yield ofΦH ) 0.77( 0.13
has been measured for the VUV photolysis of CHF2Cl at the
Lyman-R wavelength (λLR ∼ 121.6 nm). At a photolysis
wavelength of 193 nm (using an ArF excimer laser and the
background subtraction method described in ref 13b), we were
unable to detect H atoms, attributable to direct photolytic H
atom formation at that wavelength. On the basis of the S/N
ratio and the H atom LIF signals that we were able to observe
from the 193 nm photodissociation of very low HCl concentra-
tions (pHCl ≈ 1-2 mTorr), we could determine, however, an

Figure 3. Dependence of the measured H atom LIF signal on the
Lyman-R laser intensity: (a) for CHF2Cl (62 mTorr) and (b) for H2O
(90 mTorr). n are the slopes of the linear log-log plots.

Figure 4. (a) Result of the fit of the composite function (as defined in
the text) to the measured bimodal H atom Doppler profile (solid
triangles). (b) H atom translational energy distributionP(ET) which
corresponds to the nonstatistical (non-Gaussian) component of the
measured profile. Solid line in (c) is the H atom translational energy
distribution which belongs to the statistical (Gaussian) component of
the measured profile. The two dashed lines are statistical “prior”
distributions for the CHF2Cl f CClF+ F+ H (i) and CHF2Cl f CF2
+ Cl + H (ii) fragmentation pathway.
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upper limit of 0.1 for the direct photolytic H atom quantum
yield at 193 nm. From the much more sensitive (2+ 1)
REMPI-TOF-MS measurements of Melchior et al.10 at the
photolysis wavelength of 193 nm, a value ofΦH ) 0.16( 0.05
can be derived assuming thatΦH + ΦCl/Cl* ) 1.
The above results clearly show the increasing importance of

H atom formation with decreasing wavelength in the photodis-
sociation of CHF2Cl. This is in general agreement with the
trend observed in CHFCl2 photolysis where it has been found
that at the wavelength 213.9 nm the absorption is localized in
the C-Cl bond, while at shorter wavelengths C-H bond
absorption occurs as well.5 Similar behavior was found in the
photodissociation of CH3Cl in which at 193 nm no H atoms
could be detected20 while at 157.6 nm appreciable H atom
concentrations were observed.19

In the 157.6 nm (pω ) 759.2 kJ/mol) photolysis of all
chloromethanes (CHnCl4-n), “bimodal” H atom Doppler profiles
were observed which could be simulated by a superposition of
a non-Gaussian and a Gaussian component with the Gaussian
component being considerably narrower (fwhm) 4.4-6.4
cm-1) than the non-Gaussian (fwhm) 10.7-13.2 cm-1).19 The
non-Gaussian contribution was attributed to a “direct” photo-
dissociation channel while the Gaussian component was ex-
plained by the existence of an “indirect” hot molecule decom-
position mechanism suggested by Bersohn and co-workers21

after excitation to a Rydberg excited state. The bimodal Doppler
profiles observed in the present study suggest that at the
Lyman-R wavelength the H atom formation in the CHF2Cl
photolysis also proceeds via (at least) two different dissociation
mechanisms. In case of CHF2Cl, Lyman-R radiation leads
mainly to A and B band excitation.7 A-band absorption can be
described as valence transitions from a nonbonding chlorine lone
pair orbital (nCl) to aσ* antibonding orbital with mixed C-H,
C-Cl character11 while B-band absorption at the Lyman-R
wavelength can be attributed to a Rydberg process, related to a
nCl f 4s transition.11 The non-Gaussian component could
therefore originate from a direct photodissociation process

while for the Gaussian component a mechanism such as

could be responsible where** and ‡ indicate electronically
excited and “hot” molecular states, respectively, with the
electronically excited state** originating from a nCl f 4s
Rydberg excitation. The measured ratioΓnon-G/ΓG ) 1.0( 0.3
should therefore reflect the ratio of relative absorption of the
two electronic transitions involved. In the case of CH3Cl, for
example, lower states of the nCl f 4s Rydberg series have been
found to be strongly predissociative.22 Measurements of H atom
Doppler profiles for different pump-probe beam geometries
to determine the anisotropy parameters for each H atom channel
could provide direct information about the corresponding
electronic transitions but are, however, not possible in the
present case, as the Lyman-R laser acts as both pump and probe
source. Therefore, the following discussion willsbecause of
the lack of information about the actual potential energy surfaces
(PESs) involvedsbe based on the fragmentation energetics and
simple statistical models where only energy conservation is
incorporated. In Table 1, photochemical H atom reaction
channels are listed. The reaction enthalpies were calculated
from the standard enthalpies of formation23 listed in Table 1.
Despite being energetically more favorable than C-Cl or C-H

bond fission, HCl production was not observed in the 193 nm
photolysis of CHCl3, CHFCl2,9 and CHF2Cl,10 and so molecular
elimination processes are not taken into account. The ionization
potentials for the Cl lone pair and the lowest C-Cl/C-H
bonding orbital in CHF2Cl have been measured to be 12.6 eV
(1215.7 kJ/mol) and 14.0 eV (1350.8 kJ/mol), respectively,11

so ionization of the parent molecule and subsequent ion
fragmentation need not be considered in the present study.
The Non-Gaussian Component.Assuming direct H atom

formation via reaction 2, the fractionfT ) ET/Eavl of the available
energy channeled into H atom translation for the non-Gaussian
component isfT(non-G) ) 0.38. Comparison of this value with
the H atomfT value of 0.48 obtained at a photolysis wavelength
of 193 nm (619 kJ/mol)11 suggests a similar direct fragmentation
dynamics andsbecause at 193 nm excitation of the nCl f 4s
Rydberg transition is energetically not possible7scould suggest
that also in the VUV wavelength region H atom formation
occurs to a certain extent via nCl f σ* excitation. In agreement
with the behavior expected for a direct dissociation process on
a CHF2Cl PES that is repulsive along the C-H bond coordinate,
the experimentalfT(non-G) value is considerably higher than the
statistical “prior” valuefT“stat” ) 1/6 calculated assuming a single
C-H bond fission.24a,25,26 At this point it should be noted that
direct H atom production via (2) following Lyman-R excitation
actually leaves the CF2Cl radical with a total internal energy
Eint of up to 344.2 kJ/mol.Eint ) Eavl - Et(c.m.) was calculated
using the reaction enthalpy given in Table 1, andEt(c.m.) ≈
ET(non-G) ) 207 kJ/mol for the center-of-mass translational
energy, the approximation being justified because of the large
mass ratiomCF2Cl/mH‚Eint is high enough (see Table 1) to allow
Cl and F atom formation by subsequent decomposition of the
CF2Cl fragment. Thus, the complete photochemical reaction
could be described by the following “sequential” decay mech-
anism:

Here sequential27 means that the overall process proceeds by a
sequence of two independent steps (4a followed by b or c) where
the decay of CF2Cl‡ is not influenced by the first fragment (the
H atom in our case). In this case, reaction step 4a can be
considered to be a “fast” single C-H bond fission process,
followed by the second step (4b or 4c) which then can be
considered as a subsequent unimolecular reaction where the rates
k(Eint) may be calculated using statistical theories (e.g., RRKM,28

PST,29 SACM30) if the excited molecules live long enough to
allow for a complete randomization of the internal energy before
the decomposition.

CHF2Cl + pωLR
f CHF2Cl* f CF2Cl + H (2)

CHF2Cl + pωLR
f CHF2Cl** f CHF2Cl

‡ f CF2Cl + H

(3)

TABLE 1: Standard Enthalpies of Formation ∆H°f and
Reaction Enthalpies∆HR of Energetically Possible H Atom
Product Channels in kJ/mol (Ref 23)

species
∆H°f
(298 K) reaction

∆HR

(298 K) Eavla

CHF2Cl -483.7 CHF2Cl f CF2Cl + H 432.7 551.2
CF2Cl -269.0 CHF2Cl f CF2 + Cl + H 628.9 355.0
CF2 -194.1 CHF2Cl f CFCl+ F+ H 803.0 180.9
CFCl -20 CF2Cl f CF2 + Cl 196.2
F 79.39 CF2Cl f CFCl+ F 328.4
H 217.997
Cl 121.30

a The available energy to the products is given byEavl ) pωLR (983.9
kJ/mol)- ∆HR (298 K).

CHF2Cl + pωLR
f CHF2Cl* f CF2Cl

‡ + H (4a)

CF2Cl
‡ f CF2 + Cl (4b)

CF2Cl
‡ f CFCl+ F (4c)
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The Gaussian Component: A Predissociation Mechanism
for CHF 2Cl Photodissociation. The solid curve in Figure 4c
represents the Maxwell-Boltzmann-like H atom velocity dis-
tribution derived from the Gaussian component of the Doppler
profile fit (Figure 4a). This distribution is characteristic of a
translational “temperature” of about 5900 K, corresponding to
an average energy ofET(G) ) 3/2RT) 74 kJ/mol. The dashed
lines i and ii in Figure 4c are statistical “prior” distributions
P(ET|Eavl) calculated for the following two energetically possible
H atom producing “simultaneous” three-body processes taking
into account rigorous conservation ofEavl only:25

Using the “canonical” statistical model of Baer et al.24b in which
the constraint of rigorous conservation ofEavl is replaced by
conservation of the average internal energy gave a translational
temperature of about 5700 K for reaction 5 and 2900 K for
reaction 6 assuming simultaneous three-body dissociation. In
order to allow the application of statistical methods, it has to
be assumed, of course, that the excited molecule (CHF2Cl‡) lives
long enough to allow for a complete randomization of the
internal energy before it breaks apart. The good agreement with
the statistical predictions might suggest that the Gaussian
component of the measured H atom profiles originates mainly
from statistical three-body decay (5)smaybe with some con-
tribution from (6)safter Rydberg excitation.

Conclusion

Using the laser photolysis/laser-induced fluorescence “pump/
probe” technique, we measured a total H atom quantum yield
of ΦH ) 0.77( 0.13 for the dissociation of CHF2Cl following
photoexcitation at the Lyman-R wavelength. The relatively high
value ofΦH suggests CHF2Cl to be an efficient precursor of
translationally excited H(2S) atoms in the earth’s stratosphere.
Under collision-free conditions, bimodal H atom Doppler

profiles were observed. An analysis of the bimodal H atom
Doppler profiles suggests that H atom formation proceeds via
two distinct photochemical channels, of approximately equal
probability. It is suggested that the two H atom channels
originate from the excitation of two different electronic transi-
tions, namely, a transition that excites to a state which is
repulsive in the C-H coordinate in the case of the nonstatistical
“fast” H atom Doppler profile component and a transition that
excites to a state leading to H atom formation via a predisso-
ciation mechanism in the case of the statistical “slow” H atom
velocity contribution. However, for a definite assignment of
the two optical VUV transitions involved, theoretical and further
experimental studies for different pump-probe beam geom-
etries, using for example a polarized 157.6 nm F2 excimer laser
as an independent photolysis light source, in order to determine
the corresponding H atom fragment anisotropy parameters would
be desirable.
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