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The coherent anti-Stokes Raman scattering (CARS) and photoacoustic Raman spectroscopy (PARS) spectra
of gaseous CHF2Cl and CH3CF2Cl in the 3000 cm-1 region are reported for the first time. Several vibrational
bands are observed related to C-H stretch fundamentals of CHF2Cl isotopomers, and to CH3 stretches and
the first overtone of CH3 deformation of CH3CF2Cl. The simultaneous detection of CARS/PARS signals
aids the assignment of the isotopomer bands. Both methods are appropriate for detection of these compounds
and can be applied in chemical dynamics studies.

Introduction

Hydrochlorofluorocarbons (HCFC’s) have been suggested as
interim replacements for the ozone destroying chlorofluorocar-
bons (CFC's) and halons.1-3 The HCFC’s, containing at least
one C-H bond, have been pursued as substitutes since they
have shorter atmospheric lifetimes than the CFC’s. Substantial
usage of HCFC’s leads to high emissions, which are assumed
to grow at 3% per year until 2020 with reductions to zero
emissions by 2040.2 Because of the direct environmental
relevance, the interest in these compounds is increasing and so
is the number of their studies. Recent research is directed
toward kinetics and dynamics measurements of their reactions
with O(1D)4,5 OH,6-9 and Cl,10 to photodissociation dynamics
studies,11-13 and to detailed theoretical and spectroscopic studies
to obtain a basis for their environmental monitoring.14-22

Extensive measurements of microwave and infrared spectra
revealed spectroscopic constants for the ground state and
different vibrational levels of HCFC compounds.14-21 In the
past, the Raman spectra of several HCFC’s have been recorded
by a three-prism glass spectrograph23 and by mercury arc
excitation.24,25 Recently, the high-pressure Raman scattering
of liquid and crystalline CHF2Cl has been studied.21 These
studies characterized the position of the bands, at low resolution,
and the absolute intensities and depolarization ratios. Nowa-
days, sensitive nonlinear optical spectroscopies as coherent anti-
Stokes Raman scattering (CARS)26,27and photoacoustic Raman
spectroscopy (PARS)28 may be applied to obtain rovibrational
spectra of molecules.

CARS and PARS have been shown to be sensitive and
powerful methods for different applications. CARS has been
used for temperature and density measurements in flames,
internal combustion and jet engines, plasmas, chemically
reacting mixtures, and explosions.26,27,29-32 It has been also
employed33 and suggested to be employed34 in chemical
dynamics experiments to monitor the photofragments and
reaction products. Moreover, in other chemical dynamics
experiments it has been used to monitor the efficacy of vibra-
tional excitation by stimulated Raman excitation (SRE).33,35-37

The PARS method has been utilized in spectroscopic28 and

molecular dynamics studies38 of a variety of molecular species,
and to trace analysis of gaseous mixtures.28

We employed both methods simultaneously and report, to
the best of our knowledge, the first observed CARS/PARS
spectra of gaseous HCFC methane and ethane derivatives, i.e.,
chlorodifluoromethane, CHF2Cl (HCFC-22), and 1-chloro-1,1-
difluoroethane, CH3CF2Cl (HCFC-142b). Both molecules,
having only one plane of symmetry, belong to theCs point
group. CHF2Cl has nine fundamental vibrations of A′(ν1-ν6)
and A′′(ν7-ν9) symmetry species16 and CH3CF2Cl has 18
vibrational modes belonging to symmetries A′(ν1-ν11) and A′′
(ν12-ν18).17 Our measured CARS/PARS spectra of CHF2Cl,
in the 3000 cm-1 region, are characterized by an intense Q
branch of the C-H fundamental of CHF235Cl and by a red-
shifted small peak corresponding to the same band of the
CHF2

37Cl isotopomer. The CH3CF2Cl spectra exhibit CH3
stretch vibrational bands and the first overtone of CH3 deforma-
tion. The ratios of the integrated intensities of the CHF2Cl and
CH3CF2Cl bands to that of methane, CH4, are obtained. The
results show that CARS and PARS are sensitive enough to detect
CHF2Cl and CH3CF2Cl in dynamics studies.

Experiment

In CARS, a four-wave mixing process,26,27 three waves at
frequenciesωp, ωS, andωp are mixed in a sample to generate
a new coherent wave at frequencyωAS ) ωp - ωS + ωp (ωp,
ωS, and ωAS are the pump, Stokes, and anti-Stokes beams,
respectively). Whenωp - ωS ) Ω, whereΩ is the frequency
of a Raman active transition, the nonlinear mixing is greatly
enhanced. By varyingωS while ωp is kept constant, it is
possible to go across a vibrational band and generate a CARS
spectrum. In PARS,28 stimulated Raman scattering is obtained
when ωp - ωS ) Ω. The nonlinear process results in the
amplification of theωS beam and attenuation of theωp beam.
For each generated Stokes photon a molecule is transferred to
the rovibrationally excited level, producing excess population
in it. The PARS signal monitors the sound wave generated by
vibrational relaxation as the Stokes laser is tuned through
rovibrational transitions.

Our CARS/PARS apparatus consists a Nd:YAG pumped
tunable dye laser (DCM dye) to generateωS in the range 626-† Also with The Institutes for Applied Research.
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636 nm. The residual of the Nd:YAG first harmonic is doubled
and provides theωp beam at the fixed wavelength, 532 nm.
The ωp and ωS have line widths of 0.2 and 0.07 cm-1,
respectively. The energies of the beams are controlled by
changing the Q-switch delay of the Nd:YAG and are typically
∼16 mJ forωp and∼1.5 mJ forωS. Both beams are vertically
polarized. Wavelength calibration is achieved by monitoring
CARS/PARS spectra of theν1 (2916.8 cm-1) and ν3 (3020
cm-1) levels of methane.27

The beams are collinearly combined by a dichroic mirror and
focused with a 12 in. focal length (fl) lens into the reaction
cell. The beams are spatially and temporally overlapped, the
latter being achieved by optical delay of theωp beam. At the
cell exit ωp, ωS, andωAS are recollimated by a 12 in. fl lens;
then ωAS is spatially and spectrally separated from the input
beams by a Pellin-Broca prism and by color glass filters. The
ωAS is attenuated by neutral-density filters and then monitored
by a photodiode. The PARS signal is simultaneously detected
by a microphone mounted in the cell. The experiments are
performed in a gas cell, at room temperature, with a static or
flowing sample of the compound’s vapor. The gaseous CHF2-
Cl (99.5%), CH3CF2Cl (>99.85%) and CH4 (99.5%) are used
without further purification. The CARS signal and the amplified
PARS signal are captured by two different channels of a boxcar
averager. Thirty pulses are averaged for each point in the
spectrum. Both signals are passed to a personal computer for
data reduction.

Results and Discussion

CHF2Cl. The CARS/PARS spectra of CHF2Cl are shown
in Figure 1. The spectra exhibit two peaks: a relatively large
one at 633.84 nm (3020 cm-1) and a small one at 633.98 nm
(3023.5 cm-1). Only Q-branches are observed, and the moder-
ate bandwidth of our system (0.3 and 0.21 cm-1 for the CARS
and PARS, respectively) is too low to resolve individual
rotational lines. The intensity ratio of the peaks in the CARS
spectrum is smaller than that observed in the PARS. The large
peak is assigned as theν1 fundamental (C-H stretch) of the
CHF2

35Cl isotopomer and the small one as theν1 fundamental
of CHF2

37Cl. The identification is based on the relative
intensities of the peaks in the CARS/PARS spectra.

The CARS signal intensity26,27depends on the square of the
third-order nonlinear susceptibility,|ø(3)|2, and therefore on∆N2,
where ∆N is the number density difference in population

Figure 1. Rovibrational CARS/PARS spectra of CHF2
35Cl and CHF2-

37Cl ν1 bands at 10 Torr and room temperature.

Figure 2. Rovibrational CARS/PARS spectra of CH3CF2Cl ν1, ν2, and 2ν3 bands at 100 Torr and room temperature. The insets show portions of
the spectral region under different experimental conditions (an increased microphone amplifier gain in the PARS and fewer neutral-density filters
in the CARS). The intensity scale of the insets in each panel is similar to that ofν2.
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between the two Raman coupled states accessed in the spectrum.
The PARS signal is proportional toø(3), and therefore to∆N.28

Since, the natural abundance of35Cl:37Cl is 0.76:0.24, the CHF2-
Cl consists of a mixture of CHF235Cl (76%) and CHF237Cl
(24%), and therefore the CARS intensity should scale as 10:1
and the PARS as 3.17:1. From the average of 10 scans we
obtain that the integrated intensity of the large peak is 9.3(
2.3 and 3.2( 0.6 times larger than the small peak for the CARS
and PARS, respectively, and thus unambiguously identify the
peaks.

The ν1 band of CHF235Cl has been observed previously16,39

in the infrared at 3021.27 and 3020.5 cm-1 and in Raman at
3024 cm-1.24 Theν1 band of CHF237Cl has not previously been
observed, but from force field calculations16 it was predicted
to be at 3034 cm-1 compared to 3032.8 cm-1 for the CHF2

35Cl
isotopomer. Our measured Raman frequency for theν1

fundamental of CHF235Cl is 3020 cm-1, quite close to the
previously measured values. The calculated shift between the
ν1 bands of the isotopomers16 is 1.2 cm-1, compared to our
measured shift of 3.5 cm-1.

We also measured the integrated CARS intensities of theν1

band of CHF235Cl relative to that ofν3 of CH4 under the same
conditions. The signal for the former band is 7.2( 2.3 times
higher than for the latter, suggesting that the Raman cross
section, dσ/dΩ, for the particular bands is higher for CHF2

35Cl
by a factor of 2.7, since CARS signal intensity scales as (dσ/
dΩ)2. The observed ratio does not agree with the values of the
absolute Raman scattering cross sections given in ref 25, where
ν3 of CH4 has about twice higher cross section thanν1 of CHF2-
Cl. It is noteworthy that the absolute normalized differential
Raman scattering cross sections have been measured long ago
using mercury arc excitation at much higher pressures (0.7-2
atm).

Reducing the CHF2Cl pressure enabled us to detect the CARS
signals resulting from 1 Torr with a signal-to-noise (S/N) ratio
of 10. 2 Torr was needed for PARS detection; however,
improvements in the gas cell design and in the amplification
system are expected to lead to higher sensitivities. Both the
CARS and PARS methods can be used to directly monitor the
conditions of the SRE excitation and also to detect the CHF2Cl
in molecular dynamics experiments.

CH3CFCl2. Figure 2 shows representative CARS/PARS
spectra of CH3CFCl2. Theν1 Q-branch with 3020 cm-1 (ωS )
633.85 nm) Raman shift, theν2 Q-branch with 2960 cm-1 (ωS

) 631.45 nm), and the 2ν3 Q-branch with a 2878 cm-1 (ωS )
628.2 nm) shift are the prominent features of the spectra. Our
measured Raman shifts agree with recent high-resolution FTIR
measurements17 which locatedν1 at 3021.5 cm-1, ν2 at 2960.8
cm-1, andν3 at 1448 cm-1. A relatively high pressure is used
to monitor the CARS and PARS spectra to enable the observa-
tion of the 2ν3 overtone. The sharp Q-branch ofν1 is also
accompanied by P- and R-branches. From the general appear-
ance of this band it seems that it corresponds to an A-type band.
The ν1 andν2 bands have been assigned to the CH3 antisym-
metric and symmetric stretches, respectively, while theν3 to
the antisymmetric CH3 deformation.17,19,22

The CH3CF2Cl spectra do not show any shifted peaks that
can be attributed to the CH3CF2

37Cl isotopomer. This behavior
differs from that of CHF2Cl, but agrees very well with very
recent predicted vibrational frequencies,17 calculated by ab initio
at the MP2/6-311G** level. McNoughton and Evans17 pre-
dicted that no shift will be observed for the CH3 stretches and
CH3 deformation bands, but large shifts are expected for other

bands. For example, 2.00 and 6.59 cm-1 shifts are expected
for the C-Cl stretch and for the CF2 wagging, respectively.

The integrated intensity of theν2 band of CH3CF2Cl is higher
than that of theν1 band of CHF2Cl. The ratio between the
CARS integrated intensities of the two bands is 6.4( 1.6, i.e.,
a ratio of 2.5 between the Raman cross sections. The PARS
integrated intensities give a ratio of 2.8( 0.3, agreeing well
with the CARS value, but again differing from that given in
ref 25, namely 1.7. The calculated ratios between the integrated
intensities of theν1 and ν2 bands of CH3CF2Cl in the CARS
and PARS are 410( 140 and 124( 38, respectively. The
ratios of the Raman cross sections obtained by the two methods,
∼20 and 120, are quite different. This is probably due to the
large difference in the intensities of the two bands necessitating
very different experimental conditions (filters, amplification).
Anyhow, both our values are much larger than the ratio 2.9
calculated from ref 25.

The intensities obtained for CH3CF2Cl show that the sensitiv-
ity of its detection via theν2 band is even higher than that of
CHF2Cl and reducing its pressure to 1 Torr still allows its CARS
detection with a S/N of 20. Under the same conditions the
PARS S/N was 3. These sensitivities offer the possibility to
apply CARS and PARS in dynamics studies of CH3CF2Cl.

Conclusions

Using the CARS/PARS methods we monitored the vibrational
bands of two HCFC compounds. The bands were identified
and attributed to the C-H stretches of CHF2Cl isotopomers and
to CH3 stretches and CH3 deformation overtone of CH3CF2Cl.
The assignment was greatly aided by the employment of both
methods because of the different dependencies of the CARS/
PARS signals on∆N. The application of both methods may
be of importance in other isotopic systems as well.

The large signals obtained show that detection of these
molecules can be accomplished by CARS/PARS methods.
Moreover, they suggest that large number densities of vibra-
tionally excited molecules may be obtained in different vibra-
tional states and even in the CH3 deformation overtone, allowing
study of bimolecular and unimolecular reactions of vibrationally
excited HCFC’s.
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