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Abstract. The collision-free, room temperature gas-phase photodissociation dynamics of CH3CFCl2 
(HCFC-141b) was studied using Lyman-α laser radiation (121⋅6 nm) by the laser photolysis/laser-
induced fluorescence ‘pump/probe’ technique. Lyman-α radiation was used both to photodissociate the 
parent molecule and to detect the nascent H atom products via (2p2P → 1s2S) laser-induced fluorescence. 
Absolute H atom quantum yield, φH = (0⋅39 ± 0⋅09) was determined by calibration method in which CH4 
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 Gaussian velocity distribution suggesting the 
presence of indirect H atom formation pathways in the Lyman-α photodissociation of CH3CFCl2. The av-
erage kinetic energy of H atoms calculated from Doppler profiles was found to be ET(lab) = (50 ± 3) kJ/mol. The 
nearly statistical translational energy together with the observed Maxwell–Boltzmann velocity distribu-
tion indicates that for CH3CFCl2 the H atom forming dissociation process comes closer to the statistical 
limit. 
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1. Introduction 

Phasing out of the ozone destroying chlorofluoro-

carbons (CFCs) and their replacement with hydro-

chlorofluorocarbons (HCFCs) have created concerns 

about the impact of HCFCs on the atmospheric 

chemistry. Since HCFCs have at least one C–H 

bond, they can be oxidized by OH-free radicals and 

O(
1
D) atoms in the troposphere. Despite this prop-

erty, they still have the potential to transport chlo-

rine to the stratosphere where photochemical 

processes initiated by absorption of light in the UV 

and VUV wavelength region have an impact on the 

ozone depletion.
1
 

 The measurement of atmospheric concentrations 

of HCFC-141b (CH3CFCl2), which is used as a re-

placement for CFCl3 and CFCl2CF2Cl, shows a rapid 

increase since 1994.
2
 Although its production is 

stopped and based on the revised Montreal Protocol 

will be phased out by 2020, its release into the at-

mosphere is expected to increase in the coming few 

decades because of long-term uses of the products.  

In order to assess the environmental impact of the 

accumulation of the HCFCs in detail, different stud-

ies about the molecule in the atmosphere need to be 

performed. Besides atmospheric concentration mea-

surements and 3D modelling calculations, laboratory 

photodissociation dynamics studies of HCFCs and in 

particular quantitative measurements of primary 

photochemical product yields play an important role 

in understanding the mechanisms involved in the 

decomposition of these molecules. 

 Photodissociation of CH3CFCl2 has been studied 

in the UV region. At 193 nm, the main photo-

dissociation channel is found to be formation of Cl 

atom with quantum yield of near unity and a minor 

channel leading to H atom formation (φH = 0⋅05).
3,4
 

Rupture of C–Cl and C–H has been explained by 

mixed character for the σ* antibonding orbital. At 

the shorter wavelengths, the Rydberg excitations 

come into play and the spectra become richer. Re-

cently, photodissociation dynamics of CH3CFCl2 
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was studied at 205–209 nm by photofragment velo-

city map imaging technique
5
 and it was inferred that 

in this wavelength range H atoms are produced by 

direct cleavage of C–H bond. 

 Though there are several studies in the UV region, 

only two studies on VUV photolysis of this mole-

cule have been reported. Valence ionic states and 

dissociative photoionization of CH3CFCl2 in 11–

19 eV were investigated with threshold photoelec-

tron and photoionization mass spectrometry 

(PIMS).6 Dissociation of energy selected CH3CFCl2
+ 

to form CH3CFCl
+
 was studied using threshold photo-

electron photoion coincidence (TPEPICO) and syn-

chrotron radiation.7 Unfortunately, there is no report 

on VUV spectrum of CH3CFCl2. However, for 

CH3CF2Cl, the 3pπ → 4s Rydberg series starts at 

73900 cm
–1
 and 3pπ → 4p series begins at 81300.

8
 

The CH3CFCl2 spectrum is also expected to have 

similar features with some shifts. Knowledge of 

VUV photochemistry of this molecule is essential 

for reliable calculation of photodissociation rates in 

the upper atmosphere. 

 In the VUV region of solar spectrum, the strong-

est emission line is Lyman-α (121⋅6 nm) due to neu-

tral hydrogen.1,9 The energy contained in the solar 

Lyman-α flux is as large as the total solar flux in 

120 to 160 nm region.10 Because Lyman-α occurs at 

a spectral window of molecular oxygen, solar radia-

tion can penetrate down to about 60 km in the 

earth’s atmosphere.11 At these levels molecules can 

be photolysed by Lyman-α, thus significantly affect-

ing the photochemistry in the upper atmosphere. For 

Sun and other stars with similar radiation environ-

ment, the most important wavelength being Lyman-

α12
, photochemistry and identification of products at 

this wavelength are of great significance. Our previ-

ous work13,14 has shown that as the wavelength de-

creases, H atom formation channel starts competing 

with Cl atom formation channel. In view of this, we 

have investigated the VUV photodissociation of 

CH3CFCl2 at Lyman-α wavelength and the results 

are reported here. 

2. Experimental 

Photodissociation studies were carried out in a flow 

apparatus (figure 1), which is similar to the one used 

in earlier studies.13–15 Room temperature CH3CFCl2 

(ABCR Chemicals, purity >
 
99⋅7%) was pumped 

through the reactor without further purification. For 

calibration measurements, CH4 (>99⋅998% Messers 

Griesheim) was used under similar condi-

 

 

 
 

Figure 1. Experimental apparatus used for the CH3CFCl2 VUV photolysis studies. The Kr four-wave mixing scheme 
for generation of tunable Lyman-α laser radiation is shown as an inset. 



Lyman-α photodissociation of CH3CFCl2 (HCFC-141b) 

 

279

tions. Typical pressures during the photodissociation 

experiments were 10–40 m torr as measured by an 

MKS Baratron. 

 VUV laser lights tunable around the H atom 

Lyman-α transition at 121⋅567 nm were generated 

by resonant third-order sum-difference frequency 

conversion of pulsed-dye-laser radiation in a phase-

matched Kr–Ar mixture16,17 and used to photodisso-

ciate the CH3CFCl2 molecule as well as to detect the 

photolytically produced H atom via (2p
2
P → 1s

2
S) 

laser-induced fluorescence (LIF) within the same la-

ser pulse. The duration of the laser pulse was about 

15 ns. The Kr mixing scheme via which the VUV 

radiation (αVUV = 2ω 

R – ωT) was generated is in-

cluded as an inset in figure 1. The laser radiation 

ω  

R = 212⋅55 nm is resonant with the Kr [4p–5p (1/2, 

0)] two-photon transition and was held fixed during 

the experiments, while ωT was tuned from 844 to 

846 nm to generate VUV radiation covering the H 

atom Lyman-α transition. The fundamental laser ra-

diation 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 fre-

quency doubled in a BBO II crystal in order to obtain 

ωR = 212⋅55 nm. ωT = 844–846 nm was obtained di-

rectly by operating dye laser B with Styryl 9 dye. 

The generated Lyman-α light was carefully sepa-

rated from the fundamental laser light by a lens 

monochromator (denoted as LM in figure 1) fol-

lowed 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 photo-

multiplier (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 photomultiplier 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 microcomputers via an analog-to-

digital converter (SRS 235) where the LIF signal 

was normalized point-by-point to the square of the 

VUV laser intensity. Bearing in mind that sequential 

multiphoton absorption (n > 2) may distort the re-

sults, the n = (1 + 1) photon nature (one-photon dis-

sociation 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 intensities 

yielded slopes of n = (2⋅1 ± 0⋅2) and n = (1⋅9 ± 0⋅1) 

in the case of CH3CFCl2 and CH4 photolysis, respec-

 

 

 
 

Figure 2. Doppler profiles of H atom formed on 121⋅6 nm photodissociation of (a) 
9 m torr CH3CFCl2 and (b) 32 m torr CH4. The mid-point shows the H atom Lyman-α tran-
sition at 82259 cm

–1. 
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tively. It is therefore concluded that secondary dis-

sociation of photolysis products is negligible and 

need not be considered in the analysis of the results. 

3. Results and discussion 

3.1 Absolute quantum yield for formation of  

hydrogen atoms 

The quantum yield for the formation of H atoms was 

measured by means of calibration against methane 

photolysis using the following equation
13–15 

 

 3 2 4 4 4

4 3 2 3 2

H(CH CFCl ) H(CH ) CH  CH

H

H(CH ) CH CFCl CH CFCl

pS

S p

γ φ σ

φ
σ

= , 

 

where σ is the absorption cross-section of molecule 

at 121⋅6 nm, SH is the area under the H atom Dop-

pler profile and p the pressure of the respective 

molecule. For the absorption cross-section values at 

121⋅6 nm, σCH4
 = (2 ± 0⋅2) × 10

–17
 cm

2
 and σCH3CFCl2

 = 

(6⋅6 × 0⋅5) × 10
–17
 cm

2
 were used.

18
 The γ factor ac-

counts for different absorption cross-sections of CH4 

and CH3CFCl2 at Lyman-α wavelength under the 

present experimental conditions was (0⋅99 ± 0⋅04). 

The quantum yield of H atom formation in methane 

photolysis was measured in previous work to be 

(0⋅47 ± 0⋅11).19,20 Using this method, the quantum 

yield of H atom formation in 121⋅6 nm photolysis of 

CH3CFCl2 was measured to be (0⋅39 ± 0⋅09). The 

experimental error is the cumulative error in the 

measurement of pressure, cross-section and H atom 

quantum yield measurements of methane photodis-

sociation at Lyman-α. 

 Formation of H atoms is a minor channel for the 

193 nm photodissociation of CH3CFCl2. However, 

the present experimental results show that H atom 

quantum yield at Lyman-α is significantly higher 

than 193 nm (table 1). The increase in H atom quantum 

yield at 121⋅6 nm compared to 193 nm is consistent 

with our earlier results in other chlorofluorocarbons 

such as CHF2Cl and CH3CF2Cl.
13,14

 The results are 

 

 
Table 1. Experimental results of photodissociation of 
CH3CFCl2. 

Molecule φH   (193 nm) φH ( 121.6 nm)
Ref 

 

CHF2Cl (0⋅16 ± 0⋅05) (0⋅77 ± 0⋅13)14 
CH3CF2Cl (0⋅06 ± 0⋅02) (0⋅53 ± 0⋅12)13 
CH3CFCl2 (0⋅04 ± 0⋅01) (0⋅39 ± 0⋅09)this work 

indicative of different dissociation mechanisms at 

these two wavelengths. First, the nature of excitation 

is different at these two wavelengths. Absorption of 

a 193 nm photon leads to excitation in the first UV 

band of CH3CFCl2 which originates from 3pπ → σ* 

(C–Cl) transition within the valence shell (3pπ is a 

lone pair orbital and σ* is an antibonding C–Cl mo-

lecular orbital). Thus, photodissociation at 193 nm 

preferentially leads to C–Cl bond breaking which is 

supported by the experimentally measured Cl atom 

quantum yield values which are near unity.3 Unfor-

tunately, the VUV spectrum of CH3CFCl2 is not re-

ported at 121⋅6 nm. However, for very similar 

molecule i.e. CH3CF2Cl, the 3pπ → 4s Rydberg se-

ries starts at 73900 cm
–1
 and 3pπ → 4p series begins 

at 81300.
8
 The CH3CFCl2 spectrum is also expected 

to have similar features with some shifts. Thus, exci-

tation at 121⋅6 nm leads mainly to the Rydberg state 

which then converts into internally excited elec-

tronic ground state and subsequent dissociation oc-

curs on the ground state potential energy surface.
13,14

 

In view of this, the dissociation mechanisms are dif-

ferent. Secondly, the absorption cross-sections at 

121⋅6 nm (σ121⋅6 = (6⋅6 ± 0⋅5) × 10
–17
 cm

2
/molecule

18
) 

is nearly two orders of magnitude higher than at 

193 nm (σ193 = 5⋅58 × 10
–19
 cm

2
/molecule

3
). 

 Some of the possible channels which can give rise 

to H atom formation are shown in table 2 along with 

the excess energy that will be available for partition-

ing into different degrees of freedom. So far no in-

vestigation has been made to probe any of the above 

channels and in the absence of this information, it is 

difficult to assign from which channel the H atoms 

are produced. 

 It is worth noting that a general trend has been 

observed in photodissociation of the three HCFC 

molecules studied. In 193 nm photolysis, H atom 

formation is a minor channel i.e. antibonding orbital 

is mainly located in the C–Cl region. However, if 

the photolysis wavelength is changed to 121⋅6 nm, 

the H atom formation channel becomes significant 

as shown in table 1. 

3.2 Translational energy of H atoms 

Average translational energy of the hydrogen atoms 

was measured using the following equation 
 

 EH = 3 mH〈vz〉
2
/2 = 3mH(ν – ν0)

2
(c/ν0)

2
/2, 

 

where ν is the frequency of the absorption of mov-

ing H atom as obtained from Doppler profile, c the
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Table 2. Possible reaction channels to form H atom. 

Reaction channel ΔHR (kJ/mol) Eavl
(121⋅6 nm) (kJ/mol) 

 

CH3CFCl2 → CH2=CFCl‡ + H + Cl 513⋅1 472⋅1 R1 
CH3CFCl2 → CHCCl + HF + Cl + H 636⋅2 349⋅0 R2 
CH3CFCl2 → CH2CCl2 + F + H 638⋅8 346⋅4 R3 
CH3CFCl2 → CH2CF + Cl2 + H 666⋅3 318⋅9 R4 
CH3CFCl2 → CH2CCl + ClF + H 763⋅9 221⋅3 R5 
CH3CFCl2 → CHCCl + F + HCl + H 774⋅4 210⋅8 R6 
CH3CFCl2 → CH2CF + Cl + Cl + H 908⋅9 76⋅3 R7 

 

 

speed of light, ν0 the absorption frequency of the H 

atom at rest and vz the component of velocity of H 

atoms along the direction of the probe laser. From 

the measured Doppler profiles of H atoms (figure 2), 

the velocity of H atoms and thus the average transla-

tional energy imparted to H atoms was calculated. 

Doppler profiles measured in Lyman-α photolysis 

could be well fitted using a Gaussian fit function. 

The average kinetic energy of ET(lab) = (50 ± 3) 

kJ/mol was calculated from these fits. In the evalua-

tion of H atom profiles it has to be considered that 

the measured line shape represents a convolution of 

VUV laser spectral profile and the Doppler profile 

of the absorbing atoms. However, the measured 

probe laser bandwidth of our VUV laser system is so 

small that a back-correction due to the finite probe 

laser bandwidth was well below the experimental 

uncertainty. 

 Based on only energetic considerations, it is difficult 

to state which of these channels is the main con-

tributor to showing H atoms. Three-body dissocia-

tion channels R1 and R3 appear to be more pro-

bable. The H atom Doppler profiles as observed in 

the present study after excitation of CH3CFCl2 at 

the Lyman-α wavelength are similar to the ones ob-

served in the Lyman-α photolysis of CH3CF2Cl,
13
 

CH2Cl2 and CHCl3
14
 where H atom formation has 

been suggested to proceed via a Herzberg I predis-

sociation mechanism.
21
 This dissociation mechanism 

is of an indirect type in which an internally highly 

excited reaction intermediate (indicated by †) can be 

formed by a non-adiabatic transition (via internal 

conversion and/or intersystem crossing) from the ini-

tially excited Rydberg state (**) to a dissociative state 

 

 CH3CFCl2 + hνLα → CH3CFCl2** →  

  CH3CFCl2
† → CH2=CFCl

‡
 + H + Cl. 

 

Here we consider an excited molecule CH3CFCl2** 

dissociating into three fragments. The molecule has 

an energy E* which is above the minimum energy to 

form the products. If there is sufficient interaction 

among the fragments, the distribution of fragment 

kinetic and internal energy can be described by sta-

tistical theory.22 In such a case, product state distri-

butions is characterized by a ‘temperature’ uniform 

for all product degrees of freedom.23,24. Using the 

‘canonical’ statistical model of Baer et al
25
 which 

assumes equipartitioning of the available energy 

among the product degrees of freedom and treating 

the final fragmentation step of reaction given above 

as a simultaneous three-body process – a statistical 

‘prior’ value of 47 kJ/mol is obtained for the H atom 

translational energy. The latter value agrees with the 

lower limit of the experimental value of Et = 

(50 ± 3) kJ/mol. This together with the observed 

Maxwell–Boltzmann velocity distribution might be 

taken as an indication that for CH3CFCl2 the H atom 

forming dissociation process comes closer to the stati-

stical limit. However, for a detailed understanding 

of UV and VUV photochemistry of CH3CFCl2, more 

information about the electronically excited states 

involved in the fragmentation processes is clearly 

needed. Further experimental studies which involve 

quantitative detection of other photofragments are 

needed before a final conclusion regarding the VUV 

photodissociation dynamics and related environ-

mental impact of CH3CFCl2 can be drawn. Detection 

of other products such as F atoms, HF, HCl, 

CH2=CCl2, etc. will clarify whether the other chan-

nels are operative or not. For this purpose, mass se-

lected time of flight investigations using a molecular 

beam apparatus with a universal detector based on 

the VUV photoionisation by synchrotron radiation 

will be useful. 

4. Conclusion 

In summary, the photolysis of CH3CFCl2 has been 

investigated at Lyman-α wavelength (121⋅6 nm) in 



Almuth Laeuter et al 

 

282 

the present work. The quantum yield (φH) and aver-

age translational energy of H atoms formed during 

photodissociation have been measured using the 

vacuum ultraviolet laser-induced fluorescence. The 

H atom translational energy measurements suggest 

that a three-body photodissociation process could be 

operative at this wavelength. However, more work is 

needed to identify other products of photodissocia-

tion process. This result can contribute to the degra-

dation process of CH3CFCl2 in the stratosphere and 

describe the model calculations. 
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