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Photodissociation dynamics of CH3CFCl2 and CDCl3 at 205–209 nm
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Abstract

Photodissociation dynamics of CH3CFCl2 (HCFC-141b) and CDCl3 at 205–209 nm have been studied by the photofragment velocity map imaging
technique. The velocity distributions and the anisotropy parameters of hydrogen atom and chlorine atom consist of fast and slow components.
From these results, the photoexcitation of CH3CFCl2 at 205–209 nm is inferred to proceed via a mixture of the A′ ←A ′ and A′′ ←A ′ transitions
for direct cleavage of the CCl bond, while via the A′ ←A ′ transition for direct cleavage of the CH bond. The photodissociation of CDCl3

proceeds mainly via the E←A1 transition for the formation of Cl. The direct CD bond cleavage process is a minor channel and is attributable to
the A1←A1 transition. The photodissociation dynamics of CF2Cl2 and CFCl3 has also been investigated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The photochemistry of halocarbons has been placed in the
focus of attention since their ozone depletion potential in the
stratosphere was recognized[1,2]. Continuing efforts have been
made to clarify the mechanism of photochemical reactions in
the atmosphere[3–5]. The studies on photodissociation pro-
cesses have also yielded benefits towards molecular dynamics.
Among hydrochlorofluorocarbons, CH3CFCl2 (HCFC-141b) is
utilized as a replacement for CFCl3 in the manufacturing process
of closed-cell insulating foams and for CFCl2CF2Cl in a vari-
ety of industrial processes. On the basis of the heat of reaction
for CH3CFCl2, the following photodissociation processes are
plausible at around 200 nm for production of H and Cl photofrag-
ments[6]:

CH3CFCl2→ CH2CFCl2+ H, �H◦ = 107 kcal mol−1

(1)

CH3CFCl2→ CH3CFCl+ Cl/Cl∗,

�H◦ = 82/84 kcal mol−1 (2a/2b)

CH3CFCl2→ CH2CFCl+ Cl/Cl∗ + H,

The product yields from the photodissociation of CH3CFCl2
at 193 nm were reported under cold molecular beam co
tions: 0.15 for H and 0.85 for total of Cl(2P3/2) and Cl* (2P1/2,
2.5 kcal mol−1 above the ground state)[7]. At room temperature
the total quantum yield for Cl and Cl* becomes unity due to di
ferent Franck–Condon factors[6]. In the vibrationally mediate
photodissociation, the angular anisotropy parameters for C
Cl* from the vibrationally hot parent molecules inνCH = 3 or
4 at 235 nm are reported to be small positive values due t
vibration-enhanced mixing of different electronic states u
excitation[8].

Similarly, the photodissociation dynamics of simpler ch
rinated molecules, CHCl3, CF2Cl2 and CFCl3, was studied b
several groups[9–17]. On the basis of the heat of reaction
CHCl3, CF2Cl2 and CFCl3, the following processes are plau
ble at around 200 nm[11,15]:

CHCl3→ CCl3+ H, �H◦ = 95 kcal mol−1 (4)

CHCl3→ CHCl2+ Cl/Cl∗, �H◦ = 76/78 kcal mol−1

(5a/5b)

CF2Cl2→ CF2Cl+ Cl/Cl∗, �H◦ = 83/85 kcal mol−1
�H◦ = 123/125 kcal mol−1 (3a/3b) (6a/6b)

C
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FCl3→ CFCl2+ Cl/Cl∗, �H◦ = 74/76 kcal mol−1

(7a/7b)
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The dissociation of CHCl3 at 193 nm under cold molecular beam
conditions was reported by Yang et al.[11] and under collision-
free conditions at room temperature by Brownsword et al.[13].
The direct C H bond rupture from an electronically excited state
was not observed. In the latter experiments, H atom formation
was attributed to a two-photon process in which the secondary
photolysis of the CHCl2 radicals follows the primary photolysis
processes (5a) and (5b).

In this work, we have reported the photodissociation dynam-
ics of CH3CFCl2, CDCl3, CF2Cl2 and CFCl3 at 205–209 nm,
measuring the translational energy and angular distributions of
the atomic photofragments with the velocity map imaging spec-
troscopic technique.

2. Experimental

A Nd3+:YAG pumped dye laser (5 ns, 10 Hz) was used. Dye
laser frequencies tripled to 205.09 and 205.14 nm were used in
the one-color pump-and-probe scheme to dissociate molecules
under supersonic molecualr beam condtions, and to ionize D or
H photofragments, respectively, by (2 + 1) resonance-enhanced
multiphoton ionization (REMPI) via the two-photon transitions
32S, 32D←12S. The 205 nm laser light (∼0.2 mJ/pulse) was
generated by the mixing of the two laser beams at 615 and
308 nm in a BBO crystal. Similarly, frequencies tripled to 207.06
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where I(θ) is the normalized angular distribution of the
photofragment andθ is the angle between the polarization vector
of the photolysis laser radiation and the fragment recoil velocity
vector. P2(cosθ) is the second-order Legendre polynomial. For
the prompt dissociation, the anisotropy parameter can be written
as

β = 2P2(cosχ) = 3 cos2 χ− 1, (9)

whereχ is the angle between the dissociation direction and the
transition dipole direction[21–23].

3. Results

3.1. Formation of hydrogen atom and deuterium atom at
205 nm

3.1.1. CH3CFCl2
The photofragment image of hydrogen atoms shown in

Fig. 1a is the equatorial slice through the 3D velocity distribu-
tion. The angular distribution is attributable mainly to the per-
pendicular optical transition. The center-of-mass translational
energy distribution,P(ET), and the anisotropy parameter,β(ET)
are shown inFig. 2a and b, respectively.P(ET) becomes zero
at 32 kcal mol−1, which corresponds to the maximum available
kinetic energy released to a H atom by one-photon in reaction
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r 208.96 nm were used to dissociate molecules, and to i
he Cl or Cl* atomic fragments by a (2 + 1) REMPI scheme
2P1/2← 2P3/2, and 52P1/2← 2P1/2, respectively. The laser lig
as focused with a lens (f = 0.20 m) on the pulsed molecu
eam of each compound. The position of the lens was adj

or the frequency tripled light (3ω) to avoid unexpected inte
erence by the frequency doubled light (2ω), although thes
aser lights were simultaneously introduced into the interac
egion. The photofragments by 2ω would be easily distinguish
ble from that by 3ω in ion images, because the electric vec
f 2ω and 3ω lights were perpendicular to each other. It sho
e noted that there was no photofragment by 2ω under our con
itions. The samples were diluted∼10% in Ar with the backing
ressure of 750 Torr. The temperature in the molecular b
as estimated to be about 10 K from the rotational temper
f NO under similar conditions.

The atomic ions, H+, D+ and Cl+, were detected by the velo
ty map imaging technique[18]. Briefly, the ions were focuse
nto a microchannel plate (MCP) mounted on the end of a fl

ube. Electrons ejected from the MCP hit a phosphor sc
he image on the screen was recorded by a CCD camer
ccumulated in a personal computer. The observed imag
ack-projected to reconstruct the three-dimensional (3D) v

ty distribution by a method similar to that used in computer
omography[19,20]. Then, the slice image of 3D velocity dist
ution was extracted to obtain an angular anisotropy param
, by a least-squares fit of the slice to the angular distribu

unction:

(θ) =
(

1

4π

)
(1+ βP2(cosθ)), (8)
e
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1). As shown inFig. 2a,P(ET) can be fitted with two differen
omponents:

(ET) = aPG(ET)+ bPB(ET), (10)

herea andb are coefficients, and (a + b) is unity. The highe
nergy component is represented by a Gaussian energy
ution, PG(ET), with an average energy〈ET〉= 13 kcal mol−1

nd a standard deviationσ = 7 kcal mol−1. The energy width i
4 kcal mol−1. The lower energy distribution is represented
Maxwell–Boltzmann energy distribution,PB(ET), with trans-

ational temperatureT = (4.8±0.4)×103 K. The mixing ratio
f 0.6±0.1 for the Gaussian distribution,a, is obtained by
est-fit method. These results are summarized inTable 1.

The distribution ofβ(ET) shown inFig. 2b consists of two
ifferent components. With use of the anisotropy param

or the Gaussian and Maxwell–Boltzmann energy distributi
G andβB, the experimentally observedβ(ET) is fitted to the

ollowing equation:

(ET) = aβGPG(ET)+ bβBPB(ET)

aPG(ET)+ bPB(ET)
(11)

he coefficients are taken asa = 0.6 andb = 0.4 from the fit-
ing parameters for the translational energy distribution. F
axwell–Boltzmann energy distribution, an isotropic ang
istribution is expected due to the indirect dissociation pro
ith a long lifetime of the parent molecule:βB = 0. By best
tting β(ET) to Eq.(11), we obtainedβG =−0.6±0.2 (Table 2).

.1.2. CDCl3
Fig. 3a shows the 3D slice of the D photofragment image f

he photodissociation of CDCl3, which givesP(ET) andβ(ET) in
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Table 1
Best-fit parameters for Maxwell–Boltzmann and Gaussian distributions for the hydrogen or deuterium photofragments at 205 nm

Parent molecule Maxwell–BoltzmannPB(ET) GaussianPG(ET) Population of Gaussian component,a

T (×103 K) 〈ET〉 (kcal mol−1) σ (kcal mol−1)

CH3CFCl2 4.8±0.4 13 7 0.6±0.1
CDCl3 5.0±0.4 30 7 0.1±0.1

σ is a standard deviation in a Gaussian energy distribution.

Table 2
Angular anisotropy parameters for the Gaussian energy distributions,βG, in the
one-photon photodissociation at 205–209 nm

Parent molecule H or D Cl(2P3/2) Cl* (2P1/2)

CH3CFCl2 −0.6±0.2 0.6±0.1 0.9±0.1
CDCl3 2.2±0.3 0.7±0.2 –
CF2Cl2 – 1.1±0.1 1.4±0.1
CFCl3 – 0.3±0.1 0.3±0.1

Fig. 4a and b. By the best-fit method,P(ET) is resolved into two
parts:PG(ET) with 〈ET〉= 30 andσ = 7 kcal mol−1, andPB(ET)
with T = (5.0±0.4)×103 K. The mixing ratio for the Gaussian
distribution is 0.1±0.1 (Table 1), indicating that the direct C–D
bond rupture is a minor process in the D atom formation. As
shown inFig. 4b, β(ET) increases from 0 to 1 withET. βG for
the fast D atom is obtained to be 2.2±0.3 with use ofa = 0.1
andβB = 0.

3.2. Formation of chlorine atoms at 207 and 209 nm

3.2.1. CH3CFCl2
Photofragment images of Cl and Cl* from CH3CFCl2 are

shown inFig. 1b and c, respectively. The correspondingP(ET)s
are shown inFig. 5a and c. The maximum observed translational
energies correspond to the maximum available energies, 52 and
48 kcal mol−1, released in the one-photon dissociation via reac-
tions (2a) and (2b), respectively. As shown inFig. 5a,P(ET) for
Cl is decomposed into the Gaussian and Maxwell–Boltzmann
energy distributions. The mixing ratio for the Gaussian distribu-
tion, a, is calculated to be 0.7±0.1. The same mixing ratio for
Cl* is obtained inFig. 5c. These fitting parameters are listed in
Table 3.Fig. 5b and d showβ(ET) for Cl and Cl* betweenET = 20
and 40 kcal mol−1, which is best-fitted to Eq.(11) with a = 0.7

andβB = 0. We obtainedβG = 0.6±0.1 for Cl andβG = 0.9±0.1
for Cl* (Table 2).

3.2.2. CDCl3
The photofragment image of Cl from CDCl3 is shown

in Fig. 3b. The maximum possible translational energy
released in the one-photon dissociation via reactions (5a)
and (5b) is 62 kcal mol−1. As seen inFig. 6a, the distribu-
tion exceeds this maximum energy, indicating that some Cl
fragments are produced from a two-photon process. Thus,
P(ET) up toET = 62 kcal mol−1 is fitted with two components.
The best-fit values,〈ET〉= 32 kcal mol−1, σ = 10 kcal mol−1,
T = (7.0±0.6)×103 K, anda = 0.4±0.1 are obtained (Table 3).
Although the contribution of the two-photon process is apprecia-
ble, we will focus our discussion on the one-photon dissociation
processes. For Cl inFig. 6b, β(ET) between 20–40 kcal mol−1

consists of two different components:βG = 0.7±0.2 andβB = 0.

3.2.3. CF2Cl2 and CFCl3
Fig. 7 shows P(ET)s for Cl and Cl* from CF2Cl2 and

CFCl3. ThoseP(ET)s are best-fit with two different components:
PG(ET) andPB(ET), neglecting contributions of the two-photon
processes that appear only at the higher energy region. The
anisotropy parameters and fitting parameters are summarized
in Tables 2 and 3, respectively.
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Table 3
B ns of

P Ga t,

〈ET

C 30
30

C 32
–

C 30
30

C 35
35

σ aren
est-fit parameters for the Maxwell–Boltzmann and Gaussian distributio

arent molecule Photoflagment atom Maxwell–BoltzmannPB(ET)

T (×103 K)

H3CFCl2 Cl(2P3/2) 7.0±0.3
Cl* (2P1/2) 8.1±0.2

DCl3 Cl 7.0±0.6
Cl* –

F2Cl2 Cl 7.1±0.6
Cl* 7.8±0.6

FCl3 Cl 8.1±0.2
Cl* 9.4±0.3

is a standard deviation in a Gaussian energy distribution. Numbers in p
. Discussion

.1. Photodissociation of CH3CFCl2 at 205–209 nm

.1.1. Formation of Cl and Cl* atoms
The A band of CH3CFCl2 is broad in the UV region an

ssigned to the (�*←n) transition localized on the CCl bonds

chlorine photofragments at 207–209 nm

ussianPG(ET) Population of Gaussian componena

〉 (kcal mol−1) � (kcal mol−1)

7 0.7± 0.1
7 0.7± 0.1

10 0.4±0.1
– –

7 0.8±0.1 (0.7)
7 0.7±0.1 (0.7)

7 0.4±0.1 (0.5)
7 0.5±0.1 (0.6)

theses are the results of the 187 nm photodissociation in Ref.[15].
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Fig. 1. Photofragment images of H, Cl and Cl* atoms from CH3CFCl2 at 205,
207 and 209 nm, respectively, are displayed as equatorial slices through th
reconstructed three-dimensional distributions. The arrow shows the direction o
the electric vector of the photolysis laser.

Fig. 2. H atom formation from CH3CFCl2 at 205 nm. (a) Center-of-mass trans-
lational energy distribution,P(ET). Eavl is the maximum available energy in the
one-photon process for reaction(1). The broken and dotted curves are the best-
fitted Gaussian and Maxwell–Boltzmann distributions, respectively. SeeTable 1
for fitting parameters. The solid curve is a sum of the two distributions. (b) Angu-
lar anisotropy parameters. The solid curve is the best-fit distribution obtained
by Eq.(11)with population of the Gaussian energy distribution,a = 0.6.

[7,24]. The electronic transition dipole,�, is in-plane (A′, �X or
�Y) or out-of-plane (A′′, �Z) in CS symmetry with respect to the
C C F molecular plane.�X has an angle of 56◦ with respect to
the C Cl bond and�Z has an angle of 34◦ assuming that (a) the
transition is located on the ClC Cl moiety which retains the
structure of the ground state of CH3CFCl2 molecule, (b)�X is
along theC2 axis of the Cl C Cl, and (c)�Y is perpendicular
to �X. The out-of-plane�Z is along the direction between two
Cl atoms and perpendicular to theC2 axis. The maximumβZ
value is calculated to be 1.06 for a A′′ ←A′ transition, assuming
the Cl C Cl angle = 112◦ [8,11]. The experimentally observed
β values of Cl and Cl* from the direct cleavage processes are
0.6±0.1 and 0.9±0.1, respectively (Table 2). The present posi-
tive lowβ values may be attributable to the mixing of a A′′ ←A′
transition (βZ = 1.06) with a A′ ←A′ transition (βX =−0.06 or
βY =−1).

According to Lauter et al.[6], the A′′ state correlates with
Cl at a large distance, while the A′ state correlates with Cl* .
However, the presentβ values for Cl and Cl* are nearly the
same. These results indicate that (a) the two different states
couple to each other largely at the curve crossing and (b) the
internal quenching from Cl* to Cl occurs. Einfeld et al.[8]
found thatβ values are 0.20 for Cl and 0.25 for Cl* from
the 235 nm photodissociation of CH3CFCl2 pre-excited to three
and four quanta of CH methyl stretches. They explained their
results by the crossing between the two surfaces, which might
b up.
S y for
C -
e
f
e affected by the initial vibration excitation of the alkyl gro
imilar effects are reported experimentally and theoreticall
X3Y molecules[25–29]. The presentβ values (0.6–0.9) sug
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Fig. 3. Photofragment images of D and Cl atoms from CDCl3 at 205 and 207 nm,
respectively, are displayed as equatorial slices through the reconstructed three-
dimensional distributions. The arrow shows the direction of the electric vector
of the photolysis laser.

gest that the mixing of the potential surfaces at the curve crossing
is affected through vibration modes in the electronic excited
states.

4.1.2. Formation of hydrogen atom
There are a direct (prompt dissociation) and an indirect (slow

dissociation) CH bond rupture processes, corresponding to the
Gaussian and Maxwell–Boltzmann energy distributions, respec-
tively. Based on the fact that the mixing ratio for the Gaussian
distribution is 0.6±0.1 and the previously reported quantum
yield of the H formation is 0.15 at 193 nm[7], the quan-
tum yields of the direct and indirect processes are estimated
to be 0.09±0.01 and 0.06±0.01, respectively. Lauter et al.
reported the quantum yield of the slow H atom at 193 nm is
0.04[6]. Based on their interpretation, the indirect process for
the H atom formation is attributed to a sequential mechanism:
reactions (2a) and (2b) followed by the secondary formation

Fig. 4. D atom formation from CDCl3 at 205 nm. (a) Center-of-mass trans-
lational energy distribution,P(ET). Eavl is the maximum available energy in
the one-photon process for reaction(4). The broken and dotted curves are the
best-fitted Gaussian and Maxwell–Boltzmann distributions, respectively. See
Table 1for the fitting parameters. The solid curve is the sum of two distributions.
(b) Angular anisotropy parameters. The solid curve is the best-fit distribution
obtained by Eq.(11)with a = 0.1.

of a H atom:

CH3CFCl→ CH2CFCl+ H (12)

As described above, the A band of CH3CFCl2 is assigned to a
mixture of the A′ ←A′ and A′′ ←A′ transitions. The direct C-H
bond rupture is characterized by a negativeβ value (−0.6). For
theXY plane-polarized and theZ axis-polarized transitions, it is
useful to use the addition theorem forl = 2 Legendre polynomials
and average over the azimuthal angle in the CC F plane for
the CH3 group. This gives:

for �X 〈P2(cosχ)〉 = P2

(
cos

(ϕ
2

))
P2(cosψ) (13)

for �Y 〈P2(cosχ)〉 = P2

(
cos

(
π − ϕ

2

))
P2(cosψ) (14)

for �Z 〈P2(cosχ)〉 = P2

(
cos

(π
2

))
P2(cosψ) (15)

whereϕ is the angle of CC F andψ is that of C C H. If ϕ and
ψ are equal to the tetrahedral angle, then, theβ values for the
X, Y andZ polarization are 0,−1/3 and 1/3, respectively[30].
The present results (β =−0.6±0.2) indicate that the A′ ←A′
transition is�Y polarized in the CC F molecular plane. As
described above, the A′ ←A′ transition responsible to the direct
formation of Cl and Cl* could be polarized along�Y.
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Fig. 5. Center-of-mass translational energy distributions,P(ET), for (a) Cl, (c)
Cl* , and angular anisotropy parameter for (b) Cl, (d) Cl* from CH3CFCl2
at 207 nm (Cl) and 209 nm (Cl* ). Eavl is the maximum available energy for
reaction (2). In (a) and (c), the dashed and dotted curves are the best-fitted
Gaussian and Maxwell–Boltzmann distributions, respectively. SeeTable 3
for the fitting parameters. The solid curve is a sum of the two distribu-
tions. The solid curves in (b) and (d) are the best-fit distributions obtained
by Eq.(11)with a = 0.7.

4.2. Photodissociation of CDCl3 at 205–207 nm

4.2.1. Formation of Cl atom
The C3v symmetry of CDCl3 demands that transitions

be polarized along the three-fold axis (A1←A1) or in the
plane perpendicular to the three-fold axis (E←A1). If ψ is
the D C Cl bond angle and the direction of dissociation is
assumed to be a CCl bond, then, for a A1←A1 transition
and prompt dissociation,β = 2P2(cosψ). For a E←A1 transi-
tion, β = 2P2(cos(π/2))P2(cosψ). The calculatedβ values with
ψ = 108◦ are−0.71 for the A1←A1 transition, and 0.36 for
the E←A1 transition[11]. Since the presentβ value for Cl is
0.7±0.2, the formation of Cl is attributed to the E←A1 tran-
sition.

Yang et al.[11] reported the photodissociation of CHCl3 at
193 nm by photofragment translational spectroscopy, in which
only one fast component of chlorine fragments withβ = 0 was
observed. These results are in disagreement with ours. The rea-
son for this disagreement is not clear.

Fig. 6. Cl atom formation from CDCl3 at 207 nm. (a) Center-of-mass transla-
tional energy distribution,P(ET). Eavl is the maximum available energy in the
one-photon for reaction (5a). The broken and dotted curves are the best-fitted
Gaussian and Maxwell–Boltzmann distributions, respectively. SeeTable 3for
the fitting parameters. The solid curve is a sum of the two distributions. The
unresolved area is a contribution of two-photon process. (b) Angular anisotropy
parameters. The solid curve is the best-fit distribution obtained by Eq.(11)with
a = 0.4.

Fig. 7. Center-of-mass translational energy distributions for (a) Cl, (b) Cl* from
CF2Cl2, and (c) Cl, (d) Cl* from CFCl3 at 207nm (Cl) and 209 nm (Cl* ).
Eavl denotes the maximum available energies for one-photon dissociation of
reactions(6a)–(7b). The broken and dotted curves are the best-fitted Gaussian
and Maxwell–Boltzmann distributions, respectively. SeeTable 3for the fitting
parameters. The solid curve is a sum of the two distributions.



84 M. Mashino et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 78–85

4.2.2. Formation of D atoms
Based on the present results, the direct CD rupture from cold

CDCl3 in a molecular beam is characterized byβ = 2.2±0.3 and
is assigned mainly to the A1←A1 transition, in which the dipole
direction is parallel to the C-D axis and the maximumβ value is
2. The present experiment shows that 90% of D atoms are formed
from the indirect C D bond rupture via a one-photon process.
Brownsword et al.[13] reported the H atom formation from the
photodissociation of CHCl3 at 193 nm under room temperature
condition. In their experiment, the H atom is produced from
the secondary photodissociation of the CHCl2 radical. The sec-
ondary photodissociation processes are likely enhanced because
of the adequate internal energy of the primary photofragment,
CHCl2, under room temperature conditions, which may conceal
the presence of the direct CH rupture.

4.3. Photodissociation of CF2Cl2 and CFCl3 at 207 and
209 nm

4.3.1. CF2Cl2
Since CF2Cl2 possessesC2v symmetry, the maximumβY

value for direct C Cl rupture is calculated to be 1.09 for theY-
polarized transition that is perpendicular both to theC2 axis and
the F C F molecular plane, assuming that the ClC Cl angle
is 113◦ in the ground state CF2Cl2 [16]. The presentβ values of
Cl and Cl* from the direct rupture processes are 1.1±0.1 and
1 the
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direct C Cl bond rupture withβ∼0.5 and two lower energy
ones withβ∼0.2. Their product ratio of the highest energy
component is 0.5 for Cl and 0.6 for Cl* , which are in agreement
with our value, 0.4±0.1 for Cl and 0.5±0.1 for Cl* . Felder
et al. [17] investigated the photodissociation process of CFCl3
at 193 nm by photofragment translational spectroscopy. They
observed only the fast component of chlorine fragments with
β = 0.74, which is above the theoretical upper limit. They tenta-
tively attributed this discrepancy to a Jahn–Teller type distortion
of the electronically excited potential energy surface. The theo-
retical calculations of the potential energy surface of the CFCl3
electronic states may give further information on this problem.

4.4. Direct and indirect dissociation channels

Recently, Takahashi and his coworkers[14] have found in
their vacuum ultraviolet laser-induced fluorescence experiments
of the photodissociation of CF2Cl2, CFCl3, CHFCl2, CH2Cl2
and CHCl3 at 193 nm that (a) each translational energy distribu-
tion of the chlorine photofragments has the high and low energy
components, and (b) the total quantum yield for Cl and Cl* is
unity. Their results suggest that the low energy component comes
from the one-photon dissociation process of the parent molecule
and not from the secondary dissociation of vibrationally excited
radical fragments. Hence, it could be concluded that in the photo-
prepared parent molecules at around 200 nm the strong coupling
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.4±0.1, respectively, which are in good agreement with
heoretical limit. Therefore, the observed direct CCl rupture
ay be assigned to the B1←A1 transition.
Yen et al.[15] reported the energy distributions andβ values

f Cl and Cl* from CF2Cl2 at 187 nm. They resolved the ene
istribution into three components while we resolved into
omponents. Their product ratio of the highest energy com
ent is 0.7 both for Cl and Cl* , which is in agreement wit
ur values, 0.8±0.1 for Cl and 0.7±0.1 for Cl* . Their highes
nergy component is assigned to the direct CCl bond rupture
ith β = 0.5 and two lower energy ones withβ = 0.2 and 0.1
owever, theirβ value of 0.5 is not in agreement with our valu
f 1.1–1.4. The mixing of electronically excited potential ene
urfaces might occur at the shorter wavelength due to vibra
ode excitation. Baum et al.[16] investigated the photodissoc

ion process of CF2Cl2 at 193 nm by photofragment translatio
pectroscopy. They observed only one component of chl
ragments withβ = 0.65 and attributed the smallerβ value to the
otation of the parent molecule. The reason for the lack o
lower energy component in their results is not clear.

.3.2. CFCl3
CFCl3 possessesC3v symmetry and the maximumβ values

re−2/3 for the A1←A1 transition and 1/3 for the E←A1
ransition, assuming the tetrahedral structure in the ground
f CFCl3. Since the presentβ values for Cl and Cl* are pos

tive (0.3), the direct CCl rupture is attributed to the prom
issociation via the E←A1 transition.

Both energy distributions of Cl and Cl* photofragments from
FCl3 at 187 nm reported by Yen et al.[15] consisted of thre
omponents: the highest energy component assigned
-

l

e

te

e

f the Rydberg states with the vibrationally excited ground
auses the slow component of Cl and Cl* through the indirec
issociation path[31].

The contribution of the direct dissociation process sh
characteristic difference between two-chlorinated and t

hlorinated molecules (Table 3). The a values of CH3CFCl2
nd CF2Cl2 are 0.7–0.8, while those of CDCl3 and CFCl3 are
.4–0.5. In the photodissociation at 187 nm, Yen et al.[15]
eported that the product ratios of the highest translational e
omponents from CF2Cl2 are 0.7 and those from CFCl3 are
.5–0.6. These results indicate that the number of Cl atom

he molecular structure influences thea values. Zou et al.[32]
eported the complicated dissociation dynamics of the CH2
adical compared with CH2Br. Their Raman spectra are act
ot only in the C–Br stretch but in the Br–C–Br bending m
nd combinations of these modes in CHBr2, suggesting mor
ultidimensional photodissociation pathways for CHBr2 than

or CH2Br. From this it can be concluded that the contribu
f the simple direct dissociation pathway decreases with inc

ng the number of the CCl bonds.

. Conclusions

Formation of chlorine atoms and hydrogen atoms from
hotodissociation of CH3CFCl2 and CDCl3 has been studie
ith use of one-color photofragment imaging spectrosc
he velocity distributions of Cl atoms from CH3CFCl2 at
07–209 nm consist of fast and slow components. The fas
omes from the direct CCl rupture and is characterized
he angular anisotropy parameter,β = 0.6±0.1, while the slow
ne comes from the indirect CCl rupture via the hot pare
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molecule mechanism and is characterized byβ = 0. The fast one
accounts for 70% of the total Cl yield. The velocity distributions
of hydrogen atoms also have two different components. The fast
one is characterized byβ =−0.6±0.2, accounting for 70% of
the total hydrogen atom yield. From these results, the photoex-
citation of CH3CFCl2 at 205–209 nm is inferred to proceed via a
mixture of the A′ ←A′ and A′′ ←A′ transitions for direct cleav-
age of the CCl bond, while via the A′ ←A′ transition for direct
cleavage of the CH bond. About the Cl atoms from CDCl3, the
fast component is characterized byβ = 0.7±0.2, accounting for
40% of the total Cl yield. The angular distribution of the fast D
atom is characterized byβ = 2.2±0.3, accounting for 10% of the
total D yield. From these results, the photoexcitation of CDCl3
at 205–207 nm is inferred to proceed mainly via the E←A1
transition for direct cleavage of the CCl bond, while via the
A1←A1 transition for direct cleavage of the CD bond.
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