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Photodissociation of CBrCl 3 at 234 and 265 nm: Evidence
of the curve crossing
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The photodissociation dynamics of CBrCl3 was studied near 234 and 265 nm using a
two-dimensional photofragment ion imaging technique. Bromine fragments monitored in this study
were produced via direct dissociation of CBrCl3, represented by CBrCl3˜CCl31Br(2P1/2)/
Br(2P3/2). The branching ratio of Br~2P1/2) ~denoted Br* )/Br(2P3/2) ~denoted Br! showed strong
excitation energy dependence. The product quantum yields at two different excitation wavelengths
were F 234 nm~Br* )50.3160.01 and F 265 nm(Br* )50.6860.02, respectively. The speed and
angular distributions of Br* and Br fragments were determined. Similar values ofb~234
nm!520.44 andb~265 nm!520.47 for Br were observed, whileb values for Br* were found to be
markedly different,b~234 nm!520.34 andb~265 nm!51.43. The strong curve crossing,1Q1

˜

3Q0, and the angular distribution of Br* suggesting a typical perpendicular transition, were
observed at 234 nm photodissociation. ©1999 American Institute of Physics.
@S0021-9606~99!02533-7#
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I. INTRODUCTION

Alkyl halide undergoes direct dissociation of the C–
~X5Cl, Br, I! bond vias*—n transition of lone pair elec-
trons of X at its first absorptionA-band.1–3 Since the prop-
erties related to the transition are preserved due to its s
dissociation time, the observed properties of the produ
~i.e., the vector quantities, internal energy distributions, a
branching ratios of various product states! reflect the related
potential energy surface.

Atomic bromine exhibits a 40 times more powerful a
mospheric ozone depletion potential4 than a chlorine atom.5

In this regard, bromine containing compounds~e.g., CH3Br,
CD3Br, CF3Br, and CBrCl3) have attracted a great deal
attention among environmental scientists to investigate
environmental impacts of these compounds in rec
years.6–10 CBrCl3 reveals its absorption maxima at 130, 18
and 240 nm11–13 and itsA-band center near 240 nm, and
large absorption cross section at even 280 nm.11 Two peaks
in the vacuum ultraviolet~VUV ! region were assigned t
Rydberg transitions of atomic bromine. The CBrCl3, a pre-
cursor of Br and CCl3,14 therefore, renders itself to be a
ideal system to study excitation energy dependence an
set up an excited potential surface related to photolysis
the energy compared to CY3Br ~Y5H, D, F! of which
A-band absorption is centered near 200 nm. Gas-phase
todecomposition studies of CBrCl3 at 365 nm were carried
out under static conditions using stable end-product anal
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~CBr2Cl2, C2Cl6, Br2, and CCl4) and it was suggested tha
two different excited states may be involved in the CCl31Br
primary fragmentation process.15 CCl radicals were detecte
in flash photolysis studies of CBrCl3 in the wavelength re-
gion of 160–200 nm and it was concluded that CCl is form
via the unimolecular decomposition of vibrationally excite
CCl3.16 In VUV photolysis experiments using H atom
Lyman-a ~121.6 nm! and Ar I resonance lines~104.8 and

106.7 nm! electronically excited CCl2 radicals in theÃ1B1

state were observed and CCl2(Ã)1BrCl and CCl2(Ã)
1Br1Cl product formation channels were proposed.12 A ro-
tatable quadrupole mass spectrometer experiment reve
that after CBrCl3 photoexcitation at 248 nm the primary dis
sociation process leads exclusively to CCl3 and Br* prod-
ucts. For this product channel an anisotropy paramete
20.460.2 was obtained and it was proposed that the fr
mentation process involves simple C–Br bond scission.9 In
the 193 nm CBrCl3 photolysis using the same techniqu
besides the CCl31Br product channel, the CCl2Br1Cl prod-
uct channel formation was observed with a relative yield
Br: Cl57:3. Based on the measured product ansiotropy
rameters,b51.3 for Br andb520.2 for Cl, direct dissocia-
tion mechanism was proposed.10 Additional Br fragments
formation from the unimolecular decay of the internally e
cited CCl2Br was also observed in the study. However, in t
248 and 193 nm experiments direct distinction between
and Br* fragments was not possible.

R–Br has shown many similarities with R–I in its phys
cal and chemical properties. The major differences betw
R–Br and R–I are the bond dissociation and spin–orbit c
pling energies,EsoI. Due to the larger bond dissociation en

ute,

il:
5 © 1999 American Institute of Physics
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4006 J. Chem. Phys., Vol. 111, No. 9, 1 September 1999 Jung et al.
ergy of C–Br compared to that of the C–I bond, R–
shows a blue shift inA-band absorption. BecauseEso, 44
kJ/mol, for bromine17 is smaller than that of iodine, 91 kJ
mol, the spin selection rule,DS50, is more strictly observed
in the case of R–Br than R–I. Three dissociative exci
states in theA-band of alkyl halides via overlap electron
transitions18,19 are represented by the3Q1(2E), 3Q0(2A1),
and1Q1(3E) in Mulliken’s notation20 and illustrated in Fig.
1. The 3Q0 potential energy surface is responsible for B*
formation with the parallel transition, while the3Q1 and1Q1

surfaces correlate Br formation with the perpendicular tr
sition character.

In 193 nm photolysis of CH3Br,6 the curve crossing
from the 3Q0 to the 1Q1 surface has been barely observ
with a rotatable quadrupole mass spectrometer. In 210
studies of CH3Br and CD3Br via the photoimaging
technique,7 Br* fragments have shown cos2u, while Br frag-
ments have been more isotropic and contained a sin2u angu-
lar component. The curve crossing from the3Q0 to the1Q1

surface has been observed qualitatively. In 193 nm CF3Br
photolysis,8 Br* fragments have shown mixed characterist
of parallel and perpendicular transitions with a ratio of 1.3
while Br fragments have a strong parallel transition char
ter. This indicates that Br fragments mostly originate fro
initial excitation of the3Q0 surface, while Br* fragments
result from initial excitations of the3Q0 and 1Q1 surfaces
with similar contribution. Because of this finding, a ne
potential energy surface withCs symmetry has been sug
gested. As a consequence, the curve crossing probabili
found to depend on the physical and chemical propertie
CY3 ~Y5H, D, F!. The CBrCl3 photodissciation study

FIG. 1. One-dimensional schematic representation of the potential en
curves involved in the CBrCl3 phtodissociation in theA-band.
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therefore, serves in aiding the understanding of the cu
crossing phenomenon related to the replacement of~Y5H,
D, F! to Cl.

In this work we report the photodissociation dynamics
CBrCl3 on photoexcitation energy dependencies utilizing
photoimage technique coupled with resonance enhan
multiphoton ionization~REMPI! at 234 and 265 nm.

II. EXPERIMENT

The photofragment image system used in this study
been described previously in detail.21 A sample mixture was
prepared with 10 torr CBrCl3 seeded in 1.5 atm helium an
injected into the reaction region using a molecular be
valve ~General valve!, pulsed at 10 Hz. The CBrCl3 ~Ald-
rich, purity .97%! was used after several freeze–tha
cycles with no further purification.

A linear polarized UV laser light~typically 60mJ/pulse!,
generated by doubling the output of Nd:YAG~355 nm!
pumped dye laser and aligned by using a half-wave reta
tion plate, was focused perpendicularly onto the ionizat
zone of the molecular beam with a 150 mm focal length le
and parallel to an image plane. The CBrCl3 was photolyzed
by the UV laser light and bromine atom fragments were th
selectively ionized at 233.9 and 264.8 nm for Br* , and at
233.6 and 264.9 nm for Br using the@211# REMPI
technique22 within the same laser pulse. The laser w
scanned over a range of 4 cm21 in order to detect all velocity
component of bromine fragments.

Bromine fragment ions were accelerated to the repell
plate with positive high voltage and then passed through
extract and ground plates with a 20 mm diameter hole wh
caused the nonhomogeneous electric field around
electrode.23 The bromine ion cloud was then expand
spherically due to not only the recoil velocity of the fra
ments but also the nonhomogeneous electric field. The
pansion rate was calibrated against the known values in2

and I2 photolyses. The expanded ion cloud of bromine w
projected onto a two-dimensional position-sensitive detec
plate which consists of a microchannel plate~MCP!/
phosphor screen~Galileo, FM2040! and a charge coupled
device ~CCD! camera ~photometric, CH250!. A negative
high voltage pulse with 150 ns duration was applied to M
to separate the bromine ion signal from those of scatte
laser light and background ions with different masses. T
image was summed from over 10 000 shots or more and
background was removed by subtracting a reference im
collected at an off-resonant wavelength under the same
ditions. The REMPI time-of-flight~TOF! mass spectra were
acquired using a photomultiplier tube~Hamamatu, 1P21! in-
stead of the CCD camera.

III. RESULT AND ANALYSIS

A. Time-of-flight mass spectra

1. 234 nm

Figure 2 shows TOF mass spectra of photofragment
CBrCl3 in the range ofm/e50 – 250 a.u. at Br@211#
REMPI wavelength. Seven peaks were found atm/e512,
35, 37, 47, 49, 79, and 81, respectively. Them/e579 and 81

gy
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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4007J. Chem. Phys., Vol. 111, No. 9, 1 September 1999 Photodissociation of CBrCl3
peaks represent79Br1 and 81Br1 ions formed via@211#
REMPI, while the rest of the peaks result from no
resonance ionization processes. Them/e512, 35, 37, 47,
and 49 peaks are assigned to be12C1,35Cl1,37Cl1,12C 35Cl1,
and12C 37Cl1, respectively.

2. 265 nm

The C1, Cl1, CCl1, and Br1 ions were observed in TOF
mass spectra of CBrCl3 at Br @211# REMPI wavelength and
displayed in Fig. 2. The TOF mass spectra in 265 nm p
todissociation is similar to that in 234 nm except for t
intensities. The intensity of Cl1 in 234 nm photolysis is big-
ger than that in 265 nm suggesting that this is becaus
either an increase of atomic chlorine formation or an i
provement of the nonresonance MPI efficiency of the ato
chlorine. The smaller the difference between the curr
wavelength and the Cl@211# REMPI wavelength becomes
the higher the nonresonance MPI efficiency of atomic ch
rine becomes.24 Used Br@211# REMPI wavelengths, 233.6
nm for Br and 233.9 nm for Br* , are closely located at C
@211# REMPI wavelength, 235.1 nm for Cl* and 235.3 nm
for Cl. Another cause of the intensity change of Cl1 is an
increase in atomic chlorine from photodissociation of t
C–Cl bond. Excitation of the C–Cl local bond at 265 nm h
not been reported yet but it occurs at 234 nm.9,10

FIG. 2. Time-of-flight mass spectra of photofragments in them/e range
0–250 obtained in the 265 nm@~a!, ~b!# and 234 mm@~c!, ~d!# photolyses of
CBrCl3. The signals atm/e579 and 81 originate from79Br1 and81Br1 ions
formed by the@211# REMPI process while the other peaks result from io
generated by nonresonant ionization.
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B. Relative quantum yields

The ratioN(Br* )/N~Br! is proportional to the measure
ion signal ratio in TOF mass spectra by the equation,

N~Br* !

N~Br!
5k

S~Br* !

S~Br!
, ~1!

where N( i ) is the number of speciesi, S( i ) the measured
intensity of speciesi, andk the proportionality constant. The
k value is determined by the relative detection efficiency
Br* and Br and the instrument factor, and was obtained fr
Br2 photolysis under the same experimental condition. T
ratios ofN(Br* )/N~Br! at 234 and 265 nm photolyses we
found to be 0.4560.04 and 2.1660.22, respectively. Thek
values at 234 and 265 nm photolyses were 0.4260.02 and
0.7360.02, respectively. The intensity of speciesi was inte-
grated over Doppler width and probe laser band width
acquireS( i ) from scanned TOF mass spectra.

From the calculated ratios, the relative quantum yields
F~Br* ! andF~Br! were determined by the relation

F~Br* !5
N~Br* !

N~Br* !1N~Br!
, and F~Br!512F~Br* !.

~2!

The relative quantum yieldsF~Br* ! are determined to be
0.3160.01 at 234 nm and 0.6860.02 at 265 photolyses, re
spectively.

C. Speed and angular distribution

Br* and Br images at 234 and 265 nm are displayed
Fig. 3. The shape of the images reveals the speed and an
distributions of the photofragments. These raw images
two-dimensional projections of three-dimensional speed
angular distributions of bromine fragments. The Br* image
at 265 nm displays a typical polar cap appearance, cha
teristic of cos2 u distribution, while that of Br at 265 nm
shows an equatorial belt appearance, characteristic of s2u
distribution. The formations of Br* and Br atoms are there
fore correlated with several channels according to the dif
ence between the angular distributions of these images
234 nm photodissociation, both images of Br* and Br frag-
ments have equatorial belt appearances as shown in Fi
The image of Br fragments in 234 nm photodissociation h
very similar angular distribution to that in 265 nm photod
sociation, while the image of Br* fragments in 234 nm pho
tolysis differs from that in 265 nm.

A two-dimensional raw image with cylindrical symme
try around the polarization axis of the photolysis laser h
been used to reconstruct a three-dimensional velo
distribution25 by performing an inverse Abel transfor
mation.26 Since the inverse Abel transformation is very se
sitive to noise, the raw images have been presmoothed
the Gaussian filter with a 535 window and the standard de
viation of 2 in a pixel unit typically to reduce the noise effe
on the transformation. Due to the cylindrical symmetry
velocity distribution, every planar slice containing the sym
metry axis is equivalent to reconstructed images.

By integrating the reconstructed three-dimensional sp
distribution over all angles at each speed, the speed distr
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 3. Raw ion images of Br* and Br frag-
ments from the photolysis of CBrCl3 at 265
nm @~a!, ~b!# and 234 nm@~c!, ~d!#. In all im-
ages the linear polarization vector of photoly
sis laser is vertical.
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tion P(v) has been obtained as shown in Fig. 4. The cen
of-mass translational energy distribution,P(E), has been es
timated from the speed distribution by the equation

P~E!5P~v !
dv
dE

. ~3!

The internal energy of the CCl3 radical, Eint , is calculated
using an energy conservation relationship

Eava5hn2D01Eint
P , ~4!

Eint5Eava2Et2Eel , ~5!

wherehn is the photon energy~512 kJ/mol at 234 nm and
452 kJ/mol at 265 nm!, D0 5 230.2 kJ/mol, the dissociatio
energy of CCl3–Br at 0 K,27 Eint

P the internal energy of
CCl3–Br, andEel the electronic energy level of atomic bro
mine. TheEint

P is assumed to be zero in the supersonic m
lecular beam condition,Eel , 0 kJ/mol for Br and 44 kJ/mo
for Br* . The translation energiesEt andEt /Eava are listed in
Table I.

The angular distributionP(u) in Fig. 5 has been ob
tained by integrating the reconstructed three-dimensio
speed distribution over a proper range of the speed at e
angle, whereu is the angle between the laser polarizati
axis and the recoil velocity of photofragments. In order
Downloaded 14 Mar 2001 to 129.206.85.25. Redistribution subject to
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estimate an anisotropy parameterb, the angular distribution
P(u) has been fitted into the standard formula28

P~u!511bP2~cosu!, ~6!

where P2(cosu) is the second-order Legendre polynomia
The anisotropy parameter,b values of Br* and Br images at
234 and 265 nm photolyses are listed in Table I.

IV. DISCUSSION

In 265 nm photolysis of CBrCl3, Br* fragments have
shown a strong parallel angular distribution, while Br fra
ments show a perpendicular one. These findings imply
the major parts of Br* fragments originate from initial exci-
tation of the3Q0 surface and some via the curve crossi
from the 1Q1 to the 3Q0 surface whereas Br fragmen
mostly result from initial excitations of the1Q1 and 3Q1

surfaces and some via the curve crossing from the3Q0 to the
1Q1 surface. The photodissociation dynamics of CBrCl3 at
265 nm has shown a very similar pattern to that of CH3Br at
193 nm in the point of lower curve crossing probability.

The angular distribution of Br fragments in 234 nm ph
tolysis of CBrCl3 reveals a perpendicular transition, imply
ing that the major portion of Br fragments originate from t
1Q1 surface. The angular distribution of Br* fragments in
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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234 nm, a typical perpendicular transition, indicates that B*
fragments are mostly via curve crossing from the1Q1 to the
3Q0 surface, and the rest are from initial excitation of t
3Q0 surface. Br* fragments are formed less than Br fra
ments in 234 nm CBrCl3 photolysis, while the branching
ratio of Br* in 265 nm photolysis is more than that of B
This finding indicates that the transition to the3Q0 surface is
a main one in 256 nm photolysis because of the less prob
curve crossing from the1Q1 to 3Q0 surface. The large for-
mation of Br in 234 nm indicates that the1Q1 and 3Q1

surfaces are main contribution. Because the1Q1 and 3Q1

surfaces are split above and below the3Q0 surface, the main
contribution in 265 nm photolysis, the large formation of
fragments in 234 nm photolysis is not caused by the la

FIG. 4. The speed distribution of the Br* and Br fragments for the 265
@~a!, ~b!# and 234 nm@~c!, ~d!# photolysis wavelength.

TABLE I. The energy and angular distribution of bromine fragments.

hn Eava Et FWHM
Wavelength kJ/mol kJ/mol kJ/mol kJ/mol b Et /Eava

265 nm Br* 451.6 221.3 89.2 18.4 1.43 0.40
Br 451.8 221.5 97.8 16.4 20.47 0.44

248 nma Br* 482.4 252.0
Br 482.4 252.0 83.7 33.2 20.4 0.33

234 nm Br* 512.3 281.9 107.6 16.3 20.31 0.38
Br 512.1 281.7 113.8 18.5 20.44 0.40

193 nmb Br* 619.8 389.4 71.2 58.6 1.3 0.18
Br 482.4 389.4

aFrom Ref. 9.
bFrom Ref. 10.
Downloaded 14 Mar 2001 to 129.206.85.25. Redistribution subject to
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absorption of the3Q0 but of the1Q1. From the relative quan-
tum yield, we suggest that the1Q1 and 3Q0 surfaces are
involved and3Q1 surface is eliminated in 234 nm photolysi

After excitation at 234 nm,b520.31 for Br* and
b520.44 for Br were observed. These results are in agr
ment with earlier 248 nm photodissociation studies9 in which
b520.4 was reported. In the studies it was found that
contrast to the integrated intensities the shape of the pro
translational energy distribution, which represents a supe
sition of the translational energy distributions of Br* and Br
fragments, was independent of the photolysis laser polar
tion direction. This observation indicates that after excitat
at 248 nm, in agreement with the present result at 234
similar angular distribution of Br* and Br fragments occurs
In the case when the recoil velocity and angular distribut
difference between Br* and Br fragments is small,9,10 it be-
comes very difficult to resolve them in the rotatable quad
pole mass spectrometry. Since the mass spectrometry ha
limit of separation between Br* and Br, the photoimage tech
nique coupled with REMPI is more appropriate to meas

FIG. 5. The angular distribution of the Br* and Br fragments for the 265 n
@~a!, ~b!# and 234 nm@~c!, ~d!# photolysis wavelength.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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4010 J. Chem. Phys., Vol. 111, No. 9, 1 September 1999 Jung et al.
the recoil velocity of the fragments Br* and Br distinguish-
ably in R–Br photolyses.9,10,29–31

In earlier studies of methyl halide photodi
sociations,1–3,6–10 the perpendicular transition of X* ~X5I
and Br! fragments has not been observed. In CY3I ~Y5H, D,
F! photolyses, the formation of I* fragments from the curve
crossing from the1Q1 to the 3Q0 surface are smaller tha
that from the3Q0 surface because an absorption of the3Q0

surface is much larger than that of the1Q1 and the3Q0

surfaces.18 Then the angular distribution of I* fragments
must have the characteristic of the parallel transition. Des
the 1Q1 and the3Q0 surfaces’ similar contribution to the
A-band in the case of the CY3Br ~Y5H, D, F! photodisso-
ciation, the energy level of the1Q1 surface, which is too
high, makes the formation of Br* fragments more difficult
from the curve crossing from the1Q1 to the3Q0 surface than
from initial excitation of the3Q0 surface. In 234 nm photoly
sis of CBrCl3, Br* fragments, resulting from perpendicula
transition, are observed due to its unique photolysis beh
ior.

In order to estimate the relative contributions of the p
allel, and perpendicular components to Br* and Br fragments
formation channels, the classical relationship was used.

b5xib i
eff1x'b'

eff , and xi1x'51, ~7!

whereb i
eff andb'

eff represent effective anisotropy paramete
for parallel and perpendicular transitions which account
the anisotropy reduction due to the finite parent molec
rotational temperature. Forb i

eff a value of 1.8 was used
which represents the average value we measured from
anisotropy parameters in CF3I at 308 and 277 nm31 under
experimental conditions similar to those of the present stu
At CF3I photolysis wavelength, I* fragments formation
originates entirely from a parallel transition (3Q0—X) fol-
lowed by a direct dissociation, which makes it an ideal r
erence system. Forb'

eff a value of2 1
23b i

eff520.9 was used,
assuming that the anisotropy reduction is the same for
parallel and perpendicular component. Thexi andx' values
for Br* and Br fragments formation channels, respective
are listed in Table II.

The curve crossing has been estimated usually from
relative quantum yield and angular distribution of grou
state X in CY3X photolysis. Because of the small contrib
tion of the3Q1 surface and the absence of the1Q1 surface in
the red edge of theA-band of CY3I, the formation of I frag-
ments directly correlates to the curve crossing from the3Q0

to the1Q1 surface,32 and the curve crossing from the1Q1 to
the 3Q0 surface can be ignored.

F~ I!S}Probability~3Q0˜
1Q1!, ~8!

TABLE II. Contribution ratio of the parallel and perpendicular transition

Wavelength i '

265 nm Br* 0.81 0.19
Br 0.18 0.82

234 nm Br* 0.23 0.77
Br 0.19 0.81
Downloaded 14 Mar 2001 to 129.206.85.25. Redistribution subject to
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whereS, the fraction of I fragments via the curve crossin
from 3Q0 to the 1Q1 surface to overall I fragments, can b
estimated from the angular distribution of I fragmen
Meanwhile in CY3Br photolysis,8 because both the curv
crossing from the3Q0 to the1Q1 surface and its reverse hav
been observed considerably, the fraction of Br* fragments,
formed via the crossing from the1Q1 to the3Q0 surface, to
overall Br* fragments is a good measure for estimating
curve crossing.

The curve crossing probability is estimated qualitative
by the Landau–Zener equation:33

P512expS 24p2V12
2

huDFuvc
D ~9!

and

vc5A2~hn2Ec!

m
, ~10!

whereV12 is the coupling term between the diabatic pote
tials, uDFu the difference in diabatic force at the curve cros
ing point, vc the relative velocity between two fragmen
through the point,Ec the potential energy at the point, andm
the reduced mass. If the Landau–Zener model is valid,
curve crossing probability from the3Q0 to the1Q1 surface is
the same as its reverse from the1Q1 to the3Q0 surface. But
the estimated probability of the curve crossing from the3Q0

to the 1Q1 surface is higher than that of the reverse in th
study as listed in Table III. This disagreement, the limit
the Landau–Zener model, may have resulted from the dif
ence between the shapes of the two-dimensional pote
surface of the3Q0 and 1Q1. Though the Landau–Zene
model holds for the diatomic molecules, it does not for t
polyatomic molecules because of its one-dimensional po
tial surface model. To explain the discrepancy from t
Landau–Zener model in CY3I photolysis,34 the distortion of
the C3v symmetry of CY3I via n6, an e-type bending vibra
tion, has been suggested to accommodate the finding.35

Two-dimensional potential surfaces of the excited st
of CH3I have been calculated asCs symmetry and indicated
that V12, the coupling term, is a function off, wheref is
the bending angle of the CH3–I bond in Fig. 6.35 The one-
dimensional Landau–Zener model does not describe m
dimensional surfaces well for polyatomic molecule. CBrC3

TABLE III. The relative fraction of each potential surface at 265 and 2
nm.

Wavelength Initial excitation Curve crossing

Br* 3Q0
1Q1˜

3Q0

265 nm 0.55 0.13
Br 1Q113Q1

3Q0˜
1Q1

0.26 0.06
Br* 3Q0

1Q1˜
3Q0

234 nma 0.07 0.24
Br 1Q1

3Q0˜
1Q1

0.56 0.13

aThe probability of the curve crossing,P(3Q0˜
1Q1)50.13/(0.1310.07)

50.65 andP(1Q1˜
3Q0)50.24/(0.2410.56)50.30 were calculated from

the result at 234 nm.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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has been treated using the same analogy of that in C3I.
According to the potential surface of CH3I, the 1Q1 surface
is steeper than the3Q0 surface to both ther ~C–Br! and f
axis. Then the wavefunction of the excited electron in
1Q1 surface has a narrower distribution to thef axis than
that in the3Q0 surface of CBrCl3. Since CBrCl3 in the 3Q0

surface has a strong distortion from theC3v symmetry due to
the broader distribution of wavefunction to thef axis but in
the1Q1 surface retains theC3v symmetry well, the probabil-
ity of the curve crossing from the1Q1 to the 3Q0 surface
becomes lower than its reverse. Another reason for the s
probability of the curve crossing from the1Q1 to the 3Q0

surface, is the shorter dissociation times of the1Q1 surface
than that of the3Q0 surface, which results from the great
steepness of the1Q1 surface to ther ~C–Br! axis than that of
the 3Q0 surface. CBrCl3 in the 1Q1 surface has a shorte
residence time to distort theC3v symmetry than that in the
3Q0 surface.

In TOF spectra at 234 and 265 nm in Fig. 2, C1, Cl1,
and CCl1 fragments are resulted from either nonresona
ionization or secondary dissociation. The possible disso
tion channels are11

CBrCl3˜CCl31Br* /Br DH5230.2 kJ/mol ~1!~2!

CBrCl21Cl* /Cl DH5284 kJ/mol ~3!~4!

CCl21BrCl DH5300 kJ/mol ~5!

CCl3˜CCl21Cl DH5280 kJ/mol ~6!

CCl1Cl2 ~7!

CBrCl2˜CCl21Br DH5230 kJ/mol ~8!

CCl1BrCl ~9!

FIG. 6. Two-dimensional schematic representation of the CBrCl3 potential
energy surfaces for linear and bent dissociation pathways.
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Since an anomalous velocity distribution of bromine fra
ments, resulting from the secondary dissociation~8!, has not
been observed in the image, we suggest that the dissocia
~8! occurs very rarely. Formation of the CCl2 radical in
CBrCl3 photolysis has been studied detecting the fluor
cence of CCl2(Ã)˜CCl2(X).11 Because the CCl3 radical has
not enough internal energy to break the CCl2–Cl bond, the
CCl2 radical must absorb additional photons to form an el
tronically excited CCl2 state and to break the CCl2–Cl bond.
A reaction mechanism is suggested as a explanation for
formation of C1, Cl1, and CCl1 by nonresonance ioniza
tion.

CCl2˜CCl11Cl2 ~10!

C11Cl2
2 ~11!

CCl1˜C1Cl1 ~12!

C11Cl ~13!

From nonactual observations of CCl3
1 and CCl2

1 ions, it is
suggested that all CCl3 and CCl2 radicals may either underg
dissociation by an additional photon or by excess inter
energy, or remain free causing the nonresonance multiph
ionization ~MPI!. If C1, Cl1, and CCl1 ions originate from
C, Cl, and CCl neutral radicals, these species must exh
very small peaks because of very low efficiency of the no
resonance MPI of C, Cl, and CCl radicals like CCl3 and
CCl2 radicals. Accordingly, we conclude that C1, Cl1, and
CCl1 ions result from the heterogeneous dissociation
CCl2 as the suggested mechanism. It is necessary for
CCl2 radical to absorb several photons to dissociate het
geneously. The electronically excited CCl2 radical is known
to have an abnormally large absorption cross section11 which
agrees well with this work.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the Korea Resea
Foundation for its support of this research by the Kore
Germany Joint Project, 1998–2001. H-R. Volpp would a
like to thank Professor J. Wolfrum, Director of the Institu
of Physical Chemistry, University of Heidelberg, for his co
tinuous support and stimulating discussions.

1S. M. Penn, C. C. Hayden, K. J. Carlson Muyskens, and F. F. Crim
Chem. Phys.89, 2909~1988!.

2D. W. Chandler, J. W. Thoman, Jr., M. H. M. Janssen, and D. H. Par
Chem. Phys. Lett.156, 151 ~1989!.

3Y. S. Kim, W. K. Kang, D-C. Kim, and K-H. Jung, J. Phys. Chem. A101,
7576 ~1997!.

4R. P. Wayne,The Chemistry of Atmospheres, 2nd ed.~Oxford University,
New York, 1991!, and references therein.

5S. C. Wofsy, M. B. McElroy, and Y. L. Yong, Geophys. Res. Lett.2, 215
~1975!.

6G. N. A. Van Veen, T. Baller, and A. E. De Vries, Chem. Phys.92, 59
~1985!.

7W. P. Hess, D. W. Chandler, and J. W. Thoman, Jr., Chem. Phys.163, 277
~1992!.

8M-A. Thelen and P. Felder, Chem. Phys. Lett.204, 135 ~1996!.
9Y. R. Lee, W. B. Tzeng, Y. J. Yang, Y. Y. Lin, and S. M. Lin, Chem
Phys. Lett.222, 141 ~1994!.

10Y. R. Lee, Y. J. Yang, Y. Y. Lin, and S. M. Lin, J. Chem. Phys.103, 6966
~1995!.

11P. Cadman and J. P. Simon, Faraday Trans. Soc.62, 631 ~1966!.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



gh

So

dler,
.

.

4012 J. Chem. Phys., Vol. 111, No. 9, 1 September 1999 Jung et al.
12T. Ibuki, N. Takahashi, A. Hiraya, and D. Shobatake, J. Chem. Phys.85,
5717 ~1986!.

13C. Roxlo and A. Mandl, J. Appl. Phys.51, 2969~1980!.
14J. J. Russeli, J. A. Seetula, D. Gutman, F. Danis, F. Caralp, P. D. Li

foot, R. Lesclaux, C. F. Melius, and S. M. Senkan, J. Phys. Chem.94,
3277 ~1990!.

15H. W. Sidebottom, J. M. Tedder, and J. C. Walton, Faraday Trans.
65, 755 ~1969!.

16J. P. Somons and A. J. Yarwood, Faraday Trans. Soc.59, 90 ~1963!.
17R. H. Garstang, J. Res. Natl. Bur. Stand.68A, 61 ~1964!.
18A. Gedanken and M. D. Rowe, Chem. Phys. Lett.34, 39 ~1975!.
19W. S. Felps, J. D. Scott, and S. P. McGlynn, J. Chem. Phys.104, 419

~1996!.
20R. S. Mulliken, J. Chem. Phys.8, 382 ~1940!.
21W. K. Kang, Y. S. Kim, and K-H. Jung, Chem. Phys. Lett.244, 183

~1995!.
22M. S. Park, S. H. Lee, and K-H. Jung~unpublished!.
23A. T. J. B. Eppink and D. H. Parker, Rev. Sci. Instrum.68A, 3477~1997!.
24S. L. Chin and P. Lambropoulos,Multiphoton Ionization of Atoms~Aca-

demic, Canada, 1984!.
Downloaded 14 Mar 2001 to 129.206.85.25. Redistribution subject to
t-

c.

25Details about image reconstruction can be found, e.g., in D. W. Chan
T. N. Kitsopoulos, M. A. Buntine, D. P. Baldwin, R. I. McKay, A. J. R
Heck, and R. N. Zare, inGas Phase Chemical Reaction Systems, edited by
J. Wolfrum, H.-R. Volpp, R. Rannacher, and J. Warnatz~Springer, New
York, 1996!.

26S. M. Candel, IEEE Trans. Acoust., Speech, Signal Process.29, 963
~1981!.

27G. D. Mendenhall, D. M. Golden, and S. W. Benson, J. Phys. Chem.77,
2707 ~1973!.

28R. N. Zare and D. R. Herschbach, Proc. IEEE51, 173 ~1964!.
29L. J. Butler, E. J. Hintsa, S. F. Shane, and Y. T. Lee, J. Chem. Phys86,

2051 ~1987!.
30S. Das and D. J. Tannor, J. Chem. Phys.91, 2324~1989!.
31Y. S. Kim, W. K. Kang, and K-H. Jung, J. Chem. Phys.105, 551 ~1996!.
32S. Uma and Puspendu Kumar Das, Chem. Phys. Lett.241, 335 ~1995!.
33L. D. Landau and E. M. Lifshitz,Quantum Mechanics 3~Pergamon, New

York, 1977!, p. 347.
34M. D. Person, P. W. Kash, and L. J. Butler, J. Chem. Phys.94, 2557

~1991!.
35S. Yabushita and K. Morokuma, Chem. Phys. Lett.153, 517 ~1988!.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html


