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1. Introduction

Research into the photochemistry of halogenated molecules is
of importance, because of their environmental impact and fun-
damental interest in their photodissociation dynamics. Of the
aryl and alkyl halides, the photodissociation processes of aryl
halides are more complicated, as more electronic states are in-
volved thus making multiple dissociation channels probable.
For instance, in the Br fragmentation of dibromobenzenes, one
singlet and three triplet states are reachable upon excitation at
266 nm, and five repulsive singlet and triplet states nearby
give rise to Br+C6H4Br.

[1] The complicated interaction among
these electronic states may lead to various photodissociation
pathways, including predissociation via intersystem crossing
(ISC), hot molecular dissociation through internal conversion
(IC), and direct photodissociation from a repulsive surface.[2–10]

The femtosecond pump–probe technique[1,8–12] and photo-
fragment translational spectroscopy (PTS)[2–7, 13–19] have been
popularly utilized in photodissociation studies of aryl halides.
Femtosecond laser spectroscopy provides information on dis-
sociation rate constants for the related routes by detecting the
parent molecular cations or fragment cations after loss of a
halogen atom. On the other hand, PTS gives insight into the
fractions of translational and internal energy deposition and
the anisotropy parameters in photolysis, by monitoring the
time-of-flight (TOF) mass spectra of the fragments at different
laboratory angles. To the best of our knowledge, velocity imag-
ing detection coupled with resonance-enhanced multiphoton
ionization (REMPI) as an alternative has been much less adopt-
ed, except in the photodissociation of iodobenzene.[20–22]

Knowledge of the translational energy and angular distribu-
tions of the photofragments may be extracted from the ob-
tained fragment images by means of the velocity imaging

technique.[23,24] The branching ratio of spin–orbit ground- and
excited-state halogen may also be determined by selecting a
particular wavelength in REMPI. This technique offers different
insights into photodissociation behavior that should help fur-
ther understanding of the dynamical complexity. For instance,
in a recent study of the photodissociation of o-, m-, and p-bro-
mofluorobenzenes at 266 nm,[25] we found two dissociation
channels for all the molecules. The anisotropy parameters ob-
tained were close to zero, which supports the observation of
slow dissociation lifetimes by femtosecond laser spectrosco-
py.[10] In contrast, our dynamic features of decomposition differ
from those by PTS,[16] in which only one dissociation channel is
considered. The discrepancy might arise from differences in
laser pulse duration or data analysis. In addition to Br ACHTUNGTRENNUNG(2P3/2), a
minor Br ACHTUNGTRENNUNG(2P1/2) product was also found. This product has not
been reported by the other two methods.
By taking advantage of the velocity imaging technique cou-

pled with REMPI, we aim to investigate the photodissociation
of o-, m-, and p-dibromobenzene at 266 nm. In a similar study
using femtosecond pump–probe spectroscopy, Davidsson
et al.[1] recently found a common slow dissociation channel
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leading to the Br fragment. Its dissociation rate increases when
the distance between the bromine atoms on the phenyl ring
decreases or the number of substituted bromine atoms in-
creases. They also found that the other fast dissociation chan-
nel, only available for o- and m-dibromobenzene, was opened
up due to the symmetry lowering from C2v to Cs. Nevertheless,
with the velocity imaging technique we found that all the mol-
ecules may undergo dissociation via two channels. One disso-
ciation channel has large fractions of translational energy re-
lease along with positive anisotropy parameters, indicative of
very short dissociation lifetimes that are in accord with those
obtained by femtosecond laser spectroscopy.[1] In contrast, the
other channel is found to have anisotropy parameters close to
zero. The ground-state BrACHTUNGTRENNUNG(2P3/2) is the primary bromine product
detectable. With the aid of reported ab initio potential energy
calculations,[1] the photodissociation pathways are discussed in
detail and also compared to the cases of bromobenzene and
bromofluorobenzenes to understand the halogen effect.

Experimental Section

The velocity imaging apparatus, similar to that used previously,[25,26]

consisted of a molecular-beam source chamber and a main cham-
ber, both of which were pumped to remain at a low pressure of
�2G10�7 Torr. The samples of o-, m-, and p-dibromobenzene (99%
purity) were used without further purification. Each was carried by
helium gas at 1 atm through a pulsed valve with a 0.6-mm-diame-
ter orifice (General Valve Co.) operating synchronously with the
laser pulses at 10 Hz, and expanded into the source chamber. After
passing through a 1 mm diameter skimmer and a collimator, the
molecular beam was intersected perpendicularly by a linearly po-
larized laser beam in a two-stage ion lens region. The skimmer was
mounted 30 mm downstream from the nozzle to divide the source
chamber from the main chamber, which comprised an electrostatic
lens, TOF drift tube, and two-dimensional position-sensitive detec-
tion system.

A 308 nm XeCl excimer pumped dye laser (FL3002, Lambda Physik)
with a pulse duration of 15–20 ns and operating at 10 Hz was the
only radiation source employed. Its output beam was frequency-
doubled to emit at about 266 nm with the energy range of
100–200 mJ (AutoTrack III, InRad), followed by linear polarization
perpendicular to the flight tube direction, and focused at the skim-
med beam with a lens of focal length 200 mm. The o-, m- and p-di-
bromobenzene molecules were then photolyzed and the bromine-
atom fragments were successively ionized by the (2+1) REMPI
technique.

The resulting ions of Br or Br* were extracted and accelerated into
a 36 cm long field-free drift tube along the molecular-beam direc-
tion, followed by projection onto a two-stage microchannel plate
(MCP) and a phosphor screen (FM3040, Galileo). The MCP could be
gated within a minimum duration of 250 ns for mass selection. The
ion image on the phosphor screen was recorded by a charge-cou-
pled device (CCD) camera (200XL4078, Pixelfly). All the ion signals
without gate restriction could be acquired by a photomultiplier
tube, instead of the CCD camera, and then transferred to a transi-
ent digitizer for display of the TOF mass spectrum. The laser power
dependence of the ion intensity was measured directly from the
transient digitizer.

2. Results and Discussion

2.1. Molecular Photodissociation

As shown in Figure 1, the TOF mass spectrum of m-dibromo-
benzene (1,3-dibromobenzene) fragmentation at �266 nm
yields several major peaks at m/e 12, 24, 36, 48, 79, and 81,

corresponding to C+ , C2
+ , C3

+ , C4
+ , 79Br+ , and 81Br+ , respec-

tively. Among them, the isotopic variants 79Br+ and 81Br+ are
enhanced with (2+1) REMPI via the 5p4P03=2  4p2P03=2 two-
photon transition at 266.55 nm, while the remaining peaks
result from the nonresonant processes. The parent peak
C6H4Br2

+ is missing in the mass spectrum, in part because the
dissociation lifetimes of the excited state prepared at 266 nm
are so short that a great number of excited molecules have
dissociated prior to absorbing an additional photon for ioniza-
tion.
To further confirm that the bromine atoms are produced by

molecular photodissociation, the power dependence of Br+

produced by m-dibromobenzene at 266.55 nm is measured.
The results yield a straight line with the slope of 3.3, which in-
dicates that Br is obtained during one-photon dissociation, fol-
lowed by ionization through (2+1) REMPI. The final ionization
step is partially saturated. The laser energy applied throughout
the experiments is not large enough to open up significantly
the other channel of dissociative ionization, that is, C6H4Br2

+!
C6H4Br

+ +Br. It will otherwise consume at least five photons;
the consequence is not supported by our power-dependence
measurement. This dissociation channel is, however, found in
the femtosecond laser experiments,[1] in which the time-re-
solved profiles of molecular cations C6H4Br2

+ were probed for
determining the lifetimes of the excited molecules before the
Br atom leaves.

2.2. Translational Energy and Angular Distributions

Raw ion images of BrACHTUNGTRENNUNG(2P3/2) acquired with velocity imaging de-
tection from the photodissociation of o-, m-, and p-dibromo-
benzene at 266.55 nm are shown in Figure 2. Each image was
accumulated over 40000 laser shots, and the background was

Figure 1. TOF mass spectrum of photofragments obtained in the photolysis
of m-dibromobenzene at 266.55 nm. The Br+ ion signal is formed by the
(2+1) REMPI process, while the remaining peaks result from nonresonant
ionization.
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removed by subtracting a reference image collected at off-res-
onance wavelength under the same conditions. When the
laser is tuned to 266.61 nm, a much weaker Br* ACHTUNGTRENNUNG(2P1/2) ion signal
can be detected only in the photodissociation of m-dibromo-
benzene at the higher laser energy of 200 mJ (Figure 3). Each

raw image is a two-dimensional projection of the three-dimen-
sional speed and angular distributions with cylindrical symme-
try around the polarization axis of the photolyzing laser. The
corresponding three-dimensional spatial distributions of the
fragments are reconstructed based on inverse Abel transforma-
tion (Figures 2 and 3).
The speed distribution of the bromine fragments can be ex-

tracted by integrating the reconstructed three-dimensional
speed distribution over all angles at each speed. The subse-
quent center-of-mass translational energy distribution is ob-

tained from the speed distribution by considering the energy
conservation.[25,26] The individual results of Br* and Br fragmen-
tation from dibromobenzenes are displayed in Figures 3c and

4. Each Br distribution can be well-fitted by two narrow Gaussi-
an curves, whereas the Br* distribution requires one additional
Gaussian curve.
The available energy Eavl for the dissociation process is evalu-

ated by [Eq. (1)]

Eavl ¼ Ehv � D0 � Eel þ Eint ð1Þ

where Ehv is the photon energy, Eel the electronic energy of the
bromine atom (0 kJmol�1 for Br and 44 kJmol�1 for Br*), and
Eint the internal energy of the parent molecule, which is ex-
pected to be zero in a supersonic molecular beam under jet-
cooled conditions. The dissociation energy D0 of the C�Br
bond, for which data are not available in the literature, is as-

Figure 2. Ion images of Br from the photodissociation of o-, m-, and p-dibro-
mobenzene at about 266 nm. The left half is the raw ion image, while the
right half is the inverse Abel-transformed image. The laser is linearly polar-
ized along the vertical direction.

Figure 3. a) Raw ion image and b) inverse Abel-transformed ion image of Br*
from the photodissociation of m-dibromobenzene at approximately 266 nm.
The laser is linearly polarized along the vertical direction. c) The correspond-
ing center-of-mass translational energy distribution of the Br* fragment. The
arrow indicates the maximum kinetic energy available for one-photon disso-
ciation. Each data point (*) corresponds to the relative signal intensity in ar-
bitrary units. The deconvoluted Gaussian components are denoted by the
solid lines.

Figure 4. Center-of-mass translational energy distributions of the Br frag-
ments produced from the photodissociation of o-, m-, and p-dibromoben-
zene at about 266 nm. The arrows indicate the maximum kinetic energy
available for one-photon dissociation. Each data point (*) corresponds to
the relative signal intensity in arbitrary units. The deconvoluted Gaussian
components are denoted by the solid lines.
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sumed to equal the corresponding values of o-, m-, and p-bro-
mofluorobenzene as evaluated by the PTS method.[16] The
values of 328.8, 328.8, and 316.2 kJmol�1 for o-, m-, and p-di-
bromobenzene, respectively, are thus adopted. Each Eavl evalu-
ated is listed in Table 1 and marked with an arrow in Figur-

es 3c and 4, and indicates the maximum kinetic energy avail-
able for one-photon dissociation of the parent molecules. Ap-
parently, all the Br fragments originate from a process of one-
photon dissociation, whereas a fraction of the Br* fragments
leading to the broader and higher translational energy compo-
nent might be produced by two-photon dissociation. The frac-
tion fT of each translational energy (Et) component, defined as
the ratio of the average translational energy to the available
energy, can also be evaluated and is listed in Table 1.
The relative quantum yields FACHTUNGTRENNUNG(Br*) and F(Br) are evaluated

by [Eq. (2)]

FðBr*Þ ¼ NðBr*Þ
NðBrÞ þ NðBr*Þ ¼ k

SðBr*Þ
SðBrÞ þ SðBr*Þ

ð2Þ

and [Eq. (3)]

FðBrÞ ¼ 1�FðBr*Þ ð3Þ

where N ACHTUNGTRENNUNG(Br*) and N(Br) are the numbers of Br* and Br frag-
ments; S ACHTUNGTRENNUNG(Br*) and S(Br) are the ion intensities that are mea-
sured individually. The factor k, which relates the obtained bro-
mine ion signal to its state population, can be evaluated by
performing a calibration experiment of Br2 photolysis under
the same conditions. The k value was thus determined to be
0.595. The results for F ACHTUNGTRENNUNG(Br*) and F(Br) are listed in Table 2.
F(Br)low and F(Br)high are defined as the quantum yield evaluat-
ed from the low and high translational energy components as
resolved in Figure 4. If F(Br) is considered as unity, F(Br)low
and F(Br)high are evaluated to be about 0.20 and 0.80, respec-
tively, irrespective of the relative positions of the two Br atoms
on the phenyl ring. In the photodissociation of m-dibromoben-
zene, the low and middle translational energy components for
the Br* product, confined within the arrow mark, are consid-

ered to originate from the one-photon dissociation and their
sum amounts to 67%, contributing 6% of the total quantum
yield (Table 2). The quantum yields F(Br) differ from those by
femtosecond laser spectroscopy.[1] The latter method gave re-
sults of 0.3, 0.6, and 1 for the slow dissociation channel and
0.7, 0.4, and 0 for the fast channel in o-, m-, and p-dibromo-
benzene, respectively.
In a photodissociation process, the angular distribution I(q)

of the fragment can be obtained by integrating the recon-
structed spatial distribution over a suitable range of speed at
each angle. It may be characterized by an anisotropy parame-
ter b, as expressed by Equation (4)[27,28]

IðqÞ ¼ ð4pÞ�1 1þ bP2ðcos qÞ½ 
 ð4Þ

where b is limited between 2 and �1, P2(cosq) is the second-
order Legendre polynomial, and q is the angle between the
laser polarization direction and the recoil velocity vector of
fragments. The b value can be obtained by least-squares fitting
to the angular distribution. p-Dibromobenzene is demonstrat-
ed as an example; the fit is given in Figure 5. The upper and
lower fitting curves determine the uncertainty. The b values
obtained in this manner from the Br and Br* images are listed
in Table 1. Note that information on the possible alignment of
the Br fragment may be lost in one-laser experiments. This
could slightly affect the measured anisotropy parameter.

The b(Br) and b(Br*) values obtained for the lower-speed
components during the photodissocation are approximately
zero. The anisotropic feature of the fragments indicates that
the dissociation lifetime is comparable to a molecular rotation
period. In contrast, b(Br) of the higher-speed components and
b(Br*) of the middle-speed component are about 0.53–0.73,
which suggests that the molecular dissociation results mainly
from a parallel transition.

2.3. Photodissociation Channels

By using femtosecond laser spectroscopy at 270 nm, Davidsson
and co-workers[1] obtained the dissociation lifetimes of (13.3,
2.9), (7.5, 1), and 18.2 ps for o-, m-, and p-dibromobenzene, re-
spectively. Two dissociation channels are found in o- and m-di-
bromobenzene, whereas the fast channel is blocked in p-dibro-
mobenzene. The common slow channel is anticipated to in-
volve predissociation via ISC. With the aid of ab initio one-di-
mensional potential energy curves along the C�Br bond disso-

Table 2. Relative quantum yields of Br and Br* for different translational
energy components.

F(Br)total F(Br)low F(Br)high F(Br*)total

1,2-Br2C6H4 1 0.2 0.8 0
1,3-Br2C6H4 0.91 0.17 0.74 0.06[a]

1,4-Br2C6H4 1 0.19 0.81 0

[a] Considering only the portions (confined at low energy below the
marked arrow in Figure 3c) resulting from one-photon molecular dissoci-
ation.

Table 1. Important parameters obtained from bromine fragmentation of
1,2-Br2C6H4, 1,3-Br2C6H4, and 1,4-Br2C6H4 (o-, m-, and p-dibromobenzene)
at 266 nm.

State hn

[kJmol�1]
Eavl
[kJmol�1]

<Et>
[kJmol�1]

fT b

1,2-
Br2C6H4

Br 449.4 120.4 9.6
48.5

0.08
0.40

0.07�0.05
0.65�0.1

1,3-
Br2C6H4

Br 449.4 120.4 7.5
34.7

0.06
0.29

0.13�0.05
0.53�0.1

Br* 448.9 76.5 5.4
31.8
60.6

0.07
0.42

0.15�0.05
0.72�0.1

1,4-
Br2C6H4

Br 449.4 128.7 8.4
48.0

0.06
0.37

0.05�0.05
0.73�0.1
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ciation,[1] these authors proposed that the predissociation is
through curve crossing between the lowest singlet excited
state, S1(pp*, B2) [or S1(pp*, A’)] , and the repulsive triplet (n,s*)
states (T6–A’’ in o-dibromobenzene, T4–A’’ in m-dibromoben-
zene, and T5–B1 in p-dibromobenzene). For clear interpretation,
a simplified energy diagram for the molecular dissociation is
shown in Figure 6, which includes only the potential energy
curves mentioned in this work.[1] The singlet–triplet crossing
points for o- and m-dibromobenzene are �0.2 eV higher than
the S1 state, as excitation at 266 nm is equivalent to 4.66 eV.
The S1–B2 state for p-dibromo-
benzene is stabilized, even lying
below the T2 and T3 states, with
an energy �0.5 eV lower than
the corresponding states of
o- and m-dibromobenzene. The
S1–T5 curve crossing point is at
about 4.6 eV, very close to the
excitation energy. Davidsson’s
group ascribed the obtained
single dissociation channel to
this predissociation pathway.
The b value is associated with

a molecular rotation period that
relies on the temperature of the
molecular beam. In our system,
the rotational temperature is
known to be 100 K by fitting the
ro-vibrational band profiles of
the 1B2(

1
Pþ

u ) state of CS2.
[29]

Peebles and Peebles[30] reported
Fourier-transform microwave
spectra of a chemical analogue,

79Br bromobenzene, which gave rise to the rotational constants
of A=5667.750, B=994.9018, and C=846.2567 MHz. The
moment of inertia corresponds to 1.46G10�38, 8.42G10�38, and
9.85G10�38 gcm�2, respectively. Given the rotational energy,
Er=h2j(j+1)/8p2Im (h : Planck’s constant; Im: moment of inertia ;
j : rotational quantum number), the maximum value of j can be
populated up to 13, 32, and 34, associated with the rotational
constants A, B, and C at 100 K, if the same rotational energy is
assumed along each rotational degree of freedom. Therefore,
based on the molecular rotation period, tr=h/2pjBm (Bm: rota-
tional constant),[31] tr may be estimated to be 2.2, 4.9, and
5.4 ps for three different rotational degrees of freedom. The
average tr becomes 4.2 ps if the rotational period in each
degree of freedom has the same contribution. Another chemi-
cal analogue, 1,3,5-tribromobenzene, has the moment of iner-
tia of 4.68G10�37, 2.338G10�37, and 2.342G10�37 gcm�2 along
the three principal coordinates.[32] The corresponding molecu-
lar rotation period is evaluated similarly to be 12, 8.7, and
8.7 ps, and thus the average tr becomes 9.8 ps. Despite the
lack of rotational constants available for dibromobenzenes,
their moments of inertia lie in between those of bromoben-
zene and 1,3,5-bromobenzene, and thus the average molecular
rotation period may be estimated to be 9.8� tr�4.2 ps. The
slow dissociation lifetimes of 13.3, 7.5, and 18.2 ps for o-, m-,
and p-dibromobenzene, respectively, are comparable to the
average tr, and thereby the alignment of fragmentation may
be substantially reduced. As listed in Table 1, b(Br) yields a cor-
responding value of 0.07�0.05, 0.13�0.05, and 0.05�0.05,
thus showing the same trend as the dissociation lifetimes. The
slow predissociation process allows for more available energy
being partitioned into the internal states of the fragment. A
large fraction of the internal energy deposition corresponding
to 92, 94, and 94% for o-, m-, and p-dibromobenzene is ob-
tained.

Figure 5. Determination of b by the fit of angular distribution for p-dibromo-
benzene. a) b=0.05�0.05 for the slow dissociation channel, and
b) b=0.73�0.1 for the fast dissociation channel.

Figure 6. Simplified energy diagrams showing one-dimensional potential energy curves along the C�Br bond dis-
sociation for a) o-dibromobenzene, b) m-dibromobenzene, and c) p-dibromobenzene. The excitation energy at
4.66 eV by a laser source is denoted by horizontal dashed lines. The detailed diagrams and calculations are re-
ferred to in the work by Liu et al.[1]
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Davidsson et al.[1] proposed that the dissociation pathway
for the fast channel is via a bound triplet state T3 (ns*, A’) fol-
lowed by IC to T2–A’, which has a dissociation barrier smaller
than the S1–T6 or S1–T4 ISC point as described above (Figure 6).
They also explained the lack of a fast dissociation channel in
p-dibromobenzene by attributing it to the fact that the
T2(A1)-to-T3(B2) IC is forbidden due to symmetry restriction. In
our work, p-dibromobenzene shows two dissociation channels
(Figure 4). The channel with the slow kinetic component,
which gives rise to a b(Br) value of 0.05�0.05, corresponds to
that obtained with a dissociation lifetime of 18.2 ns.[1] The addi-
tional channel with the higher kinetic component, which yields
b(Br) and fT of 0.73�0.1 and 0.37, respectively, is termed a fast
dissociation channel that was not reported previously. The rea-
sons for the discrepancy found in the dissociation channels of
p-dibromobenzene and the quantum yields mentioned above
are not yet known. Different pulse durations between femto-
second and nanosecond lasers might be one of the reasons to
cause the discrepancy. Excitation with a femtosecond laser can
feasibly lead to multiphoton absorption producing a large
number of parent molecular ions, such that the dissociation
pathways might differ somewhat from those obtained by
nanosecond-pulsed excitation.
Herein, alternative photodissociation pathways for p-dibro-

mobenzene are given. According to the potential energy
curves (Figure 6), we propose that the fast channel might pro-
ceed through S1!T5 ISC or the T3 state, either exit channel cor-
relating to the ground state Br(2P3/2) product; the dissociation
barriers for the ISC point or T3 are very close to the excitation
energy at 4.66 eV. The ISC (S1!T5) should make the T5 state
carry a mixed property of both parallel and perpendicular tran-
sition. Because T3(B2) and S1(B2), with the same symmetry, are
close to each other energetically, the intensity borrowing
effect may enhance the T3(B2)

!S0(A1) transition, thereby lead-
ing to a Br fragment with mixed character. The obtained posi-
tive value of b is attributed to a partial contribution of the par-
allel transition.
Meanwhile, we propose that the slow dissociation channel

might proceed via the T2(A1) state that has a barrier �0.2 eV
higher than the excitation energy. This barrier height is compa-
rable to those of the slow channels in o- and m-dibromoben-
zene, such that these molecules may have similar dissociation
rates, as reflected in the dissociation lifetimes and the b(Br)
values. Note that the proposed mechanisms simply rely on the
state energies and the dissociation barriers along the C–Br dis-
sociation coordinate, but neglect the surface coupling strength
and multidimensional character probably involved in the pho-
todissociation process. If the ISC coupling strength is weak, the
dissociation rate may turn out to be slow, or involvement of
the multidimensional character may change the activation bar-
rier. For instance, in the photodissociation of bromo-3,5-difluor-
obenzene, the singlet–triplet crossing barrier is reduced when
the reaction coordinate combines a C�Br bond stretch and a
Br out-of-plane bend on the S1 surface.

[33] Given more quantita-
tive dynamical information, prediction of the dissociation rates
and the subsequent pathways may be more reliable.

It is worth noting the laser energy dependence of these two
dissociation channels; m-dibromobenzene is examined as an
example. As shown in Figure 7, when the laser energy is dou-

bled, the peak positions of the slow and fast dissociation com-
ponents both shift to the side of higher speeds. It can be
speculated that increasing the laser energy helps enhance
population excitation to those vibrational levels with poor
Franck–Condon factors, including the levels either close to or
away from the dissociation barrier. The molecules excited to
these levels have different dissociation rates, depending on
the energy deficit from the barrier. The increased amount in
the higher vibrational levels gain a higher rate to pass through
the dissociation barrier, such that the subsequent Br fragments
may carry more translational energy to blue-shift the peak.
Such blue-shift phenomena were also found in o- and p-dibro-
mobenzene. The results may provide support to the mecha-
nisms proposed for dibromobenzenes, in which both dissocia-
tion pathways are bound to a barrier, but the fast one surpass-
es the smaller barrier.
The shift of the peak position to the higher kinetic energy

side with an increase of the laser energy could not be caused
significantly by Coulombic repulsion. If excess Br+ ions are pro-
duced, the resultant Coulombic repulsion may force the frag-
ment image towards elliptical distortion along the dissociation
direction. However, in this work the images remain circularly
symmetric even at the larger energy of 200 mJ (Figure 2). The
ion numbers passing over the threshold level were carefully
controlled to prevent interference from the Coulombic repul-
sion. To verify this point, a chemical analogue is dissociated for
comparison. Bromofluorobenzenes may similarly undergo Br
fragmentation via two dissociation channels upon irradiation

Figure 7. Speed distributions of the Br(2P3/2) photofragments obtained from
a) m-dibromobenzene and b) m-bromofluorobenzene[25] at different laser en-
ergies near 266 nm. Both distributions in (b) were normalized to unity.
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at 266 nm.[25] When the laser energy was increased up to
200 mJ (for o-bromofluorobenzene), the lower-speed compo-
nent of the Br fragment shifted to the side of higher kinetic
energy, whereas the higher-speed component remained invari-
ant.

2.4. Comparison with Bromobenzene and
Bromofluorobenzenes

By using PTS to study the Br fragmentation of bromobenzene
at 266 nm, Han’s research group[15] earlier proposed qualita-
tively two possible dissociation mechanisms. One is through
fast predissociation; the parent molecules are excited to a
bound singlet state, followed by rapidly crossing to a repulsive
triplet state. In a later work, Davidsson and co-workers[10,12]

proposed that only one dissociation channel is caused by pre-
dissociation via ISC, consistent with the ab initio calculations
and Han’s work.[1,15,34,35] Increasing the number of the Br substi-
tution stabilizes the repulsive excited states and enhances the
spin–orbit coupling to facilitate the predissociation mecha-
nism. There are more repulsive states that cross the bound sin-
glet state of dibromobenzenes near the excitation energy at
266 nm which lead to additional dissociation routes.
In the photodissociation of o-, m-, and p-bromofluoroben-

zene at about 266 nm, Br(2P3/2) was found to be the primary
product through two dissociation channels by using a velocity
imaging technique.[25] The fast route with a positive anisotropy
parameter might be attributed to a direct dissociation, where-
as the slow one with the anisotropy parameter close to zero is
initiated from the lowest excited singlet state coupled to a re-
pulsive triplet state. In this work, the molecular dissociations at
266 nm are all characterized by one fast and other slow chan-
nels, consistent with those found in bromofluorobenzenes. The
former exhibits a constant ratio of F(Br) between these two
dissociation channels, whereas the latter shows the depend-
ence of F(Br) on the Br-substituted position. The proposed
slow dissociation mechanisms in both cases are similar, but the
fast dissociation channels are different. The laser energy de-
pendences of the Br speed distributions for m-dibromoben-
zene and m-bromofluorobenzene are compared in Figure 7.
The higher-speed component for the latter molecule appears
insensitive to the laser energy variation. Furthermore, the fT
values for the fast channel obtained in bromofluorobenzenes
are between 61 and 71%, comparable to those found in the
alkyl halides.[25] In contrast, the fT obtained in this work lies be-
tween 29 and 40%, and is less likely to stem from a process of
direct dissociation.

3. Conclusions

The photodissociation of o-, m-, and p-dibromobenzene at
about 266 nm is investigated, which gives rise to the primary
Br(2P3/2) product through two dissociation channels. One chan-
nel is initiated from the lowest excited singlet state coupled to
a repulsive triplet state, while the other is attributed to a
bound triplet state. Both channels are bound to an individual
barrier. As compared to the present work, the fast channels in

the photodissociation of bromofluorobenzenes are governed
by direct dissociation that leads to relatively larger fractions of
the translational energy release. The anisotropy parameters de-
termined herein are consistent with observation of the dissoci-
ation lifetimes by femtosecond laser spectroscopy. The quan-
tum yields of these two dissociation channels remain almost
constant. As a whole, increasing the number of halogen substi-
tutions on the phenyl ring complicates the behavior of halo-
gen-atom dissociation. Given a photolyzing laser wavelength,
these channels rely on the halogen type, molecular symmetry,
and substituent position, which affect the relative stability and
coupling strength of the potential surfaces involved. Therefore,
information on ab initio potential energy calculations is re-
quired for understanding how the dissociation pathways pro-
ceed. Further systematic investigation in this field should be
worthwhile.
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