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The ultraviolet photodissociation of 1-bromo-3-fluorobenzene and 1-bromo-4-fluorobenzene at 266 nm has
been performed on a universal crossed molecular beams machine combined with the photofragment translational
spectroscopy (PTS) detection technique. The time-of-flight (TOF) spectra of Br and FC6H4 photofragments
have been measured. The observed translational energy distributionsP(Et) of photofragments revealed that
about 46.8( 3.3% and 41.7( 3.0% of the available energy are partitioned into translational energy and the
anisotropy parameterâ is 0.7( 0.1 and-0.4( 0.1 for 1-bromo-3-fluorobenzene and 1-bromo-4-fluorobenzene,
in accord with that of bromobenzene (-0.7), indicating significant change caused by the fluorine atom
substitution. To better interpret the experimental results, ab initio calculations have been performed and the
calculation results are in good agreement with the experimental results. A plausible photodissociation mechanism
is suggested, and the substitution effect of the fluorine atom is discussed.

1. Introduction

Molecular photodissociation has developed into an important
field over the past decades.1,2 The investigation of the photo-
dissociation of polyatomic molecules is an important step toward
the understanding of the microscopic dynamics of chemical
reactions,1,3 laser-induced chemistry, photochemical lasers, and
atmospheric reaction cycles. The time-of-flight (TOF)4,5 photof-
ragment translational spectroscopy (PTS)6-9 method has pro-
vided an ideal tool to investigate these photodissociation
dynamics in a collision-free regime, in which any neutral
photofragment (stable molecule or reactive radical) can be
detected. This is particularly suitable for polyatomic photof-
ragments that are difficult to be probed directly by state-specific
optical methods such as laser-induced fluorescence (LIF) and
resonance-enhanced multiphoton ionization (REMPI), etc. The
second important measurable quantity is the angular distribution
of the photofragment with respect to the electric vector of the
photolysis light. Knowledge of this property allows the sym-
metry of the excited state as well as the time scale of
photodissociation to be inferred.2,11-16 The third advantage is
that, in some cases, the method can deduce the internal energy,
such as vibrational17-21 or rotational22 energy distributions, with
sufficiently high resolution to resolve these internal degrees of
freedom by measuring the photofragment recoil speed distribu-
tions, based upon energy conservation.

Recently, the photodissociation of a series of aryl halides and
alkyl halides16,23-35 has been performed at different wavelengths
by several groups using the PTS technique. The general
viewpoint about the dissociation mechanism is that aryl halides
undergo predissociation, in contrast to the direct dissociation
of alkyl halides. Some alkyl halides such as CH3Cl,36,37 CH3-
Br,38 CH3,I19,39,40CH2BrI,41,42 etc. have been well investigated
by PTS, and the results reveal that these molecules undergo
fast photodissociation by a transition to the repulsive (n,σ*) state,

leading to a direct dissociation with concomitant large transla-
tional energy release. However, in the case of aryl halides, the
dissociation process is more complicated because multiple
channels and more electronic states may be involved. The early
experimental results have shown that predissociation seems
dominant over direct dissociation, and the dissociation is
suggested to be completed on a picosecond time scale.16,29,43,44

The lifetimes of the dissociating states of the aryl iodides are a
little longer than a molecular rotation period, i.e.∼1 ps; aryl
bromides dissociate on a time scale much longer than aryl
iodides. Moreover, the photodissociation dynamics of aryl
halides depends not only on the halogen atom itself but also on
other substituents and the position of them. Therefore, it is very
important to study the effects of different substituents and the
effects of different positions. In the photodissociation of
chlorotoluenes and dichlorobenzenes,34 the probability of each
photodissociation channel is different due to the different
substituent and the position of substitution.

For alkyl halides, the substitution effect has been extensively
studied, especially for alkyl iodides of small size39,40,45-51 and
their halogenated substituents.52,53 However, for aryl halides,
this kind of substitution effect is seldom studied,16,34,44,54

particularly for aryl bromides. This paper will discuss the
photodissociation dynamics and the substitution effect of
fluorine for 1-bromo-3-fluorobenzene and 1-bromo-4-fluoroben-
zene photodissociation at 266 nm.

2. Experimental Section

The universal crossed molecular beam machine used for the
present experiment, which can be used to investigate both
reaction scattering and photodissociation dynamics, is one of
the most important instruments for studying reaction dynamics;
it has been described previously.55 Moreover, the instrument
includes two perpendicular supersonic beams, a main chamber
and a rotatable quadrupole mass spectrometer that is operated* Corresponding author; email: klhan@ms.dicp.ac.cn
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under high-vacuum conditions. To investigate photofragmen-
tation dynamics, a laser beam replaces one of the supersonic
beams.

In brief, the seeded supersonic molecular beam is perpen-
dicularly illuminated by a pulsed laser beam in the main
chamber, in which the pressure is kept under 2.0× 10-4 Pa.
The photofragments are ionized by a Brink electron bombard-
ment ionizer and analyzed by a quadrupole mass filter and then
detected by a Daly type ion counter consisting of a 30 kV ion
target, a scintillator and a photomultiplier. The signals are
preamplified and discriminated and then recorded by a 4096
channel multichannel scaler (MCS) with a dwell time of 2µs,
installed in a PC computer. The flight path from the interaction
region to the center of the electron impact ionizer is 19.2 cm.
The detector can be rotated from-8° to 110° in the plane of
the laser and molecular beam with respect to the molecular
beam, and is triply pumped by three ion pumps to ensure that
the pressure in ionizer region is under 10-8 Pa. The continuous
supersonic molecular beam is prepared by seeding the reagent
in helium and expanding the mixture into the source chamber
through a 0.20 mm nozzle. The 266 nm output of a Nd:YAG
laser is used and focused to spot size of 2× 3 mm2 at the point
of the laser and molecular beam intersection. The laser is
operated at a repetition rate of 10 Hz and the laser pulse energy
is carefully adjusted and kept at 40 mJ to obtain best signal-
to-noise ratio. The TOF spectra are measured at different
detector angles corresponding to the molecular beam and the
photofragment angular distribution is obtained through integra-
tion of the TOF spectra at different angles. The 1-bromo-3-
fluorobenzene and 1-bromo-4-fluorobenzene (stated purityg
99%) are obtained from Aldrich Chemical Co. Inc. and used
without further purification.

The velocity distributions of parent molecules are measured
by chopping the seeded beam with a rotating disk with a slit (1
mm) to get the TOF spectra and fitting them with the program
KELVIN. 56 The velocity distribution of supersonic molecular
beam is assumed to beN(V)∝V2*exp[-(V/R - S)2]57 and the
peak (most probable) velocity is given byVpk ) 0.5*R*S[1 +
(1 + 4/S2)1/2].57 Values ofR, S andVpk are presented in Table
1.

3. Analysis and Results

3.1. TOF Spectra and Angular Distribution of Photof-
ragment. The photofragment TOF spectra of the two com-
pounds, which are shown in Figure 1 and Figure 2 (open circles),
are measured at different angles atm/e ) 80 corresponding to
Br atom andm/e) 95 to FC6H4. There are two main Br isotopes
(79Br and81Br). In this experiment, we carefully adjust the mass
spectrometer to get the best signal-to-noise ratio and find that
m/e ) 80 is very suitable for Br atom. The abscissa indicates
the flight time of neutral fragments and the ordinate indicates
the signal corresponding to relative intensity.

The solid lines in Figure 1 and Figure 2 represent the
calculated TOF spectra through the forward convolution
method58,59 using the program of CMLAB2. The keystone of

the forward convolution method is to fit the TOF spectra at
different angles and the angular distribution simultaneously by
adjusting the total translational energy distribution of the center
of mass (CM) and anisotropy parameter. The CM angular
distribution is60

in which â is the anisotropy parameter whose range is [-1,2],
P2(cos θ) is the second-order Legendre polynomial, andθ is
the angle between the electric vector of the laser field and the
recoiling direction of the photofragment in the CM frame. The
parameterâ has been analyzed by many groups for various
molecules.6,13,15,60-62 In general,â has the form15

whereø is the angle between the transition moment and the
recoil axis of the two counterfragments;y is a factor related to
the lifetime (τ) of the dissociative state. If the molecule
dissociates promptly upon absorption of a photon and the recoil
kinetic energy is large compared to the energy of rotation, the
parametery has the maximum value 2. With increasing lifetime,
the parametery decreases monotonically. From theâ value, one
cannot simultaneously determine the dissociation lifetimeτ and
theø value, but one can determine the range ofø. If â is positive,
the C-Br bond makes an angleø < 54.7° with respect to the
transition dipole moment and ifâ is negative, the C-Br bond
makes an angleø > 54.7°. Two extreme situations areâ ) 2
andâ ) -1 corresponding toø ) 0° (parallel transition) and
ø ) 90° (perpendicular transition), respectively. In our case,
for 1-bromo-3-fluorobenzene, the best-fitted anisotropy param-
eterâ is 0.7( 0.1, which indicates that the parallel transition
plays an important role in 1-bromo-3-fluorobenzene photodis-
sociation at 266 nm and for 1-bromo-4-fluorobenzene, it is-0.4
( 0.1, which indicates that the perpendicular transition is
dominant over the parallel transition for 1-bromo-4-fluoroben-
zene photodissociation at 266 nm.

With the best-fitted anisotropy parameterâ and the transla-
tional energy distribution shown in Figure 4, we obtain the
laboratory angular distributions shown in Figure 3 using a least-
squares fitting program, which agrees well with the experimental
results.

3.2. Translational Energy Distributions. The CM total
translational energy distributions of 1-bromo-3-fluorobenzene
and 1-bromo-4-fluorobenzene are shown in Figure 4 (A) and
(B). The average translational energies〈Et〉 of 1-bromo-3-
fluorobenzene and 1-bromo-4-fluorobenzene are 56.76( 4.0
kJ/mol and 55.84( 4.0 kJ/mol, respectively.

According to the conservation of energy,

wherehν is the photon energy (450.0 kJ/mol),Wint is the internal
energy of the parent molecule,D0(C-Br) is the dissociation
energy of C-Br bond,Et denotes the translational energy of
photofragment,Eint is the internal energy of the fragments, and
Eavl is the available energy. ThusD0(C-Br) can be written as

In our experiment, the internal energy of the parent molecule
(Wint) can be neglected because a supersonic molecular beam
is employed. WhenEt becomes a maximum value, the value of

TABLE 1: Velocity Distributions of Parent Molecules in
Supersonic Beama

R (m/s) S Vpk (m/s)

1-bromo-3-fluorobenzene 307.1 2.380 842.8
1-bromo-4-fluorobenzene 266.6 2.599 783.6

a Velocity distributions are assumed to beN(V)∝V2*exp[-(V/R -
S)2] and the most probability velocity isVpk)0.5*R*S[1+(1+4/S2)1/2].
R and S are adjustable parameters

ω(θ) ) 1
4π

[1 + âP2(cosθ)] (1)

â ) yP2(cosø) (2)

hν+Wint - D0(C-Br) ) Et + Eint ) Eavl (3)

D0(C-Br) ) hν + Wint - Et - Eint (4)
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Eint tends to be minimal. If the (Eint)min would be zero, then

For 1-bromo-3-fluorobenzene, the value of (Et)max is 121.2(
4.0 kJ/mol andD0(C-Br) approximately equals 328.8( 4.0
kJ/mol. About 46.8( 3.3% of the available energy is partitioned
into the translational energy (56.76( 4.0 kJ/mol), and thus 53.2
( 3.3% goes into fragment internal energy. For 1-bromo-4-
fluorobenzene, the (Et)max is 133.8( 4.0 kJ/mol andD0(C-
Br) approximately equals to 316.2( 4.0 kJ/mol. About 41.7(
3.0% of the available energy is partitioned into the translational
energy (55.84( 4.0 kJ/mol), and thus 58.3( 3.0% goes into
fragment internal energy.

The C-Br bond strengths of 1-bromo-3-fluorobenzene and
1-bromo-4-fluorobenzene derived from the experimental results
are slightly different from that of bromobenzene (342.8 kJ/mol),
which may be due to the fact that one of the hydrogen atoms
of benzene ring is replaced by a fluorine atom.

4.Discussion

4.1. Photodissociation Mechanisms at 266 nm.To illustrate
the photodissociation mechanism, we have optimized the
geometries of the ground state, the singlet excited states and
the triplet state using the GAUSSIAN 94 package.63 In the
ground state, geometry optimization is performed at the HF/6-

31G* level. The geometries of the electronic singlet excited
states are optimized using the Hartree-Fock CI singles (CIS)
approach with the basis set 6-31G*, in which the excited state
function is expanded in the set of singly excited Slater
determinants generated by promoting one electron from an
occupied orbital to a virtual orbital. For the calculation of the
triplet state geometry, the UHF/6-31G* is used. All the
geometries are optimized under the constraint of planar con-
figuration and the optimized results are schematically presented
in Figure 5 and Figure 6 in standard coordinate. The standard
coordinate is defined that the origin of coordinate is the CM of
nuclear charge and the coordinate axes are the principal axes
of nuclear charge. Nuclear charge is the atomic number; for
example, Br is 35, F is 9, C is 6 and H is 1. Moreover, the
excitation energies, transition electronic dipole moments and
oscillator strengths are presented in Table 2.

According to the calculated results in Table 2, when 1-bromo-
3-fluorobenzene and 1-bromo-4-fluorobenzene absorb the 266
nm photon, they should be excited from the S0 state to the S1
state despite the fact that the S1rS0 excitation energies exceed
the photon energy, which may be due to the inaccuracy of the
calculated results at the CIS level. The S1rS0 transition electric
dipole moment of 1-bromo-3-fluorobenzene is nearly along with
the C-Br bond but that of 1-bromo-4-fluorobenzene is almost
perpendicular to C-Br bond, which agrees with the experi-
mental results that 1-bromo-3-fluorobenzene is a parallel

Figure 1. The TOF spectra of 1-bromo-3-fluorobenzene photodissociation at 266 nmm/e ) 80 corresponding to Br detected at laboratory angles
of 10° (a), 12.5° (b), 15° (c), 25° (d) andm/e ) 95 corresponding to FC6H5 of 15° (e), 20° (f). Open circles are the experimental points. Solid line
is the best fit by using the total translational energy distributionP(Et) shown in Figure 4(A) andâ ) 0.7 ( 0.1.

D0(C-Br) ≈ hν - (Et)max (5)
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transition (â ) 0.7 ( 0.1) but 1-bromo-4-fluorobenzene is a
perpendicular transition (â ) -0.4 ( 0.1), respectively. By
analyzing the CIS density, the S1rS0 transitions areπ*rπ
transitions, which are quite obviously seen from Figure 5 and
Figure 6. All C-C bond lengths in S1 states increase by about

0.003 nm; however, the C-Br bonds decrease by about 0.002
nm. Hameka et al.69 have explained that the excitation involves
the promotion of an electron from a bondingπ orbital to an
antibondingπ* orbital, which leads to a decrease in the rigidity
of the benzene ring and reduces the bond order in the majority

Figure 2. Laboratory TOF spectra of Br (m/e ) 80) product at detector to beam source angles of 10° (a), 15° (b), 20° (c), 25° (d) and FC6H4 (m/e
) 95) of 15° (e), 20° (f) in the photodissociation of 1-bromo-4-fluorobenzene at 266 nm. Open circles are the experimental points. Solid line is the
best fit by using the total translational energy distributionP(Et) shown in Figure 4(B) andâ ) -0.4 ( 0.1.

Figure 3. Laboratory angular distribution of the photofragment Br in the photolysis of 1-bromo-3-fluorobenzene (A) and 1-bromo-4-fluorobenzene
(B) at 266 nm. Star indicates experimental counts and solid line is the best fitting one by using the total translational energy distributionP(Et)
shown in Figure 4.
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of the C-C bonds, thus giving rise to the increase in bond
lengths. The optimized results of the triplet excited states (T1)
show that they have stable geometries, and the C-Br bond
lengths are almost the same as that of ground electronic states,
except that some C-C bond lengths increase, which are also
caused by theπ*rπ transition.

On the basis of the above experimental results and ab initio
calculations, we qualitatively propose the most possible photo-
dissociation mechanism. Since for 1-bromo-3-fluorobenzene and
1-bromo-4-fluorobenzene the C-Br bond lengths in the S1 state
are shorter than that in the S0 state and the C-Br bond in the
T1 state are approximately equal to that in the S0 state, the S1
state and T1 state should be bound states. Thus the probable
dissociation process may be that the parent molecules are excited
vertically to the S1 state by absorbing a photon, then they switch
to the high vibrationally excited T1 state by intersystem crossing
and finally dissociate. Clearly this dissociation process is a
vibrationally hot molecular dissociation mechanism. This is
different from the photodissociation of bromobenzene at 266
nm.24 For the photolysis of bromobenzene at 266 nm,â is
determined to be-0.7 ( 0.2 and the transition dipole moment
is almost perpendicular to the C-Br bond. The dissociation
mechanism proposed is a fast predissociation process, which is
due to the fact that the triplet state T1 is a repulsive state.

According to the data in Table 3, the fractions into transla-
tional energies for the photodissociation of bromide aryl
molecules at 266 nm have very similar values. The results are
very common for aryl halide photodissociation, for example,
for chlorobenzene photodissociation at 193 nm,30,33 248 nm33

and 266 nm,23 about 24%, 20% and 20% are partitioned into
translational energy, respectively.

Recently, Zewail et al.43,44proposed that a conical interaction
plays an important role in the nonradiative dynamics of large
organic molecules in their studies of the photodissociation of
iodobenzene. This seems to be a general phenomenon in the
photodissociation of aryl halides. Here, the photodissociation
processes are slow predissociation, parent molecules both from
the initial excited state (S1) switch to the triplet excited state
(T1) by intersystem crossing. This mechanism was also postu-

lated for the photolysis of benzyl chloride at 193 nm30 and
chlorobenzene at 248 nm34 as well as chlorobenzene at 266
nm.23

4.2. Effect of Substitution.The effect of substitution is very
important in aryl halide photolysis, including the mass effect,
inductive effect, steric effect and conjugation effect, etc. The
most important effect is the inductive effect, which usually
determines the molecular character and the photodissociation
mechanism. The inductive effect is of two kinds: one is
electropositive, or electron-repelling and the other is electro-
negative, or electron-attracting.

Ichimura, et al.34 studied the photofragmentation of chloro-
toluenes and dichlorobenzenes at 193 nm and discussed the
substitution effects of the methyl and chlorine atom. They
propose that the substitution effect of the methyl group on the
photodecomposition mechanism seems to be attributable to the
enhanced intersystem crossing due to the methyl internal
rotation, which increases the probability of second channel, i.e.
predissociation through the triplet state. This kind of methyl
internal rotation effect has been studied for the first time by
Okuyama et al.64 in the S1 fluorotoluene and recently by Moss
and co-workers.65,66On the other hand, the mode selectivity of
the methyl torsion in intersystem crossing of acetophenone has
been studied by Kamei et al.67 and their results strongly suggest
that the internal rotation of the methyl group plays an important
role in inducing the intersystem crossing. However, since the
methyl is a weak electropositive group, the inductive effect is
very weak and the substitution effect is mainly caused by the
internal rotation. Moreover, Ichimura et al. imagine that the
photodecomposition of dichlorobenzene is in general similar
to that of chlorobenzene and declare that additional chlorine
substitution in chlorobenzene does not cause the drastic change
in the photodecomposition mechanism at 193 nm.34 Although
the chlorine atom is a strong electronegative group, its electric
dipole polarizability is a reasonably large and therefore has an
n-π electron interaction, which eliminates the electron-attracting
effect. Thus the substitution effect of chlorine is not easy to
observe experimentally.

The fluorine atom is a very ideal group to study this kind of
substitution effect; it has the maximum electron affinity (3.999

Figure 4. The total center-of-mass translational energy distribution of the photodissociation at 266 nm, (A) and (B) corresponding to 1-bromo-
3-fluorobenzene and 1-bromo-4-fluorobenzene, respectively.
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eV) and minor electric dipole polarizability (5.57× 10-31

m3),68,70whereas those of chlorine atom are 3.615 eV and 2.18
× 10-30 m3, respectively, and the electron affinity of methyl is
0.08 eV. The dipole moments of bromobenzene, 1-bromo-3-
fluorobenzene and 1-bromo-4-fluorobenzene are listed in Table
4. The dipole moment of bromobenzene is the largest and the
dipole moment of 1-bromo-3-fluorobenzene is larger than that
of 1-bromo-4-fluorobenzene. It is obvious that the electron-
attracting ability of fluorine atom is stronger than that of bromine
because the electron affinity of fluorine is higher than bromine
(3.365 eV) and the dipole polarizability is less than bromine
(3.05 × 10-30 m3), which generates the change of dipole
moment, including the direction and value. The transition
electron dipole moment can be written as

in which R is the transition electron dipole moment,ψE and
ψG are the excited state and ground-state wave functions.µ is

the dipole moment and E is electric field vector. The change of
the direction of molecule dipole moment may cause the
transition electron dipole moment direction different and the
anisotropy parameterâ value different. This may be one of the
reasons why theâ values of 1-bromo-3-fluorobenzene and
1-bromo-4-fluorobenzene are different. The other reason may
be that the symmetries ofψE andψG of 1-bromo-3-fluoroben-
zene and 1-bromo-4-fluorobenzene are different.

This powerful electron-attracting effect of fluorine atom also
attracts electron density from the bromine atom and benzene
ring, which causes the C-C bonds in the vicinity of fluorine to
be shorter than other C-C bonds and the C-Br bond strengths
to decrease. According to the fitted results derived above, the
C-Br bond strengths of 1-bromo-3-fluorobenzene and 1-bromo-
4-fluorobenzene are lower than that of bromobenzene indeed.
The electron-attracting effect of para-substitution by a fluorine
atom is stronger than meta-substitution due to the conjugation
effect of benzene ring, which causes the C-Br bond length of
1-bromo-4-fluorobenzene to be longer than that of 1-bromo-3-

Figure 5. The optimized geometries of 1-bromo-3-fluorobenzene by using Gaussian 94 package: (a) ground state (S0) at HF/6-31G*, (b) first
excited electronic state (S1) at CIS/6-31G*, (c) second excited electronic state (S2) at CIS/6-31G*, and (d) the triplet excited state (T1) at UHF/
6-31G*. Bond lengths in nanometer and angles in degrees.

R ) 〈ψE|µ‚E|ψG〉 (6)
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fluorobenzene. Referring to the ab initio calculation results, in
the ground state (S0), the C-Br bond length of 1-bromo-4-
fluorobenzene (0.1898 nm) is slightly longer than that of
1-bromo-3-fluorobenzene (0.1896 nm). Moreover, the fits to the
measured data indicate that the C-Br bond strength of 1-bromo-

4-fluorobenzene (≈316.2( 4.0 kJ/mol) is slightly lower than
that of 1-bromo-3-fluorobenzene (≈328.8( 4.0 kJ/mol).

The experimental results presented in Table 3 show that the
fragments of bromobenzene have the largest partitioning of
translational energy from the available energy (47%). The

Figure 6. The optimized geometries of 1-bromo-4-fluorobenzene by using GAUSSIAN 94 package. (a) The ground state (S0) at HF/6-31G*, (b)
the first excited electronic state (S1) at CIS/6-31G*, (c) the second excited electronic state (S2) at CIS/6-31G*, and (d) the triplet excited state (T1)
at UHF/6-31G*. Bond lengths in nanometers and angles in degree.

TABLE 2: Excitation Energy, Transition Electric Dipole Moment, and Oscillator Strengths Calculated Using GAUSSIAN 94,
Corresponding to S1rS0 and S2rS0 of 1-Bromo-3-fluorobenzene and 1-Bromo-4-fluorobenzene

TEDMb(Au)

∆Ea (nm) X Y Z OSC.c

1-bromo-3-fluorobenzene S1rS0 205.77 -0.4816 0.2687 0.0000 0.0449
S2rS0 198.27 -0.2912 0.3645 0.0000 0.0333

1-bromo-4-fluorobenzene S1rS0 208.19 -0.4677 0.0000 0.0000 0.0319
S2rS0 198.41 0.0000 0.3991 0.0000 0.0244

a Excitation energy.b The transition electric dipole moment in standard coordinate.c The oscillator strengths.
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decrease of the average translational energy of o,p-bromotoluene
may be caused by the increase of the photofragment internal
energy (the internal degree of freedom increase), including
vibrations and rotations, which is due to the substitution of the
methyl group. For 1-bromo-3-fluorobenzene and 1-bromo-4-
fluorobenzene, in comparison with bromobenzene, the substitu-
tion of fluorine does not change the photofragment internal
energy (the internal degree of freedom invariable) and thus the
fractions of available energy going into translational energy are
closer to that of bromobenzene. However, the fluorine atom
can change both the CM position of parent molecules and the
CM position of the photofragment. The para-position substitu-
tion is C2V symmetry, while the meta-position substitution is
Cs symmetry. The CM positions of 1-bromo-4-florobenzene and
1-bromo-3-florobenzene greatly deviate from their geometrical
centers. For the former, the CM is still located at the line of
F-Br, therefore, the repulsive force of the C-Br bond breakage
will excite the p-C6H4F fragment to higher vibrationally excited
states. However, for the latter, the CM is not located in the line
of F-Br and C-Br, and them-C6H4F fragment will be excited
to higher rotationally excited states mainly. This may be one
of the reasons why the average translational energy of 1-bromo-
4-florobenzene (55.84( 4.0 kJ/mol) is lower than that of
1-bromo-3-florobenzene (56.76( 4.0 kJ/mol) for photodisso-
ciation at 266 nm.

In Table 3, it can be seen distinctly that the fraction of
available energy going into translational energy for 1-bromo-
4-fluorobenzene is approximately 5% less than that of 1-bromo-
3-fluorobenzene. The other reasons that result in the differences
of the fragment translational energy of both 1-bromo-4-
fluorobenzene and 1-bromo-3-fluorobenzene probably include
the different S0, T1, and S1 potential energy surfaces and
geometries and so on. Another typical example of the fluorine
substitution effect on photodissociation is the photodissociation
of bromopentafluorobenzene and bromobenzene at 193 nm:
there is 46% of the available energy going into the fragment
translation for photolysis of bromobenzene, whereas there is
only 22% of the available energy partitioned into the fragment
translation for bromopentafluorobenzene. The strong electron-
withdrawing effect will attract electron density from the benzene
ring to the fluorine atoms and decrease the electron density in

the benzene ring, which results in the C-C bond lengths
increasing and the C-C bond strengths decreasing. The steric
effect of the fluorine atom also plays an important role due to
the covalent radius of the fluorine atom which is 0.072 nm,
while that of hydrogen atom is only 0.032 nm, which will make
the benzene ring distort and the C-C bonds longer and weaker.
Owing to the looseness of benzene ring, more available energy
is kept in the internal energy of C6F5. This may indicate why
the fraction of translational energy of bromopentafluorobenzene
photodissociation products is much lower than that of bro-
mobenzene photodissociation at 193 nm. Such phenomena have
been observed in the photodissociation of iodobenzene and
iodopentafluorobenzene at 193 nm30 as well.

The different position substituent effects of the aryl halides
are also seen from the photodissociation of bromotoluene at
266 nm. The photodissociation ofp-bromotoluene at 266 nm
only has one dissociation channel, whereaso-bromotoluene has
two photodissociation channels. Due to the fact that the volume
of methyl is relatively large, the steric effect may play an
important role. When the methyl is ortho substitution, the
interaction of methyl and bromine is very strong, which leads
to the distortion of benzene ring, restrains the rotation of methyl,
decelerates the velocity of intersystem crossing and results in
more parent molecules turning into the ground state by internal
conversion. Therefore, a second dissociation channel emerges
for o-bromotoluene. However, when methyl is para substituted,
the steric interaction between methyl and bromine is the weakest,
therefore, the intersystem conversion will be very fast and the
second channel disappears.

5. Conclusions

Using photofragment translational spectroscopy on a universal
crossed molecular beam machine, we have studied the photo-
dissociation of 1-bromo-3-fluorobenzene and 1-bromo-4-fluo-
robenzene at 266 nm under collision-free conditions. Angle-
resolved Br and FC6H5 photofragment TOF spectra are measured.
For 1-bromo-3-fluorobenzene, about 46.8( 3.3% of the
available energy partitions into photofragment translation energy
and the anisotropy parameterâ is determined to be 0.7( 0.1,
which indicates that a parallel transition is dominant. For
1-bromo-4-fluorobenzene, it is about 41.7( 3.0% andâ is -0.4
( 0.1 which indicates that perpendicular transition acts as an
essential role. The possible photodissociation mechanism, has
been proposed, i.e., dissociation by intersystem crossing from
S1 to T1. The fluorine atom substitution effect is discussed as
well.
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