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The photochemistry of low lying excited states of six different fluorinated bromobenzenes has been investigated
by means of femtosecond laser spectroscopy and high level ab initio CASSCF/CASPT2 quantum chemical
calculations. The objective of the work was to investigate how and to what extent light substituents, position
on the benzene ring and number, would influence the dissociation mechanism of bromobenzene. In general,
the actual position of a fluorine atom affects the dissociation rate to a less extent than the number of fluorine
atoms. A clear connection between a lowering of a repulsive relative to a boundrzz* state and the
number of fluorine substituents exists, and the previously suggested model of coupling between dissociation
rate and relative location of bound and repulsive state still holds for these molecules. A more elaborate
examination of the electronic structure of the excited states in bromobenzenes than previously reported is
presented.

Introduction predissociation from the lowest excited singlet state, a delocal-
S . . . ized (rr*) state, to a triplet antibondingzg* or ng*) state
Elucidation of fundamental reaction dynamics of chemlcal. localized on the €X bond. The strength of the coupling

;Tcg?c;posrrlsaagljgpg(r:?;;rﬁiup(?olirr‘l trr(])?dv?g\:vpgyzggilggelﬂzgz’ be.tween these states as yve!l as the height of the curve crossing
standing of the initial dynamics is aconditior,1 for the possibility point r_elat|ve to th_e ex_(:lt_atlon energy will to a Iargg extgnf[
of actively intervening with and ultimately controlling the dete_rmlne the predissociation rate. In general, the predissociation
. . rate is strongly related to the nature of the halogen atom (because
outcome of a chemical reaction. The halobenzengs;€Xs-n the counling between the states is mediated by -soibit
(X = F, CI, Br, 1), have proven to be suitable model systems oupiing ysp
for identification and studies of intramolecular processes and coupling) and t9 a Ie;; extent related to the ngmber of halogen
interactions that control the photodissociation dynamics and have""to".1S and their posmons on the benzene ring. Recently we
therefore received much experimental and theoretical attentionStudiedo-, ., p—dlbromobgnzene and 1,3,5-tribromobenzene
lately. Because the dissociation dynamics is largely influenced gy femtosecond SE?CUOS(? ﬁyvherehthe ef(]flgct of.ar} additional Id
by the surrounding molecules in the condensed phase, investiga- romine atom and ts position on t epre |§890|at|oq rate cou
tions aiming toward a detailed understanding of intramolecular Zg’;tigﬁ ngzggg dtofaitecrha(;}g:oé?atisc?r?rggarégaviggnéblgerved

dynamics have to be performed in the gas phase. ) dmedib b but not indib b d
Experimentally, the photodissociation dynamics of monoha- |né)-5atn.bm ' rbomo enze(z}nez (;ano ml Ilr(t)nao etnzetnelé an
lobenzenes have been studied in the gas phase by photofragmer?t’ ~-tribromobenzene. Luided by caiculated potential energy
translational spectroscopy (PES) but also in real time by curves and group theory analysis we concluded that the origin
ultrafast pump-probe spectroscopy combined with time-of- of the fast dissociation channel was based on crossings between
flight (TOF)8-10 The effect of substituents on the dissociation some low-lying initially excited states and some repulsive states
and that the difference in the number of experimentally observed

dynamics of multihalobenzenes has also been studied by .
PTS15 and by femtosecond spectroscdfyl® Quantum channels between different molecules was based on symmetry
restrictions for the initial photoexcitation and the low-energy

chemical calculations of potential energy surfaces have previ- o
ously been performed for bromo- and chloroben2&r#é and, crossings:
recently, also for dibromobenzenes and 1,3,5-triboromoberf?ene.  The objective of the present work is to investigate the
Several spectroscopic studies of halobenzenes have also beepubstituent effect in bromobenzenes further. We now focus on
performed?3-29 the fluorinated bromobenzenes shown in Figure 1, a case where
The main dissociation channel of halobenzenes, following the spir-orbit interaction should be least effected by the fluorine
an excitation in the far-UV, has been suggested to involve substituent and, thUS, where the dissociation rate is controlled
by other types of interactions. In the paper we present
* Corresponding author. Tel:+46 18 471 36 53. Fax:+46 18 471 36 experimental UV absorption spectra and photodissociation rates,
54. E-mail: jand@fotomol.uu.se. o determined by femtosecond pumprobe spectroscopy in
lDeF’a”me”t of Quantum Chemistry, Uppsala University. molecular beams, for six fluorinated bromobenzenes together
Department of Theoretical Chemistry, University of Lund. . . . .
s Chemical Physics, Department of Photochemistry and Molecular With quantum chemical calculations of the relevant potential
Sciences, Uppsala University. energy curves (PEC) for these molecules. The theoretical
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calculations presented are intended to give a picture of which utilized for hydrogen, carbon, and fluorine, respectively. For
electronic states are involved in the photodissociation. Highly bromine, the relativistic effective core potential (ECP) basis set
accurate vertical excitation energies are presented and a simplevith seven electrons (contraction (9s8p4d)/[1s1p2d]) by Baran-
qualitative relation between absorption wavelengths and dis- diaran and co-worker®, also included in the MOLCAS 5.4
sociation rate is found. The presented crossing points betweenprogram package, was used.

potential energy curves of orthogonal states correspond to One-dimensional potential energy curves (PEC's), describing

conical intersections as described in refs 30 and 31. the variation of the electronic energy as a function of the
) ) carbon-bromine distance, were calculated for each of the six
Experimental Details molecules under consideration. First, constrained ground-state

The experimental arrangement basically consists of an geometry optimizations of the molecules with the internalBZ

amplified Ti:sapphire femtosecond laser system, a molecular 9€9rée of fre%\dom frozen to different values in the range of
beam apparatus and a time-of-flight mass spectrometric detecto2P0ut 1.3-4.0 A were carried out. All other degrees of freedom
(TOF-MS). This setup has been used in previous studies of aryl We'® optimized with respect to the energy within the point group

halides and is described in detail elsewhere: see, e.g., refs 1¢YMmetry of the molecule in question.
and 32. Below follows just a brief overview. Next, single point multistate CASPT2 (MSCASPT?2) calcula-

In this setup, the fundamental output from the 1 kHz tions incluo_ling the three lowest roots in e_ach irreducible
regenerative amplifier was divided into two fractions with a 'ePresentation were performed on the constrained ground-state
beam splitter. One fraction generated the 270 nm pump pulsesdéometries for both singlet and triplet multiplicity. This
by tripling the fundamental output using two BBO crystals procedure should result in vert_|cal excitation energies with errors
which where 1 and 0.4 mm thick. The other fraction was used N0 larger than 0.3 e¥: Accordingly, 24 states were calculated
to pump an optical parametric amplifier (TOPAS, Light Conver- for the molecules belonging to i@, point group, and 12 states
sion), which generates the 547 nm probe pulses by sum andfor the C dittos. It shoulq be noted that the states calculated
frequency mixing of the idler and the fundamental. A variable this way do not necessarily corresponds to the overall 24 or 12
time delay between the pump and probe pulses was obtainedowest statgs. T_he same level shift was use_d in all (_:alculatlons.
by changing the path length of the probe pulse using a Geome_tncal information of certain Io_vv-Iymg excited states
retroreflector mounted on a translational stage. The pulseWas provided through geometry optimizations constrained to
duration in the present experiments was about 150 fs. the same symmetry as the ground state.

The pump and the probe beams were focused by a spherical The 2-bromofluorobenzene and 3-bromofluorobenzene were
plano-convex lens and spatially overlapped with the molecular constrained taCs symmetry and kept planar in all calculations
beam. The plane of polarization of the probe light was oriented On the G-Br fragmentations. Labeling the active orbited&c
perpendicular to the molecular beam whereas the pump polar-a"ocd (&vit, &"vir) the following active spaces were used: (2,
ization could be varied by a Berek compensator. In these 4) (2, 4) with 12 active electrons for 2-bromofluorobenzene,
experiments, the relative polarization of the pump and probe and (2, 3) (4, 4) with 10 active electrons for 3-bromofluoroben-
pulses was kept at the magic angle, i.e., 54.7 zene.

An effusive molecular beam was produced by heating the ~ C2, Symmetry was imposed on all calculations on 4-bromo-
oven’s chamber to 366340 K, the variation depending on the ~fluorobenzene, bromo-2,6-difluorobenzene, bromo-3,5-difluo-
vapor pressure of the compound, whereas the exit aperture, withfobenzene, and bromopentafluorobenzene. That is, the calcula-
a diameter of 0.2 mm, was kept 20 K higher to prevent tions were made under the assumption that the two orthogonal
condensation. In the pumprobe experiments a boxcar integra- Mirror planes found in the molecule in its relaxed ground state
tor was used to select the desired ionic species. The ion signalconformation are retained during the course of theBE
was averaged over typically 10 000 laser shots per time delay.fragmentation. Labeling the orbitalgy(oce D1,0c0 b2,0co 82,0c9

Liquid and gas-phase absorption spectra of all compounds (i, b1vit, b2, @2it) the following active spaces were
were measured using a conventional spectrophotometer (Perkinused: 4-bromofluorobenzene: (1, 2, 1, 1) (2, 2, 2, 2) (10 active
Elmer Lambda 2). Typical concentrations for the liquid-phase €lectrons), bromo-2,6-difluorobenzene: (1, 3,1, 1) (2, 2, 1, 1)
measurements were around 4 mM. The gas-phase absorptiof12 active electrons), bromo-3,5-difluorobenzene: (1, 2, 1, 2)
spectra were measuren & 1 mmquartz cell heated to 333 K. (1, 2, 1, 1) (12 active electrons), and finally bromopentafluo-

The chemicals were purchased from commercial retailers, robenzene: (1, 3,1, 1) (2, 2, 1, 2) (12 active electrons).
1-bromo-3,5-difluorobenzene, 1-bromo-2,6-difluorobenzene and
bromopentafluorobenzene from Sigma-Aldrich and the other Results

substances from Lancaster Synthesis and used as received. Absorption. Experimental absorption spectra of the bromo-

fluorobenzenes studied are shown in Figures 2 and 3. For
comparison, bromobenzene and fluorobenzene have also been
All calculations were carried out with the MOLCAS 5%4 included.
suite of programs. The complete active space self-consistent Vertical excitation energies, experimental and calculated, of
field34 (CASSCF) method was used for geometry optimizations the lowest excited states (thle, bands using the Platt notation
and to obtain reference wave functions to be used in the for benzen#’) of each molecule, are listed in Table 1 together
determination of vertical excitation energies. Accurate calcula- with an estimate of the accuracy of the calculations. The root
tions of vertical excitation energies require more dynamic mean square deviation (RMSD) for the calculation of the first
electron correlation than CASSCF providésTherefore the excited state are 0.055 eV compared to experimental results on
multiconfigurational second-order perturbation theory (CASEF2) 0—0 transitions, implying that the accuracy of these calculations
was employed for this purpose. are well beneath the 0.3 eV reported in, e.g., ref 35. For the
The small atomic natural orbital basis set ANE-®icluded second excited state (thke, bands) the error is 0.088 eV. The
in the MOLCAS 5.4 program package with the contractions calculated vertical excitation energy of 3-BrFPh seems to be
(7s3p)/[2s1p], (10s6p3d)/[3s2pld], and (10s6p3d)/[3s2pld] wasanomalous compared to the experimental energy in 3-BrFPh

Computational Methods
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Figure 1. Bromofluorobenzenes investigated in this work.
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Figure 2. Absorption spectra in acetonitrile showing tHae-bands.
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Figure 3. Gas-phase absorption spectra showing'thgbands. The

intensity of this band is approximately 10 times stronger thariltpe

band.
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all orbitals involved in these transitions are included in the active
space none of the lowest roots corresponding-t0 @ansitions
in the absorbance spectra reported here is missing.

The spectra of all the di- and trisubstituted bromofluoroben-
zenes show the same main features. They consist of a band
between 200 and 230 nm and a less intense band between 245
and 280 nm with vibronic features. The ab initio calculations
show that thell -band corresponds to excitation of the first
singletlzz* state and thélL,-band corresponds to the second
singletlzz* state. In the case of bromopentafluorobenzene, the
S, state does not show the same vibronic features ancthe
state has come down to 240 nm. The peak at 208 nm (both
experimentally and calculated) is identified as the third excited
singlet {n*) state.

Looking more closely at thélL,band, the disubstituted
molecules are all similar to fluorobenzene having three signifi-
cant peaks. For 2- and 3-BrFPh, the®transition is located
at 271.0 and 271.4 nm, respectively. These values are similar
to gas-phase measurements giving 270.5 nm for 2-Bi¢d&etul
270.7 nm for 3-BrFPH and in good agreement with the
calculated values of 268 and 265 nm. In the case of 4-BrFPh
the 0-0 transition is at slightly longer wavelengths, 275.8 or
276.2 nm in the gas pha8eand with a calculated value of 275
nm. The trisubstituted Br-diFPhs havéla-band looking more
similar to BrPh, but with a slightly larger absorption coefficient.
The 0-0 transitions in 1-Br-3,5-diFPh is at 268.3 nm (267.9
nm in the gas phad® and at 267.1 nm for 1-Br-2,6-diFPh.
The agreement with calculated values are even here quite
impressive, 264 nm for 1-Br-3,5-diFPh and 267 nm for 1-Br-
2,6-diFPh.

Bromopentafluorobenzene lacks the vibronic features in the
ILy-band, which can be explained by the calculations which
assigns dwo* electronic structure to this state.

Orbital Assignment. Relevant, that is with occupation
numbers significantly changing during the reactions investigated,
CASSCEF orbitals of two ground-state optimized molecules from
different symmetry point groups, 4-bromofluorobenze@s, (
symmetry) and 3-bromofluorobenzengs(ymmetry) respec-
tively, are plotted in Figures 4 and 5, respectively, together with
CASPT2 energies.

Inspection of basis function coefficients as well as major
configurational weights of the wave function (Table—18
where also calculated vertical excitation energies can be found)
made classification of the electronic states possible. Calculated
low excitation energies together with measured absorption
energies of low lying singlets are found in Table 1.

The experimentally observed dissociation dynamics of flu-
orinated bromobenzenes through excitation to low lying excited
states can be attributed to a transition between the lowest lying
z* states of the benzene ring and a dissociatiwé& or no*
state, where* is the antibonding & Br orbital. In this work,
the lowest repulsive state is best describedatsand notno*,

as well as the calculated energies of 2-BrFPh and 4-BrFPh andas opposed to what has been reported for iodobenZeheas.

has therefore been excluded in this analysis.

bromine in-plane lone pair lies lower in energy than the overall

All calculated excitation energies as well as major configura- HOMO. At the optimized ground state geometry the bromine

tions of the respective states can be found in Tablef$aln

out-of-plane electron pair is in principle not mixed with the

Table 1, it can be seen that the vertical excitation energies of HOMO, which is essentially a-orbital. In 4-bromofluoroben-
the lowest exited singlet vary within a small range for all the zene for example, H (L) referring to HOMO (LUMO) within
fluorinated bromobenzenes, i.e., from 4.51 eV for 4-BrFPh to that particular irreducible representation, this bromine p-orbital

4.68 eV for BrisPh.

is essentially the b(HOMO—2) molecular orbital whereas b

The assignment of the experimental absorption peaks to the(HOMO), which is the overall HOMO, in essence is a pure
calculated vertical excitation energies was based solely uponbenzener—orbital. This ordering is changed during the course
the energetic order of the CASPT2 roots. Because all lower of the reaction and as the molecule fragments the bromine lone

excitations energies correspondiier — 7*/ o* transitions and

pair ends up asib(HOMO). Note thatn in this paper inng*
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TABLE 1: Measured Absorbance Maxima and Calculated Vertical Excitation Energies
2-BrFPh 3-BrFPh 4-BrFPh 1-Br-2,6-FPh 1-Br-3,5-FPh i
CASPT2 exp CASPT2 exp CASPT2 exp CASPT2 exp CASPT2 exp CASPT2 eXB\vISDe
state eV nm eV nm eV nm eV nm eV nm eV nm eV nm eV nm eV nm eV nm eV nm eV nmVv

Sg* 3.84 323 3.88 320 3.83 324 3.86 321 3.94 314 3.85 322

S 4.40 282 4.45 279 4.11 302 4.45 279 4.48 277 4.51 275

S 4.46 278 4.51 275 4.44 279 4.49 276 4.57 271 4.52 274

Inn* 4.62 268 4.60 271 4.67 265 4.57 271 4.51 275 4.50 276 4.65 267 4.64 267 4.69 264 4.62 268 4.68 265 4.70 264 0.055
Sro* 5.51 225 5.48 226 5.58 222 5.37 231 5.44 228 491 253

Iro* 5.85 212 5.74 216 6.49 191 5.71 217 5.96 208 5.83 213 5.78 215 5.66 219 5.23 237 5.17 2406 0.327
Ig* 6.30 198 6.75 184 5.80 214 5.74 216 5.80 214 5.74 216 5.84 212 5.97 208 ©0.088

2Root mean square deviatiohRMSD including 3-fluoro. RMSD excluding 3-fluoro.

;u (-I-Sxp_ T€ASPT2)2
RMSD = A/ m=Hee
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Figure 5. CASSCEF orbitals of 3-bromofluorobenzene relevant for the
chemistry under consideration in this paper together with CASPT2
——— &, (H) -9.28 ev energies.

b, (H)

agCH) and molecules investigated here because these CT states are

— : ‘ g & energetically well outside the range of the photochemistry
) considered in this work. From Table H§S it can be deduced
that the overall lowest lying bound charge transfer state is found
in 4-BrFBz at 6.93 eV, well above the first bound singlet state
at 4.51 eV.
by (H) Orbitals in G, Symmetry.The computations show that
Figure 4. CASSCF orbitals of 4-bromofluorobenzene relevant for the HOMO and LUMO embrace fsymmetry and that HOM©1
chemistry under consideration in this paper together with CASPT2 and LUMO+1 belongs to thegrreducible representation. This
energies. is of interest because the energetic ordering of the orbitals is
closely related to the calculated configurations representing the
refers to the in-plane lone pair in bromine, which does not mix three lowest excited triplet states, which are all of¢ 7*)
with the z-orbitals of the phenyl ring. The model with a type. The major configurations building up these triplets are,
transition from a bound:z* state to a repulsive one is consistent  from lower to higher energy,itH) — bi(L) (A1 symmetry for
with computational studies reported for related aryl halides by the total state), #fH) — a(L)/ax(H) — by(L) (B2 symmetry)

by (H-1)

Liu et al22:30 and a(H) — a(L) (A; symmetry), implying a qualitative
It has been suggested by Griffiths et*ahnd Kavita et af? connection between the relative order of the orbital energies
that a charge transfer (CT) state originating fromras> 7* and excitation energies with low orbital energy differences

transition might be of relevance for the photodissociation of yielding low excitation energies and vice versa. The corre-
fluoroiodobenzenes. This is of no importance for the processessponding singlet states are, due to exchange interaction, higher
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TABLE 2: Crossing between First Excited Bound Singlet and Relevant Repulsive States for Molecules Belonging @,
Symmetry Point Group?

dist (A)/energy rel $-B, (eV)/energy rel $(eV)

2-BrFPh 3-BrFPh 4-BrFPh 1-Br-2,6-FPh 1-Br-3,5-FPh B
3no* 2.08/0.24/4.83 2.09/0.21/4.80 2.10/0.14/4.73 2.03/0.18/4.77 2.07/0.30/4.89 1.97/0.14/4.73
Iro* 2.13/0.31/4.90 2.14/0.32/4.91 2.15/0.25/4.84 2.09/0.31/4.90 2.11/0.41/5.00 2.02/0.20/4.79
Sno* 2.18/0.31/4.90 2.11/0.36/4.95 2.13/0.45/5.04 2.08/0.31/4.90
no* 2.23/0.48/5.07 2.16/0.49/5.08 2.18/0.59/5.18 2.14/0.47/5.06

aFor theC; dittos the estimated crossing points are presented

in energy than the tripletS.The first B, (by(H) — ax(L)/ax(H)

— by(L)) singlet is, accordingly, a little higher in energy than
the corresponding triplet and is also the fourth excited state of CH,
these molecules. The singidriplet splitting is much more

pronounced for the two Astates than for the Bditto.

The repulsive T-B; and S—B; states are represented by
b;(H) — a(L) and b(H—1) — a&(L) configurations, that is a
mo* electronic configuration. The repulsiveness of this state is
in concordance (Table 1) with the presence of a nodal plane
between carbon and bromine ig(lg), as indicated in Figure 4.
The C-Br distance as well as the energy of the crossing point
between these two states and the bound geometrically optimized
first excited singlet state in the one-dimensional potential energy
curves presented here are included in Table 2. The repulsive
singlet and triplet variants of theo* electronic states (with
largest configurational weight for the(bl) — ay(L) excitation)
might also be of interest for the low energetic dissociation
mechanism of these molecules. - .

Cs Molecules.As for the Cy, molecules, three triplet states 0 50 100 150 200 250 300
are found with lower energy than the lowest lying singlet and Fragment Mass /u
all four are @t — 7*) excitations. For these molecules, however, Figure 6. Time-of-flight spectra recorded with the pump.
the first and third triplet are represented Bytd—1) — a'(L)
and &(H) — a'(L+1) configurations and the second B(ld) 12 Br35diFPh | 08 ) 2-BrFPh
—d'(L)and &(H—1)— &'(L+1). According to Figure 5,'&.)
has a nodal plane between the carbon and the bromine,
something that is also true foft(a+1). This indicates that the
T1—A" and S—A", which are represented by @)/a'(H—1)-

() — d(L)/a(L+1)(0o*) configurations, should be repulsive,
something that is also seen in the PEC’s presented later in this 0.0
work. Further, only 2-BrFPh and 3-BrFPh lackCa, axis and oe Br-2.6-GFPh 4
a comparison between 3-BrFPh and 4-BrFPh shows that the 1
molecular orbitals retain approximately the same shapes as withs ‘
the C,, symmetry and that the bromine has a larger influence 3
on the nodal structure than the fluorine, which appears to presents
a weaker perturbation to the benzene molecular orbitals. It is $
also clear that the €Br (0*) bond lies lower in energy than
C—F (o*), and this is important when determining which bond

is easiest to dissociate.

Photodissociation.The dissociation rate of the aryl halides
in the molecular beam were followed by monitoring the
formation of ions produced by the pump and probe pulses. One
pump photon (270 nm, 4.59 eV) excites the molecules and two,
or more, subsequent probe photons (547 nm, 2.27 eV) bring
the excited molecules above the ionization limit.

1-Br-3,5-diFCgH,

diFCgH,”

1-Br-2,6-diFCgH,"

lon Signal /a.u.

0.6

0.4

0.2

3-BrFPh

4-BrFPh

0.8

0.6

04

02

0.0{®

Multiphoton excitation of the ground-state contributes to a e e 5 P B0 130
constant ion background signal. However, low intensities were Time /ps Time fps
used in the time-resolved experiments to ensure that the mainFigure 7. lon signal versus delay time. The pump signal has been
ionization pathway is the pumprobe process. subtracted from pumpprobe signal.

Figure 6 shows the time-of-flight mass spectra of the
molecules recorded with the pump pulse. In these spectra, the In addition to the pump probe ion signal, the ion signal from
intensity was much higher than in the time-resolved experiments. the pump itself was recorded. Prior to data analysis, this pump
Results from the time-resolved measurements showing theion signal was subtracted from the purgrobe ion signal to
intensity of the molecular ion signal as a function of the delay correct for fluctuations of the laser intensity and variations in
between pump and probe pulses are displayed in Figure 7. the density of molecules in the molecular beam.
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The kinetic traces of 2-, 3- and 4-BrFPh were fitted with an
exponential decay function. The fast decay traces of:BnEF
1-Br-2,6-diFPh and 1-Br-3,5-diFPh, were fitted with a Gaussian
for the response function, fwhm 225 fs, and an exponential
decay function. To achieve a good fit for 1-Br-3,5-diFPh,
2-BrFPh and 3-BrFPh, it was necessary to employ two time
constantsy; andt,, in the analysis. The decay curves are shown

Borg et al.

the curves necessary to study the photochemistry of the low
lying excited states are included.

As already stressed, the lowest lying excited states in these
fluorinated bromobenzenes correspond to excitations essentially
located in the benzene ring and they therefore only cause minor
alterations of the €Br bond. This can be seen in the one-
dimensional potential energy surfaces presented here because

in Figure 7, and the average of the best fit parameters arethe four lowest lying excited potential energy curves for the
summarized in Table 3 together with previously published data C—Br degree of freedom are essentially isomorphic with the

for the bromobenzent®
High level ab initio calculations with the aim of elucidating

corresponding gcurve. Four repulsive curves are included in
the diabatic PEC’s of the molecules belonging to 1bg

the photodissociation mechanism of halogenated benzenes havéreducible representation. These repulsive states cross the bound

previously been reported in, for example, refs-22. Here we

S,—B, state at moderately low energies and are therefore

are using the same approach but focusing on a deeperpotentially interesting when unraveling the dissociation dynam-
understanding of the electronic states involved in the dissociationCS attributed to the interaction between the low lying excited
process and on the effect of the secondary, in this case fluorine Stat€s.

substituent.
Important bond lengths of low lying excited states are listed

in Table 2S; the numbering of the atoms refers to the numbering
in Figure 1. It can be noted that all changes in bond lengths

upon excitations are small, the largest beir@ 106 A (G—Cs

in T1—A; in 4-BrFPh). In essence, the change in bond lengths

From the PEC’s we can conclude that the dissociation
mechanism in all these molecules correspondtt — wo*
and notza* — no* transitions and that this is by no means
affected by the number of fluorines or their location relative to
bromine.

Bromofluorobenzene3he dissociation channel present in all

upon excitation can be traced down to the nodal structure of disubstituted bromofluorobenzenes is represented by, tirae
the respective orbitals involved; see Figures 4 and 5. The mostconstant and corresponds to a transition between the bound S

striking example can be found in tl&—C; bond in the first
triplet state (T); this bond is elongated in 4-BrFPH-0.106 A)
where the major configuration is(&l) — a(L) (w = 0.47) with
introduction of a node in the £ C3 bond, to be compared with
the corresponding change in bond length in 1-Br-2,6-FPh
(—0.039 A), 1-Br-3,5-FPh+0.040 A) and BrgPh (—0.042 A)
where the dominant configuration ig(bl) — by(L) (w = 0.51,
0.47, and 0.50; see Table -1&5) with introduction of a node

in the G—C, bond. This leads to elongation of that bond
(+0.073 A in 1-Br-2,6-diFPh and 1-Br-3,5-diFPh an®.079

A in BrFsPh). The first excited singlet state is represented by
H —1—L/H—L + 1in all molecules with increased number
of nodes. Accordingly, the bond lengths are slightly elongated,
with alterations in the range frorh0.034 A for G—Cgin 3-Br—

FPh and G—C; in 2-Br—FPh t0+0.059 A for G—C; in BrFs-

Ph.

state and a repulsive T state, i.e., the same channel as the one
observed earlier for many halobenzenes. Crossing points related
to the optimized first excited singlet between the boumd

and the repulsive states are listed in Table 2. The energy of the
crossing points between;-SB; and T; (370*) are 0.24, 0.21,

and 0.14 eV for 2-, 3-, and 4-BrFPh, respectively. The variation
of the crossing point energies between these molecules is small
and not correlated to the variations in dissociation rate. Thus
some other mechanism, not represented in the present PECs,
must dominate the coupling between the states.

The presence of a second time constagt,as in 2- and
3-BrFPh, indicates that an additional electronic state is initially
excited. In addition, this is in accordance with the dibromoben-
zenes, were a second channel was also observed for 2,3-
dibromobenzene but not for 4-dibromobenzéh®. In the
dibromobenzenes;, was assigned to a channel involving an
excitation to a predissociative triplet state with a sufficiently

The approach chosen in the above-mentioned works by LiU |y barrier to allow for dissociation. The corresponding barrier
et al. to asses the dissociation kinetics was to calculate one-for 4-diBrPh was too high to allow direct dissociation.

dimensional PEC'’s varying the-€X distance, X representing

The potential energy curves for the bromofluorobenzenes in

the leaving halogen atom. One of the claims in these previous Figure 8 shows that with the employed excitation energy only

papers is that the value of the dissociation constant is often

connected to the location of the crossing point in the PEC’s
between the first bounaz* singlet and the first repulsive triplet

one singlet state is accessible and therefore the second state
initially excited must be a triplet. Excitation to triplet states is
allowed when there is a singlet state with proper symmetry lying

and the coupling between them. The coupling between the energetically closé3 Accordingly, in 2- and 3-BrFPh, ;F-A’

singlet and triplet states should essentially be governed by-spin
orbit interaction. In the molecules included in this investigation
it can be assuméé that the dominant contribution to spin

or T3—A' is most likely excited. The F~A' state has a barrier
for dissociation at roughly the same energy as the/S to
T1—A" ISC point. Therefore we suggest that the fast channel

orbit interaction is due to the presence of the bromine. Therefore corresponds to dissociation via the-A’ state. In the 4-BrEPh,
the coupling strength was assumed to be about the same in alhowever, excitation of the {F-B; state, which corresponds to

molecules. Following the approach and discussion by Liu et
al.,2022 the remaining parameter is the location of the crossing

the dissociative 7—A' state in 2- and 3-BrFPh, is forbidden
according to symmetry restrictions. The only adjacent triplet

point between the potential energy surfaces. In this work the state in 4-BrFPh is the boungFA; state, which could explain
one-dimensional potential curves were calculated, primary to the absence of a fast channel in this molecule.

find out which electronic states that are involved in the

Di- and Pentafluorobromobenzenebhe dissociation con-

dissociation but also to see if the connection between the numbersiants for 1-Br-3,5-diFPh, 1-Br-2,6-diFPh and BRFR are at least
of substituents and a lowering of the repulsive states reported( times faster than those for the disubstituted bromofluoroben-

above is reflected in the location of the crossing points.
Adiabatic potential energy curves from the calculations, as

zenes. The calculated-S crossing points are 0.30, 0.18 and
0.14 eV and the dissociation constants 19,3, <0.3 ps for

well as selected diabatic ones, can be found in Figure 8. Only 1-Br-3,5-diFPh, 1-Br-2,6-diFPh and B#ffh, respectively. Thus,
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Figure 8. Adiabatic potential energy curves of the lowest states of all molecules included in this work as well as diabatic dittos for the molecules
embracingC,, symmetry.

TABLE 3: Dissociation Time Constants and Relative absorption band of bromopentafluorobenzene; see Figure 2. In
Amplitudes for the Aryl Halides Excited with 270 nm comparison, the absorption bands in the fluorobenzen$, F
Ay T1/ps A 7lps lose their vibronic structure when going frox= 1-4 tox =

BrCeHs? 1 26+ 2 5-6.2% This has been assigned to a lowering of the repulsive
2-BrFGsH. 0.5 20.8+3.1 05 5.6+2.9 C—F zo*, which opens up a direct dissociation channel along
3-BrFGHa 0.5 441+40 05 15651 the C-F bond#* In the TOF mass spectra we see a small peak
i'ngSCGSHé.F H é 8 12-gi gg 02 <1 corresponding to §Br*, which actually indicates that the-
1:B£:276:d:FéHz 1 <03 ' channel is open in bromopentafluorobenzene. In our ab initio
1-BrCei:5 1 <03 calculations we have also seen a tendency of mixing between

the Iro* in the C—F and the $-B; state along the €Br in

all the difluoro- and trifluoro-substituted benzenes. However,
in contrast to the disubstituted molecutés? the dissociation e assign the main dissociation channel in bromopentafluo-
rates are seemingly reflected by the energetic lowering of the ropenzene to be a direct excitation to the repulsivers state
repulsive state and the crossing points. However, the dissociationtg|iowed by dissociation along the-Br bond.

of 1-Br-2,6-diFPh and Br§Ph are too fast to be assigned to a
predissociation mechanism mediated by sqorbit coupling.

In comparison, iodobenzene exhibit two time constants, 0.7 and
0.35 ps, corresponding to the-F predissociation channel and

a direct excitation of a repulsive state, respectiVélifhe fast

aResults taken from Kadi et dl.measured at 266 nm.

In the case of 1-Br-2,6-diFPh the repulsive singlet state lies
higher in energy and it is not that obvious that a laser pulse
with 4.59 eV could bring the molecule to this state. However,
the experimental fast dissociation rate strongly indicates that
the excitation actually takes place directly to a repulsive singlet

predissociation of 0.7 ps, about 40 times faster than in tat hich in. t ¢ that th di ional
bromobenzene, is in iodobenzene motivated by the presence of &€, which in turn may suggest that theé one-dimensiona
potential energy curve representation is not sufficient in this

a heavy iodine atom which creates a strong coupling between . - .
the excited singlet and the repulsive triplet state. The dissocia- 2S¢ and that a multidimensional potential energy surface,
tions of 1-Br-2,6-diFPh and BrEs occur even faster than in introducing other vibrational modes that may be important, has

iodobenzene and because the bromine is much lighter thant© P& eémployed before a more detailed analysis can be carried
iodine it is very unlikely that the dissociations in these molecules ©ut- Currently, we are working on including this in the analysis.
occur via the ST predissociation mechanism. It is rather more ~ The repulsive §-B; state in 1-Br-3,5-diFPh lies even higher
likely that a repulsive singlet state is excited directly. in energy, which probably rules out significant population of
There is a repulsive singlet state in bromopentafluorobenzenethis state, even if other vibrational modes are included. In
S;—Bj, which is within reach with the 270 nm pump, according addition, this molecule has a clearly discernible vibronic feature
to Figure 8. Excitation directly to a repulsive state is also in the absorption band even though it is not as pronounced as
somewhat supported by the lack of a vibronic structure in the in the bromoflourobenzenes. Still 1-Br-3,5-diFPh has a relatively



7054 J. Phys. Chem. A, Vol. 110, No. 22, 2006 Borg et al.

7.00 -

6.75
6.50 - 1 *
seFph & 1o o
6.25
> 6.00 1 4-BrFPh &
2 2BrFFPh o IO 1__* gq 1-Br-26FPh
2 575 o a
g > 1-Br-3,5-FPh
Iri] 4BrFPh 4 3
J 2-BrFPh *
o0 3-BrFPh 1 no 3 % a 1-Br-35FPh
G- 1-Br-2,6-FPh
5.25 | Bra al__*
o
5.00 - .
« O
4.75 1 - 1 %= a 1Br35FPh a1 =
3-BrFPh g * i e T
450 2BfFPh T 1-Br-2,6-FPh
- 4-BrFPh !
1 2 Number of Fluorines 5

Figure 9. Vertical excitation energies of the lowest lying bound and repulsive states.

short excited-state lifetime, 1.9 ps, compared to the bromof- chemistry. Calculated vertical excitation energies to the bound
luorobenzenes. In addition, there seems to be a secondlzz* and the repulsivéro* and 1zo* states taken from Table
subpicosecond, time constant present. The 1.9 ps decay constarit are shown for the six investigated bromofluorobenzenes in
is similar in magnitude to the decay constant for 1,3,5-triBYh,  Figure 9. The figure shows that the difference in energy between
where a substantial lowering of the—$ crossing point on one hand the bound state, and on the other hand the repulsive
connected to a lowering of the dissociation barrier was observed.states decreases with the number of substituents. This effect is
This, in combination with an increasing spiorbit coupling, evident in, e.g., the absorption spectrum of pentafluorobro-
due to the presence of three bromine atoms, motivated the shorinopenzene (Figure 2), where the repulsive singlet state is
lifetime in 1,3,5-triBrPh. As already mentioned, the PEC for |owered sufficiently to be clearly identifiable experimentally
1-Br-3,5-diFPh shows no major lowering of the-B crossing 35 a distinct absorption feature at 240 nm. At the same time,
point, which basically rules out a similar mechanism as in 1,3,5- the experimental photodissociation data in Table 3 shows that
triBrPh. In this case of 1-Br-3,5-diFPh we believe that the small ¢ gissociation rates increase with the number of substituents.

fast component is due to a direct excitation to the repulsive - example, the dissociation rate is at least a factor of 7 faster
Si~Biand that the 1.9 ps component is due to an excitation 10 ¢, e gifluorobromobenzenes than for the monofluorobro-

the bouno! g state wherg part of thgz mo!ecules dissociate via mobenzenes. A similar trend has been presented also for the
the repuls[v_e &-B, state in competition with the_SI’ chann_el. pure bromobenzenéséwith an increase in dissociation rate with
The transition from the bound,So the repulsive §-8 is a factor of 2-6 following an increase in the number of
\S/ibea:Tt]iggg forbidden irC,, but may be facilitated by molecular substituents. We therefore conclude that the number of substit-
' uents is important both for the absorption and for the subsequent
dissociation dynamics. Together, the results presented for the
excitation and the photodissociation suggest that the observed
Having considered the absorption spectra and associatedncrease in dissociation rate when more fluorines are added can
photodissociation behavior of a number of fluorinated bro- pe ascribed to the systematic lowering of the repulsive states
mobenzenes individually in depth, it is interesting to look for ye|ative to the bound excited states. This effect of fluorine
general trends both among this series, and with respect to relatedy psitution was recently reported for pure fluorobenzenes in
aryl halides. In the following, we discuss the relative importance (ot 20. Here we show that the effect extends also to cases where

of different substitutional strategies on photodissociation rates y,q primary bond breaking involves another substituent on the
in aryl halides. benzene

It has in previous reports been established that the choice of Gi he ol lation b h lculated ical
leaving group is essential for the location of the dissociative  SIVeN the clear correlation between the calculated vertica
potential energy surface with respect to the bound ditto, and excitation energies and the experimental photodissociation rates,

that this effect is large enough to be visible in one-dimensional the lack of a clearly discernible pattern for the crossing points
potential energy surfaces describing the total electronic energy!S Somewhat disappointing in the sense that it makes it more
as a function of the €X distance?® The largest experimental  difficult to make ab initio predictions about experimental
differences in dissociation rates have also been found betweerPhotodissociation rates. As pointed out by Sobolwski and
halogenated benzenes containing different leaving gfoups Domcke? it is furthermore likely that a quantitative description
For monosubstituted benzenes a factor of as much as 40 inof the photodissociation rates will require the location of
dissociation rate is obtained when moving one step further down transition states that depends on several degrees of freedom
in the periodic system. A key step toward a structured around the crossing point, which is a conical intersection. It
description of the dissociation kinetics of halogenated benzenesremains to be determined whether the experimental photodis-
can accordingly be made by designating the nature of the leavingsociation variation with the number of substituents on the ring
atom as the primary component in this puzzle. is primarily related to variations in crossing point energies at
A second parameter that is explicitly addressed in this work the true photodissociation transition states or to non-PES effects
is the influence of the number of substituents on the photo- such as spirorbit coupling. Work to calculate more accurate

Discussion
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photodissociation transition barriers is in progress and will be difference in vertical excitation energies between the excited
reported in due course. bound and repulsive state. On the basis of the experimental UV
Clearly, the previously reportéti?? effects where the cross-  absorption spectra, we conclude that the accuracy of the
ing of potential energy curves is lowered by the primary calculations is very good and that the error in the calculated
substituent has the largest influence on the dissociation andvertical excitation energies is of the order of 0.1 eV. This work
should be regarded as the primary factor for the photodisso- also illustrates the limitation of the one-dimensional PEC
ciation dynamics. The effects reported here, even though theyrepresentation in some cases. Especially in 1-Br-3,5-diFPh and
are large, should be regarded as secondary. 1-Br-2,6-diFPh we believe that the observed dynamics are
An even smaller effect for the dissociation rate is the nature related to various internal vibrations in the molecules that can
of the secondary halogen, that is, which substituents apart fromonly be explicitly captured in a multidimensional PES repre-
the leaving group are present in the molecule. Again, this effect sentation.
is not evident in the calculated crossing points between the
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