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Abstract: Photodissociation of both fluorobenzene and ds-fluorobenzene at 193 nm under collision-free
conditions has been studied in separate experiments using multimass ion imaging techniques. HF and DF
eliminations were found to be the major dissociation channels. Small amounts of photofragments, C¢H4F
and CgD4F, corresponding to H and D atom eliminations were also observed. Dissociation rate and fragment
translational energy distribution suggest that HF (DF) and H (D) atom elimination reactions occur in the
ground electronic state. The potential energy surface obtained from ab initio calculations indicates that the
four-center reaction in the ground electronic state is the major dissociation mechanism for the HF and DF
eliminations. A comparison with photodissociation of benzene has been made.

membered ring (cycloheptatriene) and then rearomatizes prior
to dissociation. This newly observed isomerization is totally
gdifferent from all the other isomerization mechanisms of

|. Introduction

Today, aromatic photochemistry is a major area of study. The
conspicuous feature that has emerged from the studies o ! oY o Lot
aromatic photochemistry is that the photoexcitation of the aromatic molecule®¥~17 The significance of this isomerization

benzene ring leads to a rich variety of reactions. Photoexcitation 'S that during isomerization the carbon atoms and hydrogen
of benzene at 193 nm correlates to the excitation of a phenyl &l0Ms belonging to the alkyl group are involved in an exchange
ring. H atom and K molecule eliminations are the two with those atoms in the aromatic ring. The similar isomeriza-

unimolecular dissociation channels that are energetically possibletion 13'3500'5‘“0“ mechanism has also been observed in xy-
to occur! However, only H atom elimination was obsenved. lenel® For molecules with larger alkyl groups such as ethyl-

At higher excitation energy, extensive isomerization followed P&nzene, propylbenzene, and ethyltoluene, th&Cond in

by complicated dissociation channels, such gd&C~ C4Hs + the alkyl group is the weakest chemical bond and the dissocia-
CoHs, CeHg — CsHs -+ CHa, CeHg — 2CsHs, and GHg — CaHa tion occurs mamly th'ro'ugh the clegvage of the((.‘:l')on.d?gHG

+ C,H,, have been observed in molecular beam experinfénts. However, the dissociation mechanism of thes&te is different
Photodissociation odi-toluene at 193 nm is another example 10M that of the $ state?’2°Molecules excited to the;State

that demonstrates the complexity of dissociation reactions in eré found to be completely dissociated in the ground state
aromatic molecules. In addition to the fragments produced from
the major channels, 8lsCD; — C¢HsCD, + D and GHsCD3

— CgHs + CD3,*"10the CQyH, CDH,, CHs, C¢D3H3, CeD2Hs,

(11) Lin, C. K,; Huang, C. L.; Jiang, J. C.; Chang, A. H. H.; Lee, Y. T.; Lin,
S. H.; Ni, C. K.J. Am. Chem. So@002, 124, 4068-4075.

(12 W|Izbach K. E.; Kaplan, LJ. Am. Chem. Sod.964 86, 2307—2308.

. 1 Burgstahler A. W Chien, P. . Am. Chem. S04964 86, 2940-2941.

CsDH,, and GH4D3 fragments were also observEdlhis shows (14) Kaplan, L.; Wilzbach, K. E.; Brown, W. G.; Yang, S. $.Am. Chem.

3
4
that about 25% of the excited toluene isomerizes to a seven- _ Soc.1965 87, 675-676.
0 (15) Wilzbach, K. E.; Kaplan, LJ. Am. Chem. S0d.965 87, 4004-4006.
(16) Den Besten l. E Kaplan, L.; Wilzbach, K. E. Am. Chem. S0d.968
90, 5868-5872.
Bryce-Smith, D.; Gilbert, A. IrRearrangement in Ground and Excited

T Academia Sinica.
* National Taiwan University of Science and Technology. a7

§ National Taiwan University.

(1) Mebel, A. M.; Lin, M. C.; Chakraborty, D.; Park, J.; Lin, S. H.; Lee, Y. T.

J. Chem. Phys2001, 114, 8421-8435.
(2) Tsai, S. T.; Huang, C. L.; Lee, Y. T.; Ni, C. K. Chem. Phys2001, 115
2449-2455,

(3) Hsu, T. C,; Shu, J. N.; Chen, Y.; Lin, J. J,; Lee, Y. T.; Yang, X. M.

Chem. Phys2001, 115 9623-9636.

(4) Hippler, H.; Schubert, V.; Troe, J.; Wendelken, H.Chem. Phys. Lett.

1981, 84, 253-256.

(5) Park, J.; Bersohn, R.; Oref,J. Chem. Phys199Q 93, 5700-5708.

(6) Fréchtenicht, RJ. Chem. Phys1994 102 4850-4859.

(7) Nakashima, N.; Yoshihara, K. Phys. Chem1989 93, 7763-7771.

(8) Luther, K.; Troe, J.; Weitzel, K. LJ. Phys. Cheml99Q 94, 6316-6320.

(9) Brand, U.; Hippler, H.; Lindemann, L.; Troe, J. Phys. Cheml99Q 94,
6305-6316.

(10) Shimada, T.; Ojima, Y.; Nakashima, N.;

Chem.1992 96, 6298-6302.

9814 m J. AM. CHEM. SOC. 2003, 125, 9814—9820

Izawa, Y.; Yamanaka, @hys.

)
)
)
)
)
)
States Vol. 3; De Mayo P., Ed.; Academic Press: New York, 1980.
(18) Huang, C. L.; Jiang, J. C.; Lee, Y. T.; Ni, C. B. Phys. Chem. 2003
107, 4019-4024.
(19) Kajii, Y. K.; Tanaka, Obi, I.; Ikeda, N.; Nakashima, N.; Yoshihara,JK.
Chem. Phy51987 86, 6115—6118
(20) Nakashima, N.; Yoshihara, K. Phys. Chem1989 93, 7763-7771.
(21) Tsuklyama K.; Bersohn, R. Chem. Physl1987 86, 745-749.
(22) Park, J Bersohn R.; OrefJ Chem. Phys199Q 93, 5700-5708.
(23) Br U Hlppler H,; L|ndemann L.; Troe, J. Phys. Chentl99Q 94, 6305~
)
)
)
)

(24 Luther K.; Troe, J.; Weitzel, K. L. Phys. Cheml99Q 94, 6316-6320.

(25) Lange, S.; Luther, K Rech T.; Schmoltner, A. M.; Troe].Phys. Chem.
1994 98, 6509-6513.

(26) Shimada, T.; Ojima, Y.; Nakashima, N.;

Chem.1992 96, 6298-6302.

Huang, C. L.; Jiang, J. C.; Lin, S. H.; Lee, Y. T.; Ni, C. K.Chem. Phys.

2002 116, 7779—7782

Izawa, Y.; Yamanakd, €hys.
(27

10.1021/ja030185k CCC: $25.00 © 2003 American Chemical Society



Photodissociation Dynamics of Fluorobenzene ARTICLES

after internal conversion, while most of the molecules (#0%
80%) excited to the Sstate dissociate in the triplet state through
intersystem crossing and the rest of the molecules dissociate in
the ground state.

In contrast to benzene and toluene, the photodissociation of
phenyl halides shows the simple dissociation products. Ultra-
violet (UV) absorption of the phenyl halides-CI, —Br, —I)
in the 190 nm-250 nm range corresponds to the excitations of
electrons of the phenyl ring and the nonbonding electron of the
halogen atoms. The nonbonding electron excitation of the
halogen atoms leads to direct dissociation, that is, an immediate
release of halogen atoms on a repulsive surface. Alternately,
the excitation of the phenyl ring results in an excited state, stable
with respect to dissociation. Dissociation occurs indirectly either
through the coupling of the stable and repulsive state or after Figure 1.

o

BlE

. - e ! Schematic diagram of the multimass ion imaging detection
the internal conversion from an initial excited state to a lower system. (1) nozzle; (2) molecular beam; (3) photolysis laser beam:; (4) VUV

electronic state. Direct dissociation is fast and releases a largelaser beam, which is perpendicular to the plane of the paper; (5) ion

g ; ; ot ; extraction plates; (6) energy analyzer:H3) simulation ion trajectories of
amount of kinetic energy. Indirect dissociation results in a mie— 16, 14, and 12: (10) Two-dimensional detector, wigis is mass

limited r.ele'ase of kineti? energy due to the extensive energy axis andx-axis (perpendicular to the plane of the paper) is the velocity
randomization among vibrational degrees of freedom and hasaxis.

a slow dissociation rate. Statistical transition-state theory has o ]

predicted that, given comparable pre-exponential factors for be S|m|_lar_to that of benzen_e, since both of them cor_relate to
different bond fissions, the reaction pathway with the lowest e €xcitation of the phenyl ring and the weakest chemical bond
energetic barrier should dominate the indirect dissociation. Since!" Poth molecules is the €H bond. In this paper, multimass

the C-X (X = CI, Br, ) bond energy is relatively small, halogen ion imaging technigues have been employed to investigate the
atom elimination is expected to be the major channel in the

photodissociation of fluorobenzene at 193 nm in a molecular
indirect dissociation. In the photodissociation of iodoben- beam. The results demonstrate that the dissociation of fluo-
zene?®30 bromobenzené3! chlorobenzené? 235 o-, m,

robenzene is not only different from those of the other phenyl
p-chlorotoluené®38 ando-, m-, p-dichlorobenzené’-3°4%halo

halides but also very different from that of benzene.
gen atom elimination indeed was found to be the only | Experiment
dissociation channel, and both direct and indirect dissociation

have been observed. . . o .
c d h h henvl halid he bh hemi previous reports on other aromatic moleci#f&s;*2and only a brief
OmPare to the O,t er phenyl halides, the p otolc emistry description is given here. Fluorobenzene vapor was formed by flowing
of fluorine atom substituted benzenes has received little atten- apure Ar at pressures of 300 Torr through a reservoir filled with

tion. Since the fluorine atom is not an electronic chromophore |iquid sample at 10°C. The fluorobenzene/Ar mixture was then

in 190 nm-250 nm, the UV absorption only correlates to the expanded through a 5Q@m high-temperature (96C) pulsed nozzle
excitation of the phenyl ring. Therefore, an immediate release to form the molecular beam. Molecules in the molecular beam were
of F atom on a repulsive surface does not occur. In addition, photodissociated by an UV laser pulse. Due to the recoil velocity and
the C—F bond has a very high dissociation threshold and F atom center-of-mass velocity, the fragments were expanded to a larger sphere
elimination from the ground state after internal conversion is ©On their flight to the VUV laser beam and then ionized by a VUV
not expected to occur. As a result, the dissociation mechanism!2Se" Pulse. The distance and time delay between the VUV laser pulse
in this photon energy region should be very different from those and the photolysis laser pulse were set such Fhat the_VUV laser beam
of the other pheny! halides. On the other hand, one would eXpectpassed through the center-of-mass of the dissociation products and

. . . generated a line segment of photofragment ions through the center-
that the photodissociation mechanism of fluorobenzene could of-mass of the dissociation products by photoionization. The length of

the segment was proportional to the fragment recoil velocity in the
center-of-mass frame multiplied by the delay time between the

The experimental techniques have been described in detail in our
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photolysis and the ionization laser pulses. To separate the different
masses within the ion segment, a pulsed electric field was used to extract
the ions into a mass spectrometer after ionization. While the mass
analysis was being executed in the mass spectrometer, the length of
each fragment ion segment continued to expand in the original direction
according to its recoil velocity. At the exit port of the mass spectrometer,
a two-dimensional ion detector was used to detect the ion positions
and intensity distribution. In this two-dimensional detector, one direction
was the recoil velocity axis and the other was the mass axis. The
schematic diagram of the experimental set up is shown in Figure 1.
According to the velocity of the molecular beam, it was necessary
to change the distance between the photolysis laser beam and the VUV

(41) Tsai, S. T.; Lin, C. K.; Lee, Y. T.; Ni, C. KRev. Sci. Instrum2001, 72,
1963-1969.

(42) Tsai, S. T.; Lee, Y. T.; Ni, C. KJ. Phys. Chem. A200Q 104, 10125~
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Figure 2. Relationship between the lengths of the image that resulted from
different crossing points of the photolysis laser with the molecular beam. Figure 4. Images ofi/e = 76 (GsH4*) at various delay times.

The disklike image from the dissociation after ionization was also shown.

(1) The crossing point of the molecular beam and the VUV laser beam, . . L .

where the dissociative ionization (reaction® occurs. The disklike image D€ obtained only when the dissociation rate is fast enough before the
is from these dissociative ionizations. (2 and 3) The lengths of fragment parent molecules and fragments fly out of the detection region due to
ion distribution created by the VUV laser photoionization from photolysis the molecular beam velocity and recoil velocity, respectively. Another
laser at position | and position II, respectively. The line shape images are approach is to measure the disappearance rate of the parent molecules,

g.‘;fm thesde Ifragr"ent li)on distribﬁtior;‘. Thle \{arliableantlitz repéeﬁen\tla’{’/ol that is, the intensity change of the disklike images at various delay
ifferent delay times between the photolysis laser pulse and the aser . .

pulse according to two different photolysis laser positiakisis the flight times along the mqlecular bedfttin this work, both of these methods
time of fragment ion in the mass spectrometer. were used to obtain the rate constants.

I1l. Computational Method

All ab initio calculations were processed with the GAUSSIAN 98
program. The geometry optimization and vibrational frequencies of the
reactants, transition states, intermediates, and products were calculated
by using the Becke3LYP level with 6-33G*. The minima (number
of imaginary frequencies NIMAG= 0) and first-order saddle points
(number of imaginary frequencies NIMAG- 1) were confirmed

5 3 - . through the calculations of harmonic vibrational frequencies, which
Delay time (us) were also used to obtain zero-point vibrational energies. To establish
more reliable energy results, single-point calculations were performed
at the B3LYP/aug-cc-pVTZ level using the B3LYP/6-BG* equilib-
rium geometries.

lon intensity (arb.)

0 1

Figure 3. (a) Images ofm/e = 70 (GH3sF™). (b) Intensity decay of the
image as a function of delay time.

laser beam to match the delay time between these two laser pulses tq
o V. Results
ensure that the ionization laser would pass through the center-of-mass
of the products. The change of the distance between the two laser beams A, CgHsF. Fragment ions ofe =70, 76, and 95 were

changed the length of the fragment ion segment in the image. The ghserved from the photodissociation aGF at 193 nm. Figure
relationship between the length of the ion image and the position of 3(a) shows the image of massge = 70 (GHsF*). The shape
the photolysis laser is illustrated in Figure 2. If the molecules were not of the image is disklike; therefore, it must résult from the
dissociated after the absorption of UV photons, these high internal dissociation of excited f,Iuorobenzéne after ionization. This

energy molecules would remain within the molecular beam. They flew ) di . h | h b b di -
with the same velocity (molecular beam velocity) to the ionization cation dissociation channel has been observed In previous

region and were ionized by the VUV laser. The wavelength of the VUV studies!®# The dissociation rate of the neutral excited fluo-
laser in this experiment was set at 118.2 nm such that the photon energy'0benzene molecules due to the 193 nm photon excitation was
was only large enough to ionize parent molecules. The dissociation of measured from the intensity change of these disklike images at
parent molecule cations would not occur with the energy left after the various delay times. A dissociation rate of£83) x 1P s™1,

VUV laser ionization. However, the dissociation occurred following corresponding to the lifetime 1%, was obtained, as shown in
the 118.2 nm VUV laser ionization for those hot molecules, which Figure 3b.
absorbed UV photons without dissociation. The ion image of the

d!SSOC!at!Ve lonization was different from the |m_age_du_e to the The images at various delay times are shown in Figure 4. As
dissociation products of neutral parent molecules. Since ionization and

dissociation occurred at the same position, the image of dissociative the delay time betv_veen p‘%mp and probg laser p.uls.es increased,
ionization was a 2D projection of the photofragment ion’s 3D-recoil "€ léngth of the image increased rapidly. This is th#iC
velocity distribution. It was very similar to the image from the fragment that resulted from the dissociation of neutral excited
conventional ion imaging techniques and was a disklike image, rather fluorobenzene, corresponding to the HF elimination. A dis-
than a line-shape image. In addition, the size of image from the sociation rate of (1.4 0.8) x 10° s™! was obtained from the
dissociative ionization would not change with the delay time. From product growth with respect to the delay time between pump
the shape of the image and its change with the delay time, the imageand probe laser pulses, as shown in Figure 5. The uncertainty
from dissociation of neutral molecules can easily be distinguished from of the rate measurement is largely due to the fast escape of

the dissociative ionization image. _product from the detection region. However, the similar
The dissociation rate can be obtained from the product growth with

respect to the delay time between the pump and probe lasers using 843) Howe, I.; Williams, D. H.J. Am. Chem. Sod 969 91, 7137.
time-of-flight mass spectrometer. However, accurate measurement can44) Nishimura, T.; Meisels, G.; Niwa, Bull. Chem. Soc. Jpri991 64, 2894.

Fragment ionm/e = 76 (GsH4 ") has the largest ion intensity.

9816 J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003
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Figure 5. Product GH4 growth with respect to the delay time between
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Figure 6. Photofragment translational energy distribution of the reaction

CeHsF + hvigznm— CsHa + HF. The arrow indicates the maximum available
energy.
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Figure 7. Fragment ion intensity decay ofle = 95.

dissociation rates afiVe = 70 and 76 indicate that they must
be from the same electronic state.

The photofragment translational energy distribution of the
HF elimination is shown in Figure 6. The average released
translational energy is large, and the peak of the distribution is
located at 37 kcal/mol. The maximum translational energy
reaches the maximum available energy of the reactigiisie
— CgHs + HF. Since the fragment maximum translational
energy corresponds to the productgigand HF produced in

Velocity axis

5.‘2400- (C)

o a
5 216000
z 2
‘B [}
g £ eoof
€ c
[=
= 5§,

0 100 200 300 400 500 5 10 _ 15 20 25 30

CCD pixel Delay time (us)

Figure 8. (a) Image and (b) image intensity profiles of fragment mfe

= 80 (GD4") at various delay times. Thick solid line, thin solid line, and
dashed line represent the delay time of 6, 12, ang<®@espectively. The

ion intensities have been normalized. (c) Image intensity decay of the central
componenin/e = 80.

time suggests the existence of the H atom elimination channel
of neutral excited fluorobenzene. Unfortunately, the image of
m/e = 95 showed strong interference by the parent ion due to
the smallm/e = 95 signal and large parent ion intensity, as
well as the limited mass resolution. Other evidence for sup-
porting the H atom elimination can be seen from fige
fluorobenzene in the next paragraph.

The fragment ion intensity of 84 is 25 times larger than
that of GH4F. This value has been corrected for the fragment
velocity effect. The branching ratios can be obtained directly
from the normalization of these values by the ionization cross
sections at this wavelength. Although we do not have the
ionization cross sections for these fragments at this moment,
the large difference of the ion intensities between these two
fragments indicates HF elimination is the major channel.

B. CsDsF. The similar dissociation channels were also
observed in the photodissociation ofgDgF with a small
difference in dissociation rates. The shape of the imalge=
73 (G,DsF') was disklike, and the dissociation rate obtained
from the intensity decay of these disklike images is (t.8.5)

x 1P s71. Note that this decay rate is 4 times slower than that
of CeHsF.

The image and the image intensity profiles of fragment ion
m/e = 80 (GD4*) at various delay times are shown in Figure
8a and b, respectively. They show little difference from those
for CgHs™. It is clear that the fragment image has two
components. A line shape image superimposed on the disklike
image was observed. As the delay time between pump and probe
laser pulses increased, the line shape component on both wings
moved rapidly toward the outside. They are the fragments
resulted from dissociation of neutral fluorobenzene. However,
the size of the disklike component located at the center did not

the ground electronic state and the ground state of these twochange. This disklike component resulted from the dissociative
close shell fragments only correlates to the ground state of theionization of undissociated excited fluorobenzene by VUV
parent molecule, the dissociation must result from the ground photoionization. The decay rate of this center component, as

electronic state.
The fragment ion intensity decay ofe = 95, corresponding
to a dissociation rate of (Z 2) x 10° s71, was obtained, as

shown in Figure 8c, was found to be (1490.6) x 10° s™1.
The photofragment translational energy distribution of the
component on both wings is shown in Figure 9. The distribution

shown in Figure 7. The value of the rate indicates that it comes below 17 kcal/mol cannot be determined due to the interference
in the same electronic state as that of the HF elimination channel.by dissociative ionization. The distribution has the peak located
The non-zero intensity afive = 95 (GH4F") at a long delay at 32 kcal/mol, and the maximum translational energy also

J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003 9817
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Figure 9. Photofragment translational energy distribution of the reaction
CeDsF + hvigznm— CsD4 + DF. The arrow indicates the maximum available
energy.
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as a function of delay time. (c) Photofragment translational energy
distribution of GDsF + hviganm— CeD4F + D. The arrow indicates the
maximum available energy.
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reaches the maximum available energy of the reactigipsle
— C¢D4 + DF.

The image ofm/e = 99 and 101 is shown in Figure 10a,
corresponding to the fragment ions[ZF" and parent ion,
respectively. The image of dD4F" is line shaped, indicating
the existence of the D atom elimination channel. The change
of mle = 99 (GD4F*) ion intensity as a function of delay time,
illustrated in Figure 10b, correlates to a dissociation rate of (1.8
+ 0.6) x 10° s™L. The photofragment translational energy
distribution of this channel is shown in Figure 10c. The small

kinetic energy released, the monotonic decrease of the prob-

ability with increasing translational energy, and the slow

dissociation rate are the typical characteristics of dissociation
from a molecule undergoing internal conversion to the ground
electronic state with no exit barrier.

V. Discussion

The photophysics and photochemistry processes of benzene
have been studied extensively. It is thus interesting to compare (;6|.|5|:’F — CH,F+H

the photodissociation of fluorobenzene to that of benzene.
Benzene in the Sstate produced by 200 nm excitation was
found to undergo fast internal conversion to theafSd § states
with a lifetime of ~40 fs, and the decay of the highly
vibrationally excited $ state produced from this internal
conversion occurred within-510 ps?® Recently, the dissociation
rate of benzene after 193 nm excitation under collision-free
conditions was measuréél Dissociation rates as slow as®10

9818 J. AM. CHEM. SOC. = VOL. 125, NO. 32, 2003
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Figure 11. Energy diagram for isomerization and dissociation reactions
of benzene from ref 1.

and 5x 10*s™1, corresponding to §Hs and GDg, respectively,
were observed. The fast relaxation from thea8d S states to

S and the slow dissociation rate suggest the dissociation occurs
from the vibrationally excited ground electronic state after
internal conversion. The ground-state potential energy surface
of benzene for various dissociation channels has been calculated
by ab initio method$,as shown in Figure 11. The H elimination
occurs without an intrinsic barrier. The other dissociation
channel is the elimination of the hydrogen molecule leading to
0-CgHa. This channel is less endothermic than the H atom
elimination but has a high barrier. The calculation also shows
that the transition state for the four-center 1,2¢fimination

from benzene converges to the transition state for the 3,1-H
elimination and connects the produatsCeH4 and H. Thus,

the H, elimination is preceded by the 1,2-H shift and then the
three-center elimination. Although both H atom angrhblec-

ular elimination are energetically possible, only H atom elimina-
tion was observed experimentally in photodissociation of
benzene at 193 nADissociation occurring in the triplet state

or from a different isomer has not been reported.

Our experimental results demonstrate that the replacement
of one H atom by an F atom in benzene changes the dissociation
properties significantly. UV absorption of 193 nm corresponds
to the photoexcitation of fluorobenzene to thg ssate. Dis-
sociation occurs mainly through HF elimination, and only small
amounts of molecules dissociate through H atom elimination.
As a result, the experimental data can be described using the
following reactions.

CeHsF + hwiggnm—

CHsF*(S;)  (excitation) 1)

CHeF* — CHsF' (S,)  (internal conversion to$ (2)
CeHsF* — C,H, + HF  (dissociation from § 3
(dissociation from § 4)

The dissociation products from reactions8were ionized by
VUV laser and detected by an ion image detector. They can be
represented by the following reaction:

(45) Radloff, W.; Freudenberg, Th.; Ritze, H. H.; Stert, V.; Noack, F.; Hertel,
I. V. Chem. Phys. Lett1996 261, 301-306.

(46) Tsai, S. T.; Lin, C. K.; Lee, Y. T.; Ni, C. KJ. Chem. Phys200Q 113
67—70.
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P+ hwyyy — P (P= CH,, CH,F) (5) 0 T
404
However, at a very short delay time, some of the excited E £
fluorobenzene molecules that have not dissociated into fragments ~ § 120+ 3 T3
could absorb the VUV photon and result in dissociative f:
ionization. 2100
£ 1004
g TS2
CeHeF + hwyyy — CHFT + H (6) 2 . CH,+HF
-o(-“' -
+ ©
CeHsF* + hvy,, — CHFF 4+ CH, (7) € 0% \ L
CeHeF + hwyyy — CeH, " + HF (8) 01 CHF
-20

imil . . he oh . L Reaction Coordinate
Similar reactions can be used to describe the p OtOdISSOCI&mOnFigure 12. Energy diagram for isomerization and dissociation reactions

of CeDsF. The ion from the dissociative ionization channels (6 of fluorobenzene. The energies are computed at CCSD/6-Gtlat the
8) produces the background at a short delay time. The nonzerogeometry optimized by B3LYP/6-31G*.
intensity ofm/e = 73 and 76 at = 0 and the intensity decay

of me= 95 and 99 at a short delay time, as well as the disklike .09 a8, 1.83 aQ

images, are all due to this background. However, at a long delay J - 1.38

time, most of the excited fluorobenzene dissociates into frag- 1.60 ™ L18 ,.-“

ments, and this background decays to zero. The decays we 9 ' ,\2-06

observed are all due the dissociation through reactions 3 and 4. Hi
The fluorobenzene potential energy curves for various dis- (a) 4 (b)

sociation Channels obtained bY d?”s'ty functlonal_ _B‘?’LYP/G' Figure 13. (a) Structure of transition state TS1. (b) Structure of transition
31+G* calculations are shown in Figure 12. In addition to the state TS3. All the atoms are located very close to a plane, except one H
F atom elimination through the -€F bond cleavage which is  atom in TS3 with the label H1.

illustrated by a high dissociation threshold, the dissociation

channels of the H atom elimination and HF elimination through €limination, the HF elimination through TS1 to form theHG-

the three-center reaction mechanism are very similar to thoseHF complex has a rate of 14 10°s™%, and the reverse reaction

of H atom and H molecule elimination channels in benzene. has a rate of 5.% 10° s™%.

The H atom elimination can occur from three positions of the  Since the lifetime of the gH,-HF complex is very short, we
aromatic ring, and results in slightly different energies, as shown can neglect its reverse reactions via TS3 and TS1 and assume
in Figure 12. The three-center HF elimination starts from the that once the complex is formed, it dissociates ingsl &+ HF

1,2-H shift through the transition state TS2 and then HF products, which fly apart and do not react again under collision-
elimination through transition state TS3. However, in contrast free conditions. Then, the rate constant for the product formation
to the H four-center elimination in benzene, the transition state from the four-center elimination is 1 10° s~. For the three-

of the HF four-center elimination in fluorobenzene doex center elimination, we can use the steady-state approximation
converge to that of the three-center elimination and it has a (for the intermediate formed after the 1,2-H shift) and calculate
very low barrier. It is this channel that makes the photodisso- the total rate constant for the@sF — TS2— intermediate—
ciation of fluorobenzene very different from that of benzene. tg3—. cH, + HF process. This calculation gives 22103

The HF bond distance in the transition state TS1 (1.09 A) is g1 that is. the three-center elimination is much slower than
very close to the product's HF bond distance (0.917 A), the, four-ce’nter elimination

compared to the long HF bond distance (1.67 A) in the transition . o .
state TS2. The structures of both transition states TS1 and TS2 Ne>_<t, we car_rled out sw_mlar calc_ulat|ons fo%m.":' Due .to .
are shown in Figure 13. As a result, most of the fluorobenzeneth_e difference In zero-pomt Energies, the _react|on barriers in
dissociate through HF four-center elimination due to the low this case are sllghtly_hlgher, which results in somewhat lower
barrier height, and the kinetic energy release is large becausd @€ constants. For instance, the rate for the four-center DF

: tic > e OIS . L
of the late barrier characteristics of the transition state TS1. ehllmlkr]latmn via TSI_l is 2.3 10° s, Wh"g‘ the overall rate for g
The dissociations of fluorobenzene in the ground electronic the three-center elimination via TS2 and TS3 (assuming steady-

- . 1 )
state are unimolecular reactions and they can be characterizec?Dtgtel_and'tt_'on_s) IS S'E ? 1t02 Sth ) Atsh fotthF, the tfourl_ce_ntetr
with RRKM theory. We used the potential energy surface elimination 1s much taster than the three-center elimination.

obtained from the density functional calculation and performed Assuming that the four-center elimination is the dominant

the RRKM calculation for various reaction rates. For the three- '€action process, we calculated the lifetime gF as 0.2s
center elimination, the results of the RRKM calculation show 2and that of GDsF as 3.7s. These values are in good agreement

that 1,2-H shift through TS2 has a rate of %610° s™* and with the experimental lifetimes.

the reverse reaction has a rate of &.802s™1. The subsequent In conclusion, we demonstrate that (1) the dissociation rates
dissociation through TS3 to form thelds-HF complex is 1.5  of CeFsF and GDsF can be obtained from the product growth
x 109 s71 and the reverse reaction is 1 10° s™1. The and intensity decay of disklike images at various delay times,

dissociation from the complex is very fast; our RRKM calcula- (2) the kinetic energy released in the HF angHgfragments
tion indicates that it is faster than ¥G1. For the four-center reaches the maximum available energy, indicating the dissocia-
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tion occurs in the ground electronic state, (3) high intensity of molecule which produces two close shell fragments in this
the GH4 fragment suggests that HF elimination is the major photon energy region.

dissociation channel, and (4) calculations from ab initio results
show that the four-center HF ellmlnatlon is the major re.actlon National Science Council of the Republic of China, under
channel. Compared to the previous studies of aromatic mol- Contract NSC 91-2113-M-001-023

ecules, including benzene, alkyl-substituted and halogen atom- '

substituted benzenes, fluorobenzene is the only aromaticJA030185K
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