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Photodissociation of Benzotrifluoride at 193 nm
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Photodissociation of benzotrifluoride at 193 nm was studied in molecular beam by VUV photoionization/
multimass ion imaging techniques. Photofragment translational energy distributions corresponding to the F
and CF elimination were measured. The dissociation rate of benzotrifluoride was measured toxbé@.2

s L. The experimental result indicated that the highly vibrationally excited benzotrifluoride was formed by
internal conversion from an initial excited state to a ground electronic state prior to dissociation.

I. Introduction In contrast to the other aryl halide compounds, the photo-
chemistry of fluorine atom-substituted benzenes has received
little attention. Since the fluorine atom is not an electronic
chromophore in 200250 nm, the dissociation mechanism in
this photon energy region is similar to the alkyl-substituted
benzenes. H atom elimination has been observed from the 193
nm excitation of 2,3,4,5,6-pentafluorotoluene, and a dissociation
rate (an overall disappearance rate of pentafluorotoluene) of 8.5
4, 10° s~ was obtained? Photodissociation of benzotrifluoride

at 193 nm has been previously studfédCF; and H atom
eliminations were observed, and a dissociation rate (an overall
disappearance rate of benzotrifluoride) of k510 s1 was
reported. Notably, the reported lifetime of benzotrifluoride is

. o A 2—3 order of magnitude shorter than any alkyl-substituted or
dissociation is fast and releases a large amount of kinetic eNergy orine atom-substituted benzenes. In this paper, multimass ion

Indirect dissociation results in a limited release of kinetic energy imaging techniques were employed to investigate the photo-

gue to thef;exte;swe egirgy ra?dorgllzathntamon? Vl':?.rat'?naliiissociation of benzotrifluoride at 193 nm. Photofragment
egrees ot freedom and has a siow dissociation rate. DIreCt anGy, ,q)ational energy distribution and dissociation rate was

indirect dissociation have been observed in the photodissociationrneasured
of iodobenzené? bromobenzené? chlorobenzené* " o-, v, '
p-chlorotoluen€; 1% benzyl chloride?® and o-, m-, and p-
dichlorobenzen@11.12

The dissociation of alkyl-substituted benzenes in the UV~ The experiments have been described in detail elsevihéte,
region shows a more distinct dissociation mechanism than aryl only a brief description is given here. The ion imaging apparatus
halides. Dissociation of alkyl-substituted benzenes in the200 consisted of a molecular beam, a photolysis laser beam, a VUV
250 nm region generally results in either the elimination of the probe laser beam, a constant momentum mass spectrometer, and
H atom or C-C bond cleavage from the alkyl group. The atwo-dimensional ion detector. The molecular beam, photolysis
dissociation rates are slow and kinetic energy release is small.laser beam, and VUV laser beam were perpendicular to each
Since the alkyl group is not an electronic chromophore in this other. However, the crossing point of the photolysis laser and
region, the absorption corresponds to the excitation of the phenylthe molecular beam was not the same as the crossing point of
ring. Dissociation must be an indirect process. A reaction the VUV laser and the molecular beam. The crossing point of
mechanism that proceeds through the vibrationally excited the VUV laser beam and the molecular beam was fixed. The
ground electronic state of alkyl-substituted benzenes, “hot crossing point of the photolysis laser beam and the molecular
molecules” were proposed to interpret the photodissociation of beam was moveable, it was positioned1® cm upstream from
alkyl-substituted benzenes. The hot molecule was produced bythe crossing point of the VUV laser and the molecular beam.
an internal conversion from the electronically excited state, Benzotrifluoride vapor was formed by flowing ultrapure He
which was populated by UV absorption. The hot molecule or Ar at pressures of 300 Torr through a reservoir filled with
mechanism has been observed in the dissociation of befzEne,  liquid benzotrifluoride at—5 °C. The benzotrifluoride/He or
toluenel®> 2! xylene2°-22 trimethylbenzené® tetramethylben-  Ar mixture was then expanded through a 500 pulsed nozzle

The ultraviolet photochemistry of aromatic compounds and
their related molecules has been the subject of many recent
studiest=24 UV absorption of the phenyl halides 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 dis-
sociation, that is, an immediate release of halogen atoms on
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 the internal conversion
from an initial excited state to a lower electronic state. Direct

II. Experiment

zenel® ethylbenzené?°propylbenzené$ and butylbenzen# (General Valve). Benzotrifluoride molecules in the molecular
beam were photodissociated by a 193 nm laser pulse. During
TPart of the special issue “C. Bradley Moore Festschrift". their flight to the VUV laser beam, the fragments expanded to

Ro*ghysics Department, National Taiwan University, Taipei, 106, Taiwan, 4 larger sphere due to the recoil velocity and center-of-mass

5 Also at Chemistry Department, National Taiwan University, Taipei, VelOCity. Th?y were ther_‘ ionized by the use of a VUV laser
106, Taiwan, ROC. pulse. The distance and time delay between the VUV laser pulse
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Figure 1. Schematic diagram of the multimass ion imaging detection
system: (1) nozzle; (2) molecular beam; (3) photolysis laser beam; -
(4) VUV laser beam; (5) ion extraction plates; (6) energy analyzer;
(7)—(9) simulation trajectories ofVe = 16, 14, 12; (10) 2D ion detector. -
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Figure 2. Relationship between the lengths of the image that resulted
from different photolysis laser positions as well as the disklike image m77
from the dissociation after ionization. (1) represents the crossing point
of the molecular beam and the VUV laser beam, where the dissociative i
ionization (reactions #10) occurs. (2) and (3) represent the lengths
of fragment ion segments created by the VUV laser photoionization
from two different photolysis laser positions. (4) and (5) represent the
lengths of the fragment ion image on the detector from two different
photolysis laser positions. (6) represents the disklike image from
reactions 5-12.t; andt; represent the two different delay times between
the photolysis laser pulse and the VUV laser pulseis the flight
time in the mass spectrometer.
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and the photolysis laser pulse were set such that it ensured that . mg4
the VUV laser beam passed through the center of mass of -

dissociation products. A segment of line of photofragment ions
was generated by photoionization through the center of mass
of dissociation products. 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 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. According
to each fragment recoil velocity, the length of each fragment
ion segment continued to expand in the original direction while
the mass analysis was executed in the mass spectrometer. At
the exit port of the mass spectrometer, a two-dimensional ion
detector was used to detect the ion position and intensity
distribution. In this two-dimensional detector, one direction was CRE
the recoil velocity axis and the other was the mass axis. The Distance(am)

experimental schematic is illustrated in Figure 1. The recoil

velocity distributions in the center-of-mass frame of various Figure 3. Image of photofragmentve = 77 at (a) 78s and (b) 26

fragments were simultaneously obtained from the position and 4S- Masses between 81 and 85 are various D atom-substituted benzenes,
intensity distributions of the image which are used as mass indicators. They also demonstrate the multimass

) ) ) detection capability. (c) The intensity profiles of imagée = 77 at
According to the velocity of molecular beam, it was necessary 78 us (thick solid line) and 34s (think solid line) delay time. The
to change the distance between the photolysis laser beam andhtensities have been normalized for easy comparison.
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Figure 4. Translation energy distribution of the €Flimination
channel. Energy distribution less than 0.1 eV was obscured by disklike
image and can therefore not be determined.
VUV laser beam to match the delay time between these two

laser pulses to ensure that the ionization laser would pass
through the center of mass of the products. The change of the
distance between two laser beams also changed the length of
the fragment ion segment in the image. The relationship between
the length of the ion image and the position of the photolysis (b) Delay 35.5us
laser is illustrated in Figure 2.

If the molecules were not dissociated after the absorption of
193 nm photons, these high internal energy molecules would
remain within the molecular beam. They fly with the same
velocity (molecular beam velocity) to the ionization region and
were ionized by the VUV laser. The wavelength of the VUV
laser in this experiment was set at 118.2 nm, for which the
photon energy was only large enough to ionize benzotrifluoride
molecules. After the ionization, the energy that remains was
not sufficient to result in the dissociation of benzotrifluoride _ : .
cations. However, the dissociation occurred following the VUV ' ' P LLY
laser ionization for those hot molecules, which absorbed 193 :
nm photon without dissociation. The ion image of the dissocia-
tive ionization was different from the image due to dissociation
products of neutral benzotrifluoride. Since ionization and
dissociation occurred at the same position, the image of
dissociative ionization was a 2D projection of the photofragment (©)
ion’s 3D-recoil velocity distribution. It was very similar to the me=9%
image from the conventional ion imaging techniques. It was a
disklike image, rather than a line shape image. As shown in
Figure 2, the width of the disklike image does not change with
the delay time between two laser pulses. From the shape of the
image and the change in the delay time, the neutral molecule
dissociation image can be easily distinguished from the dis-
sociative ionization image.

Since the disklike image resulted from the dissociative
ionization of hot molecules, the decay of the disklike image’s
intensity represents the decay of hot molecules. The dissociation
rate (overall disappearance rate of hot parent molecules), (Distance (cm)
thergfo[re, can be o_btained by mgasuring the intensity changeFigure 5. Image of photofragmentve = 96 at (a) 14.5s and (b)
of disklike image with the delay time between the pump and 3455 (c) The intensity profiles of image/e = 96 at delay time of

probe lasers. 14.5us (thick solid line) and 34.&s (think solid line). The intensities
have been normalized for easy comparison.
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Ill. Results mass 77. Only the fragments that resulted from one-photon

Fragments of massew/e = 76, 77, 78, 96, 125, 126, 127, absorption will be considered herein.
and 145 were observed in the image. However, the measure- Figure 3 illustrates the image of photofragmenie = 77 at
ments of photolysis laser power dependence in the-02u&J/ two different delay times. At short delay time, the image
cn¥ region demonstrates that 76 and 125 masses resulted fronobviously consisted of two components, that is, a disklike image
two-photon absorption. The intensity ratio of mass 78 and 77 was superimposed on a line shape image. The disklike image
shows that mass 78 was due to #€ isotope of the fragment  resulted from the dissociative ionization of hot benzotrifluoride
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1200 IV. Discussion

1000 | The following reactions describe the results of the experi-

ments:

g 7 CeHsCF; + hwigg iy CHsCFs* @
z o t
@ [ e CeHsCF;* — C;HCF, (2)
L 4o}
=

» CeH:CF;* — CHsCF, + F (3)

0 5 10 15 20 25 30 CGH5CF3¢ - CeH5 + CF3 (4)

Delay time (us)

Figure 6. Intensity change of the disklike imaga/e = 96 with the CsHsCF, + hwyyy —

delay time. The hot benzotrifluoride dissociation rate of £.20* s* + _ + _
was obtained from the fit of the solid line. CeHsCF,” + e (or GH,CF," +H +e) (5)

by the VUV laser. The line shape image was due to the CgHs =+ hvyyy — CeHs™ + € (6)
photofragment from the dissociation of neutral benzotrifluoride.
When the delay time between photolysis and the VUV laser CiH,CF;* + hw,,, —

ulse increased, most of the hot benzotrifluoride molecules + - + -
5issociated into fragments before ionization. The disklike image CeHsF™ + CR e (or GHaR™ + G, +e) (7)
became very weak, and the length of the line shape image " " _
increased. The intensity profiles of Figure 3c demonstrate that CeHsCF;" + hwyy, — CeHsCF,” + F+ e

the length of the line shape image increased with the delay time. (or C6H4CF2+ +H+e) (8)
The photofragment translational energy distribution from dis-
sociation of neutral benzotrifluoride was obtained by forward C6H5CF3¢ + hoyyy — C6H5+ +CF+e 9)

convolution of the line shape image, and the result is shown in
Figure 4. The distribution of translational energy less than 0.1
eV was obscured by the disklike image and cannot be

determined. Here GHsCFRs* represents benzotrifluoride in the second singlet
‘The image of mass 96 is a disklike image, with an unchanging electric excited state, and¢8sCFs* represents the highly
width and shape regardless of delay time, as shown in Figureyjprationally excited ground state of benzotrifluoride, or hot
5. This is entirely due to the dissociative ionization of hot penzotrifluoride. Reactions 3 and 4 represent the dissociation
benzotrifluoride by VUV laser. The intensity decay of the of neutral hot benzotrifluoride, and reactions 5 and 6 represent
disklike image with the delay time between the UV and VUV the detection of fragments by VUV laser ionization. Reactions
laser pulses represents the decay of hot benzotrifluoride. The7—10 represent the various dissociative ionization processes of
dissociation rate (overall disappearance rate) of hot benzotrif- hot benzotrifluoride by a VUV photon. The dissociation rate,
luoride, therefore, can be measured from the intensity changek of hot benzotrifluoride, defined by the equation gfigCF*]/
of mass 96 with the delay time. The intensity change of the g = K[CeHsCFst], is measured through the reaction 7.
disklike image with the delay time is shown in Figure 6. A The actual kinetic energy released at 193 nm was small, as
dissociation rate of 6. 10* s™* was obtained. presented in Figures 4 and 8. This is because the phenyl ring
The images of mass 127 and 126 show similar properties towas strongly vibrational excited, and most of the energy
the image of mass 77. A disklike image was superimposed onremained in internal degrees of freedom. The limited release of
a line shape image, as shown in Figure 7a,b for two different kinetic energy corresponded to a high internal excitation of the
delay time. Since the position of the images of mass 127 andreaction products, therefore indicating the hot molecule mech-
126 were very close to each other, the corresponding disklike anism.
images of these two masses partially overlapped. However, the The dissociation rate of hot benzotrifluoride produced from
components of the line shape image were still easily distin- 193 nm excitation was measured from the reaction 7, and a
guished from each other. The intensity profiles in Figure 7c value of 6.2x 10* s~ was obtained. The dissociation rate of
show that the length of the line shape image increased with thebenzotrifluoride at room temperature after 193 nm excitation
delay time. It confirms that a portion of the image resulted from has been reported in previous researfchhe apparent rate of
the dissociation of neutral benzotrifluoride. Mass 126 has the the H atom fragment from the dissociation of benzotrifluoride
same intensity profile as mass 127. Since the delay time betweerwas probed by H 1 REMPI, and a dissociation rate (total
two laser pulses (34.6 and 78:8) was much longer than the disappearance rate of hot benzotrifluoride) of &5 x 108
flight time in the mass spectrometer (7:5), the identical s1 was reported. The dissociation rate was 3 orders of
intensity profiles of mass 127 and 126 indicate that the fragment magnitude faster than our measurement. We attempted to
of mass 126 resulted from the fragment cracking of mass 127 measure the intensity change of mass 96 and 145 (reactions 7
by VUV ionization. The translational energy distribution of the and 10) within a short delay time from 12 to 42 ns, and from
F atom elimination channel was obtained from the component 100 ns to 1us. However, no other dissociation rate was
of the line shape image and is shown in Figure 8. Figure 9 showsobserved. The possible reasons for the difference are the
the intensity profile of mass 145 at two different delay times. multiphoton effect in the previous study, the angular momentum
However, there was no change in the width. Therefore, masseffect (one was performed at room temperature and the other
145 is due to the dissociative ionization of hot benzotrifluoride was in molecular beam), or the H atom elimination channel
by the VUV laser pulse. being too small to be detected by our instrument.

CeHsCF;* + hwy, — CH,CF," + H+ e (10)
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TABLE 1: Dissociation Rate of Related Aromatic Molecules

C—H bond dissociation rate -©C bond dissociation rate
compd expvalue (8) Ea(kJ/mol) Ty (K) calcvalue (s)? expvalue(s') Ea(kJ/mol) Ty(K) calcvalue (s
toluene 2x 10 374 2782 2x 108 5x 102 436 2782 5x 1P
pentafluorotoluene 8.% 10 374 2550 5x 10°
xylene 3x 10°¢ 374 2390 1.4< 10° 5 x 10% 436 2390 2.5¢ 10¢
benzetrifluoride 5.9 10% 450 2656 Ix 1P

a Calculated from the overall parent molecule disappearance rate measured in refs 15, 16, and 18, and the branching ratio measured in ref 19.
b From ref 23.¢ Calculated from the overall parent molecule disappearance rate measured in ref 23 and the branching ratio measured in ref 22.
d Calculated from eq 12 and normalized to toluene dissociation rate corfsEom this work.
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Figure 8. Translation energy distribution of the F elimination channel.
Energy distributions less than 0.12 eV were obscured by a disklike
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Figure 9. Intensity profiles of mass 145 at delay times of 20.5 and

46.5us.

Dissociation rates calculated by the RRKM method generally
agree with the experimental results. Another simple model
proposed by Bersohn can estimate the dissociation rate of these
hot aromatic molecule¥:22 The model assumes that after the
aromatic molecule absorbs a relatively high energy photon, rapid
internal conversion occurs and the isolated molecule can then
4 3 2 4 0o 1 2 3 4 be presumed to have an internal vibrational temperdturéhis
Distance(cm) was determined by solving the equation

Intensity (arb)

Figure 7. Image of photofragmentve = 127 at delay times of (a)

34.6us and (b) 78.6:s. (c) The intensity profiles of imagele = 127 E+ zhwi/[eXp(ﬁwi/kﬂ —1]= Zhwi/[eXp(hwi/kTv) —1]

at delay times of 8as (thick solid line) and 3@s (think dot line). T T

The intensity profile of imagen/e = 126 at a delay time of 8as (11)

(think solid line) completely overlapped with tinge = 127 profile at

the same delay time. The intensities have been normalized for easywhere E is the photon energyT is the molecular beam

comparison. vibrational temperature, and; is the vibrational frequency of

the molecules. The equation states that the photon energy plus

The dissociation rates of many aromatic compounds havethe initial vibrational energy is equal to the energy that is

been measured by various methods. Table 1 displays severatlistributed throughout the molecule with a vibrational temper-

of the aromatic molecule dissociation rates. The molecules listedature T,. The validity of this parameter depends on the facts

in Table 1 are dissociated through the hot molecule mechanism.that the photon energy supplied is larger than any vibrational
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