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Photodissociation Dynamics of Ethyltoluene ang-Fluoroethylbenzene at 193 and 248 nm
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Photodissociation of jet-coolem, m-, andp-ethyltoluene ang-fluoroethylbenzene at both 193 and 248 nm

was studied separately using vacuum ultraviolet photoionization/multimass ion imaging techniques. Dissociation
occurs exclusively through alkyl chain<€C bond cleavage. The measured photofragment translational energy
distributions at 193 nm decrease monotonically with increasing translational energy. The distributions indicate
that dissociation occurs from the ground electronic state after internal conversion. However, the photofragment
translational energy distributions from, m-, and p-ethyltoluene obtained at 248 nm contain a slow and a

fast component; the ratios between these components are 1:4, 1:1.3, and 1:6, respectively. On the other hand,
only the slow component was observed frgafluoroethylbenzene at 248 nm. The fast components are
attributed to the dissociation from the triplet state after intersystem crossing, and the slow components result
from the dissociation in the ground electronic state. Comparison with the photodissociation of benzene and

toluene and ab initio calculation has been made.

I. Introduction increases. However, all the perturbing levels were found to be
The quantum vields of fluorescence and phos horescenceasmgIEt state. No Zeeman splittings which can be attributed to
a y . . phosp! the perturbation from a triplet state were observed. It was
rates of internal conversion and intersystem crossing, and the -
. . ; suggested that rotationally resolved levels of thestate are
energy levels of the excited states remain the most important : . . I
S . . . not mixed with any triplet state at all. Instead, nonradiative decay
properties in photochemistry. Extensive studies have been . . . . .
of an isolated benzene in the low vibronic states was interpreted

focused on the measurement of these properties. : o S
€ prop as the anharmonieCoriolis coupling in the $state, and the
However, even for a molecule as simple as benzene, contro- . ) .
onset of channel three in benzene occurs via anharmonic

versy still remains. For example, the lifetimes and fluorescence Corioli ling in the Sstate plus internal conversion t@.S
quantum yields of the vibrational levels,@l'6!, and #6' in Orofls coupling © pstale plus internal conversion 1a.
the § states were reported to be 79, 71, 55 ns and 0.27, 0.21, Compared to benzene, the photochemistry of alkyl-substituted
0.17, respectively. The observed increase in the nonradiativePenzenes has received little attention. Early single vibronic level
rate with excess energy was ascribed to an enhancement of thduorescence spectra studies showed that IVR becomes the
S11B,—T13By intersystem crossingSeveral possible schemes —dominant process as the alkane chain is increés€dio-color

for mixing of the $!B,, and T;3B1, States were proposed, and Photoionization has been applied to the measurement of the time
many theoretical studies have been repoft€dOn the other evolution of laser excited first singlet states of toluene, ethyl-
hand, the lifetimes of several vibronic bands in thes@ite of benzene, and xylerlé*The observed photoionization signals
benzene were probed in a two-color photoionization/supersonic €xhibited a biexponential dependence upon the time delay
expansion experimefi€ Biexponential decay curves were between the pump and ionization lasers. The fast exponential
observed, and they were assigned as the decays from single€lecay was resulted from the relaxation of thestite, and the
and triplet states. The vibrational energy dependence of theseslow exponential decay was interpreted as the decay of the T
measurements show that intersystem crossing is dominant instate after the S>T; intersystem crossing. More recent high-
the lower vibrational state and internal conversion becomes theresolution laser fluorescence excitation spectra near the band
major channel as the vibrational energy incredsBsis energy origin of the g state showed that propylbenzene and butylben-
dependence of the intersystem crossing rate is totally differentzene exhibit the excess absorption line width; however, the
from that obtained in fluorescence decay measurement. Thesource of the excess width remains elusive.

recent studies of Doppler-free two-photon excitation (DFTPE)  Recently we have applied photofragment translational spec-

spectroscopy and the Zeeman effect of the-S transition o troscopy to study benzene, toluene, xylene, ethylbenzene, and
benzené* however, suggested another mechanism. In these propylbenzene when they were excited to the #®d S

1 1 1 . . .
studlels the Zeeman spectra of the B6", and £6' bands of  stated6-20 These studies show that fast internal conversion to
the §'Bay—So'Aqg transition were measured. Many perturba- the ground electronic state was the dominant channel for all
tions were observed, and they increase as the excess energyolecules in the Sstate. However, the intersystem crossing

from S; to T; becomes the major process for ethylbenzene and

- — : . :
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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) vacuum-UV laser beam, which is perpendicular to the plane of the
paper; (5) ion extraction plates; (6) cylindrical energy analyzer9)7
simulation ion trajectories afve = 16, 14, 12; (10) two-dimensional
detector, where th¥-axis is the mass axis and tKeaxis (perpendicular

to the plane of the paper) is the velocity axis.

Il. Experiment

The experiments have been described in detail elsevifiere,
and only a brief description is given here. Ethyltoluene or
p-fluoroethylbenzene vapor was formed by flowing ultrapure
Ar at pressures of 300 Torr through a reservoir filled with liquid
sample at 15C. The sample/Ar mixture was then expanded
through a 50Qum high-temperature (11%C) pulsed nozzle to
form the molecular beam. Molecules in the molecular beam were
photodissociated by an UV photolysis laser pulse (Lambda
Physik Compex 205; pulse duratien20 ns). Due to the recoil

velocity and center-of-mass velocity, the fragments expanded

to a larger sphere on their flight to the vacuum-UV laser beam

and then were ionized by a vacuum-UV laser pulse. The distance.
and time delay between the vacuum-UV laser pulse and the
photolysis laser pulse were set such that the vacuum-UV laser
beam passed through the center-of-mass of the dissociation
products and generated a line segment of photofragment ions.

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 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 Iengtﬁ

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 setup is shown in Figure 1.
Depending on the velocity of the molecular beam, it was
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Figure 2. Relationship between the lengths of the images that result
from different crossing points of the photolysis laser beam with the
molecular beam. The disklike image from the dissociation after
ionization is also shown. (1) represents the crossing point of the
molecular beam and the vacuum-UV laser beam, where the dissociative
ionization occurs. The disklike image, represented by 6 is from the
dissociative ionization. (2) and (3) represent the lengths of fragment
ion distribution created by vacuum-UV laser photoionization from
photolysis laser at position | and position Il, respectively. The line shape
images, represented by 4 and 5, are from these fragment ion distributions
2 and 3. The; andt; represent two different delay times between the
photolysis laser pulse and the vacuum-UV laser pulse according to two
different photolysis laser positionAt is the flight time of the fragment
ion in the mass spectrometer.

high internal energy molecules would remain within the
molecular beam. They flew with the same velocity (molecular
beam velocity) to the ionization region and were ionized by
the vacuum-UV laser. The wavelength of the vacuum-UV laser
in this experiment was set at 118.2 nm such that the photon
energy was only large enough to ionize parent molecules. The
dissociation of parent molecule cations would not occur with
the energy left after the vacuum-UV laser ionization. However,
the dissociation occurred following the vacuum-UV laser
ionization for those hot parent molecules, which absorbed UV
photon and did not dissociate into fragments before the arrival
of vacuum-UV laser. The ion image of the dissociative
ionization was different from the image of the dissociation
products of neutral parent molecules. Since ionization and
dissociation occurred at the same position, the image of
issociative ionization was a 2D projection of the photofragment
ion’s 3D-recoil velocity distribution. It was a disklike image,
rather than a line-shape image. From the shape of the image
and its change with the delay time, the image from dissociation
of neutral molecules can easily be distinguished from the
dissociative ionization image.

Since the intensity of the line-shape image results from the
ccumulation of the products produced during the time period
om the pump pulse to the probe pulse, the ion image intensity
distribution is a function of both the fragment recoil velocity
distribution and the dissociation rate. Therefore, the analysis

d

of images at several delay times can reveal the information of
the velocity distribution and the dissociation rate. Details of these
data analyses have been described in a previous 3tudy.

I1l. Results

necessary to change the distance between the photolysis laser A. Photodissociation at 248 nm.The photofragment ion
beam and the vacuum-UV laser beam to match the delay timeimages ofo-ethyltoluene obtained at 248 nm at various delay
between these two laser pulses to ensure that the ionization lasetimes are shown in Figure 3a,b. Fragmentsné = 105, 106,
would pass through the center-of-mass of the products. Theand 107 correspond to 2-methylbenzyl radicalHgCH3CHp,
change of the distance between the two laser beams changednd its3C isotopes due to natural abundance. Some impurity

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 laser is illustrated in Figure 2. If the molecules

of xylene, corresponding to the imageme = 106 at the center
was also observed. The image of fragmereg = 105 has three
components. A component located on both wings and a line-

were not dissociated after the absorption of UV photons, these shape component superimposed on a disklike component at the
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Figure 3. Photofragment ion images from photodissociation at 248
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Figure 4. Photofragment translational energy distribution obtained at
248 nm: (a)o-ethyltoluene; (bymethyltoluene; (cp-ethyltoluene; (d) ethyltoluene to 1:4 and 1.6 farethyltoluene ang-ethyltoluene,
p-fluoroethylbenzene. respectively. On the other hangtfluoroethylbenzene shows a

totally different photofragment ion image, as illustrated in Figure

center. As the delay time between the pump and the probe lase3c. Only one component was observed from the image, and
pulses increased, the component on both wings moved rapidlythe translational energy distribution decreases monotonically
toward the outside, and the length of the line-shape componentwith the increase of the energy, as shown in Figure 4d.
at the center increased. On the other hand, the size of the disklike B. Photodissociation at 193 nm.The photofragment ion
image did not change, but the intensity decreased with theimages obtained from the photodissociation of ethyltoluene
increase of the delay time. These three components can bemolecules at 193 nm show very different properties from that
assigned easily according to the relationship illustrated in Figure obtained at 248 nm. Figure 5a depicts the photofragment ion
2. The component on the wings and the line-shape componentimage obtained from the photodissociatioroedthyltoluene at
at the center are the 2-methylbenzyl radical fragments that 193 nm. Only the slow component was observed. On the other
resulted from the dissociation of ethyltoluene with large recoil hand, the ion image obtained from the dissociationpef
velocity and small recoil velocity, respectively. The third fluoroethylbenzene, as shown in Figure 5b, remains the same
component, the disklike image, was from the dissociative as that obtained at 248 nm. The fragment translational energy
ionization of undissociated hot ethyltoluene by vacuum-UV distribution obtained from these ion images are presented in
photoionization due to the slow dissociation rate at 248 nm. Figure 6.

The photofragment translational energy distribution obtained  In the data analysis, we found that the fast components have
from the line-shape ion image by forward convolution is shown dissociation lifetimes shorter than Qu$ and the slow compo-
in Figure 4a. Two components in the photofragment translational nents have lifetimes longer than 48. The translational energy
energy distribution suggest that there are two mechanismsdistributions of each component are not very sensitive to the
involved in the dissociation of ethylbenzene at 248 nm. The dissociation lifetime if it is shorter than O/s or longer than
similar two components in the translational energy distribution 10us. A photolysis laser fluence dependence measurement was
were observed from the photodissociatiomeéthyltoluene and carried out in the region of 0:710 mJ/cm for 193 nm and
p-ethyltoluene, as illustrated in Figure 4b,c. However, the ratios 7.8-53 mJ/cm for 248 nm. The shapes and the ratio of these
between these two components are very different. The ratiostwo components in the translational energy distribution do not
between slow:fast components change from 1:1.3 rfer change with photolysis laser intensity. In addition, the maximum
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translational energies are less than the available energies from S,
one-photon dissociation. The measurements suggest that they
all result from one-photon dissociation.

103.2°
s 104.4°

_ _ 103.6° 165"
IV. Discussion 105.2° 77.0"

The photofragment translational energy spectroscopy has been
applied to study many aromatic moleculéd8 The electronic
state on which the dissociation occurs can be identified from
the fragment translational energy distributions and dissociation
rates. For example, the photodissociation of benzene at 193 and
248 nm has been investigated in a molecular beam. H atom
elimination is the only dissociation channel observed at 193
nm. The average translational energy released obtained at 193
nm is very small, and the probability distribution decreases with 0 CHCHCH orCHFCH,

. . . . . . . 3 2 5
increasing recoil translational energy. Since there is no exit _. ) o .

S . - . o Figure 7. S- and Ti-state energy diagrams of GElimination obtained
barrier in the ground electronic state in the dissociation channel by ab initio calculation. The numbers are the zero point energies for

CeHe—CeHs + H, which produces two radicals, the monotonic e g state, the Tstate, the transition state, and the products. Numbers
decrease of the probablllty with the ianeaSing translational with superscript a, b, ¢, and d represent the values-pin-, and
energy must be dissociation from a molecule that has undergonep-ethyltoluene ang-fluoroethylbenzene, respectively.
internal conversion to the ground electronic state and subse-
quently dissociated without encountering an exit barrier. Com- occur indirectly either through the coupling between the stable
parison of the dissociation rates obtained from experimental and repulsive states or after the internal conversion from the
measurement and RRKM calculation also confirms that dis- initial excited state to a lower electronic state. Figure 7 shows
sociation of benzene must occur on the ground electronic state.the potential energy diagram for the gElimination channel
On the other hand, no dissociation occurs at 248 nm. This canfor o-, m, andp-ethyltoluene ang-fluoroethylbenzene obtained
be understood from the fact that the dissociation threshold for from ab initio calculation. In the calculation, the geometries
H atom elimination (113 kcal/mol) from benzene is almost as were optimization by B3LYP/6-31G* and the energies were
high as the photon energy (115 kcal/mol). If there were an calculated by a G3 scheme. In the ground electronic state, the
excited state with repulsive potential, dissociation would have methyl group changes gradually from pyramidal geometry to
occurred directly and produced the fragments. However, if planar geometry as the-@ bond length increases during the
internal conversion or intersystem crossing occurs after the dissociation process. There is no exit barrier for the dissociation
excitation, dissociation must be too slow to be observed due to from the ground state. Figure 7 also shows the potential energy
the close values of photon energy and dissociation threshold.diagram in the first triplet state for the same dissociation channel.
Toluene also shows similar dissociation propertfesbsorp- The exit barrier height is about 2@8 kcal/mol.
tion of 193 nm corresponds to the excitation to thesgte. For ethyltoluene, the translational energy distribution obtained
The translational energy distribution suggests that dissociationat 193 nm and the slow component obtained at 248 nm decrease
occurs after internal conversion to the ground electronic state. monotonically with the increase of energy. The average
The major dissociation channels are the cleavage from the twotranslational energy release is very small. These are the typical
weakest chemical bondsgl@sCH;—CsHsCH, + H and GHs- characteristics of the dissociation from the ground electronic
CHs—CgHs + CHa. No dissociation was observed at 248 nm. state with no exit barrier. In contrast, the fast component of
The slow dissociation rate observed at 248 nm also indicatesethyltoluene obtained at 248 nm has a large average released
relaxation to lower electronic states after the excitation o S translational energy, and the peak of the distribution is located
by 248 nm photons. far from zero. These are characteristics of dissociation from a
However, as the length of the alkyl chain increases, the repulsive excited state or dissociation from an electronic state
dissociation threshold decreases significantly due to the weakwith an exit barrier. Although the other electronic states cannot
C—C bond in the alkyl chain. Dissociation occurs at both 193 be definitively excluded (no potential energy surfaces for the
and 248 nm. Dissociation of ethylbenzene aratopylbenzene other excited states are available), the exit barrier in the first
at 193 nm show a dissociation mechanism similar to that of triplet state and the translational energy distribution of the fast
benzene and toluene; i.e., dissociation occurs in the groundcomponent suggest that dissociation upon intersystem crossing
electronic state after internal conversion from thedSS, states. to the first triplet state is a likely explanation for the fast
However, dissociation from both the ground electronic state and component in the translational energy distribution of ethyltolu-
the triplet state after the internal conversion and intersystem ene. On the other hand, the translational energy distribution from
crossing were observed at 248 nm. Indeed, more thai80% the dissociation of-fluoroethylbenzene shows similar properties
of the excited ethylbenzene angpropylbenzene in the;State at both 248 and 193 nm; i.e., the probability decreases with the
dissociate from the triplet state after the intersystem crogds#t?y.  increase of energy, and the average translational energy release
In this work, we demonstrate that dissociation for ethyltoluene is very small. The distributions indicate that the dissociation
and fluoroethylbenzene at both 193 and 248 nm occur exclu- occurs only in the ground electronic state at both wavelengths.
sively by the cleavage of the-€C bond in the alkyl chain. ~ The triplet state does not play a role rfluoroethylbenzene
Although the products are the same at these two wavelengths photodissociation.
the translational energy distributions were found to be very = Comparison of the photodissociation of ethylbenzene, eth-
different for ethyltoluene at these two wavelengths. Since the yltoluene, and fluoroethylbenzene in the State reveals
methyl and ethyl groups and the F atom are not the electronic interesting information. When one of the H atoms attached to
chromophore at 248 or 193 nm, the photon absorption corre- the aromatic ring of ethylbenzene is replaced by a methyl group,
sponds to the excitation of the phenyl ring. Dissociation must the dissociation dynamics does not change very much. Although

C,H,CH CH_+CH,
or CH,FCH +CH_

wu £61

83.8°
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the branching ratios of the dissociation from the ground and  (4) Ziegler, L. D.; Hudson, B. SExcited Stated982 5, 41-140.
i i i iti (5) Lim, E. C.Adv. Photochem1997, 23, 165-211.

the triplet states chang(_a W|th_ th_e relative position between ethyl (6) Henry. B. R.: Kasha, MANNU, Re. Phys. Chermi1968 19, 161
and methyl groups, dissociation from the triplet state after ;q,°
intersystem crossing remains as the major channel for the S (7) Jortner, J.; Rice, S. A.; Hochstrasser, R.Adv. Photochem1969
state. However, when one H atom of the aromatic ring in 7, 149-309. _ _
ethylbenzene is replaced by an F atom, the dissociation dynamicqahy(ss)c'a‘e‘fncfggl'\"ésﬁge‘z' T. G.; Liverman, M. G.; Smalley, R. E.
change significantly. Dissociation occurs exclusively through (9) Oftis, C. E. Knee, J. L.; Johnson, P. M.Phys. Cherm1983 87,
the ground electronic state. The difference of the dissociation 2232-2239.
dynamics must be due to the difference in the ratio between 12812113%9'6’;[&;3“5%”& S.; Kato, H.; Baba, NI. Chem. Phys2004
the internal conversion rate and the intersystem crossing rate (11) Wang, J.: Doi, A Kasahara, S.: Kato, H.: BabaMChem. Phys.
of these molecules. The intersystem crossing is spin-forbidden, 2004 121, 9186-9187.
and its magnitude increases with the atomic numbeThe (12) Hopkins, J. B.; Powers, D. E.; Smalley, R.JEChem. Phys198Q

i i i i i i i 72, 2905-2906. Hopkins, J. B.; Powers, D. E.; Smalley, R.JEChem.
Stf)m_ot';blt. CC.JUpIm]? In an al;omaﬂc mOIGC.L”e IS |gcreasedd Ey Phys.198Q 72, 5039-5048. Hopkins, J. B.; Powers, D. E.; Smalley, R. E.
the substitution of atoms of higher atomic number, and this ; chem. phy=198q 73, 683-687. Hopkins, J. B.; Powers, D. E.; Mukamel,
increases the probability of triplesinglet transitions. This S.; Smalley, R. EJ. Chem. Phys198Q 72, 5049-5061. Mukamel, S.;
phenomenon is known as the heavy atom effédthe heavy Smalley, R. EJ. Chem. Phys198Q 73, 4156-4166.
atom effect has been observed in Cl, Br, and | substituted Chgng’q) Er:itszl'ggée?'éD1“2”2°7‘i”1'2'\£'2A" Liverman, M. G.; Smalley, R. E.
aromatic compounds. However, the enhancement effect from (14) Lohmannsroben, H. G.; Luther, K.; Stuke, JPhys. Cher.987,
an F atom or a methyl group is usually very small, and usually 91, 3499-3503.
spin—orbit coupling can be neglected. Our experimental data Bogf)DBfgS.t’Jg-r eRnlq;aT]rag'%W;Eaﬁh%mwhﬁfgggstﬁa geggig?rgghs ]
demonstrate the different dissociation dynamics between eth-5”y Chem. Phys2002 116, 7057-7064. e e
ylbenzene, ethyltoluene, and fluoroethylbenzene. It cannot be  (16) Huang, C. L.; Jiang, J. C.; Lee, Y. T.; Lin, S. H.; Ni, C. Kust.
attributed to the heavy atom effect. However, the source of the J. Chem:2001, 54, 561-571.

difference remains elusive. Further theoretical and experimental , (17) Tsai, S. T Lin, C. K. Lee, Y. T, Ni, C. KI. Chem. Phy=2000Q

; L X 113 67-70.
investigations are necessary to understand the difference between :()“18) Tsai, S. T.; Huang, C. L.; Lee, Y. T.: Ni, C. K. Chem. Phys.
these molecules. 2001, 115, 2449-2455.
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