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The photodissociation of acetophenone (C6H5COCH3! at 193 and 248 nm has been studied using
the time-of-flight mass spectrometric technique. Forhn5193 nm, two major primary channels,
C6H5COCH31hn→C6H5CO1CH3 @channel~1!# and C6H51CH3CO @channel~2!#, are observed
with comparable cross sections. Data analysis shows that'30% – 50% of primary C6H5CO and
CH3CO radicals further decomposes, yielding secondary products C6H51CO and CH31CO,
respectively. The translational energy release measurements indicate that for both channels~1! and
~2! at 193 nm,'25% – 30% of the available energy is channeled into kinetic energies of the primary
photofragments. Measurements athn5248 nm reveal that the branching ratio of channel~2! to
channel~1! is '0.01. For channel~1! at hn5248 nm,'42% of the available energy is directed as
the kinetic energy of the photofragments. The observed maximum kinetic energy release for channel
~1! at 248 nm yields a value of 85.062.2 kcal/mol for the C6H5CO–CH3 bond dissociation energy
at 0 K (D0). The photofragment angular distributions are found to be isotropic for both channels~1!
and ~2! at hn5193 nm and for channel~1! at hn5248 nm. A minor photodissociation channel
C6H5COCH31hn→C6H5CH31CO is identified at bothhn5193 and 248 nm. The energetics for
the dissociation reactions of acetophenone have also been investigated usingab initio
Gaussian-2-type procedures. The heats of formation at 0 K (D fH°0) for C6H5CO and C6H5

calculated using the isodesmic reaction scheme are 33.961.3 and 87.661.0 kcal/mol, respectively.
These results suggest that the literatureD fH°0 values for C6H5CO and C6H5 are likely to be low by
3–4 kcal/mol. These theoreticalD fH° values for C6H5CO and C6H5 yield a theoretical
D0(C6H5CO–CH3) value of 85.161.4 kcal/mol, which is in excellent accord with the experimental
results obtained in the present study. ©1997 American Institute of Physics.
@S0021-9606~97!00542-4#

I. INTRODUCTION

The ultraviolet~UV! photochemistry of alkyl ketones1–5

and related molecules5–9 has been the subject of many recent
laser excitation studies. Upon absorption of a UV photon,
ketones are known to dissociate efficiently via C–CO bond
cleavage, resulting in acyl and alkyl radicals.1–5,10Since the
C–CO bond of an acyl radical is weak, excited acyl radicals
formed at a sufficiently high internal energy have been found
to undergo further decomposition, producing CO and alkyl
radicals.1,5,7,11Acyl and alkyl radicals are important interme-
diates in combustion and atmospheric process.12 The knowl-
edge of the UV photochemistry of ketones is relevant for the
preparation of these radicals for spectroscopic and reactivity
studies. Recent excimer laser photofragmentation time-of-
flight ~TOF! mass spectrometric experiments have provided
detailed information concerning the dissociation mechanism
of acetone (CH3COCH3).

1,2 Both acetyl (CH3CO) and me-
thyl (CH3) radicals are observed in the 248 nm photodisso-

ciation of CH3COCH3, whereas CO12CH3 are identified to
be products at 193 nm.1 An analysis of the TOF spectra for
CH3 and CO has established that the formation of CO12CH3

from CH3COCH3 at 193 nm is governed by a stepwise
mechanism.1

The photochemistry of acetophenone (C6H5COCH3),
the simplest aromatic ketone, has received little attention
compared to that of CH3COCH3. Early photochemical stud-
ies of acetophenone were motivated by the search for a con-
venient source of phenol radicals.13,14 The gas phase absorp-
tion spectrum for C6H5COCH3 in the region of 210–380 nm
exhibits three broad peaks centered at 325, 275, and 230 nm,
which are assigned to theS0→S1 , S0→S2 , and S0→S3

transitions, respectively.10,15The absorption cross section for
the S0→S3 peak is significantly stronger than that of the
S0→S2 peak, which is in turn stronger than that of the
S0→S1 peak. The first excited singletS1 or 1(n,p* ) state of
acetophenone is formed by an electron from the nonbonding
orbital (n) localized at the O atom being excited to the an-
tibondingp* orbital of the carbonyl group. The existence of
an aromatic ring adjacent to the carbonyl group in simple
aromatic ketones, such as acetophenone, is likely to facilitate
intramolecular energy transfer, and hence inhibits the disso-

a!Ames Laboratory is operated for the U.S. Department of Energy by Iowa
State University under Contract No. W-7405-Eng-82. This article was sup-
ported by the Division of Chemical Sciences, Office of Basic Energy Sci-
ences.
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ciative channels. Due to a small energy gap between theS1

andT1 @or 3(n,p* )# states, theS1 states of simple aromatic
ketones are known to undergo rapid intersystem crossing to
the T1 state, resulting in high phosphorescence quantum
yields.10,15 Similar intersystem crossing processes are ex-
pected to follow theS2 andS3 states. Thus, the photochem-
istry of S1 , as well asS2 and S3 states, may actually take
place from triplet potential energy surfaces.

The present work deals with the measurement and analy-
sis of photofragment translational energy distributions and
recoil anisotropies for the photodissociation of acetophenone
at 193 and 248 nm. The photon wavelength of 248 nm falls
between theS0→S2 and S0→S3 absorption peaks.15 The
previous kinetic study concluded that followingS0→S2 ex-
citation, triplet acetophenone dissociates exclusively into
C6H5CO~benzoyl radical!1CH3.

15 The absorption cross sec-
tion for acetophenone at 193 nm is not available. However,
judging from the trend of the absorption cross sections mea-
sured near 210 nm, the absorption cross section at 193 nm is
likely to be much higher than that for theS0→S3 peak. Ex-
cited states higher thanS3 are likely responsible for the pho-
tochemistry of acetophenone at 193 nm. In accordance with
the known UV photochemistry of ketone,1–5,10,15we find that
the dissociation of C6H5COCH3 at 193 and 248 nm is domi-
nated by processes~1! and ~2!:

C6H5COCH31hn→C6H5CO1CH3 ~1!

→C6H51CH3CO ~2!

→C6H5CH31CO. ~3!

Evidence is found for the very minor occurrence of process
~3!.

Accurate energetic information about processes~1! and
~2! is essential for the analysis of the photofragment TOF
spectra observed in this experiment. The heats of formation
at 0 K ~298 K!, D fH°0 (D fH°298) for the radical fragments
formed in processes~1! and ~2! are not well established.
Thus, we have conducted a theoretical study of the energet-
ics of C6H5CO, C6H5, and CH3CO using establishedab ini-
tio quantum chemical schemes, such as the Gaussian 2~G2!
theory and its variances.16–19 We note that the G2 and
G2~MP2! calculations of the heat of formation for the acetyl
radical have been reported previously.20 The errors associ-
ated with G2 predictions forD fH°0 (D fH°298! values of
larger polyatomic species, such as C6H5CO and C6H5, may
be higher than that of CH3CO.20 Recent G2-type schemes,
which combine the G2-type calculations and appropriate
isodesmic reactions, have been shown to provide accurate
D fH°0 (D fH°298) predictions even for large polyatomic
species.21–24

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experiment

The rotatable beam source laser photofragmentation
TOF apparatus used in this study has been described in
detail.25–28The apparatus consists of three main components:
an ArF excimer laser, a photodissociation chamber in which

a rotatable supersonic molecular beam intersects with the
excimer laser beam, and a linearly movable ultrahigh
vacuum electron ionization quadrupole mass spectrometer
~QMS!.

A continuous molecular beam of C6H5COCH3 ~about
3% seeded in He! was produced by supersonic expansion
through a nozzle (diameter50.125 mm) at a total stagnation
pressure (P0) of 360 Torr for 193 nm excitation and 560
Torr for 248 nm excitation. For the TOF measurement of
C6H5 formed at 248 nm andu lab ~the angle between the
molecular beam and the detector axis! 510°, P0 was re-
duced to 260 Torr in order to minimize the influence of
dimers and clusters. The nozzle stagnation temperature (T0)
was maintained at'180 °C for 193 nm measurements and
at '130 °C for 248 nm measurements. During the experi-
ment, the beam source, differential pumping, and photodis-
sociation chambers were maintained at pressures of'1
31024, 231026, and<131027 Torr, respectively.

The energy of the excimer laser~Questek model 2460!
used was in the range of 60–80 mJ/pulse at 193 nm or 100–
140 mJ/pulse at 248 nm. The laser beam entered the photo-
dissociation chamber through a MgF2 focusing lens and in-
tersected the seeded C6H5COCH3 beam and the central axis
of the QMS at 90°. The spot size of the excimer laser beam
was estimated to be'5 mm2 at the photodissociation region.

The electron energy and emission current of the ionizer
used were 75 eV and 1.2 mA, respectively. During the ex-
periment, the ionization chamber pressure was maintained at
<5310211 Torr. Unless specified, the TOF spectra were
taken at a flight path~the distance between the photodisso-
ciation region and the ionizer! of 65.5 cm. The TOF spectra
were recorded on a multichannel scaler~Stanford Research
model SRT430!, which was usually set to a channel width of
1.28ms.

The velocity distribution of the parent C6H5COCH3 mo-
lecular beam was measured by recording the laser hole burn-
ing spectra25,28 at the mass corresponding to C6H5COCH3

1,
~or C6H5

1! at u lab50°. The measured speed profile of a spe-
cies was then fitted to an assumed functional form,f (v)
;v2 exp@2(v2v0)

2/a2#, where v0 is the most probable
speed anda is a measure of the width of the speed
profile.25,29 For 193 nm excitation, these constants were de-
termined to bev051.793105 cm/s anda50.913104 cm/s.
In the case of 248 nm excitation,v051.733105 cm/s and
a50.793104 cm/s for P05560 Torr, whilev051.443105

cm/s anda51.153105 cm/s forP05260 Torr.
The ion drift times through the quadrupole mass filter

were determined in a hole burning experiment. By recording
the hole burning spectra28 of different ions, C6H5COCH3

1,
C6H5CO1, CH3CO1, C6H5

1, and CH3
1 formed in electron

impact ionization of C6H5COCH3, the corresponding arrival
times (t) and masses (m) of these ions were used to fit the
equation: t5Am1/21t0 , where t0 is the flight time of
C6H5COCH3 from the photodissociation region to the ionizer
andA is a constant. The procedure yielded a value of 4.114
for A. That is, the ion drift time through the QMS is deter-
mined as 4.114 m1/2 ms. The actual flight times of photofrag-
ments were corrected for the corresponding ion drift times.
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The analysis of the TOF data was performed by a for-
ward simulation method.30,31 Briefly, the procedure began
with a trial kinetic energy distributionP(Ec.m.), which was
transformed to a TOF spectrum for comparison with the ex-
perimental TOF spectrum. Here,Ec.m. represents the center-
of-mass kinetic energy of the photofragment. TheP(Ec.m.)
distribution was adjusted until satisfactory agreement be-
tween the experimental and calculated TOF data was ob-
tained. For the determination of the threshold~maximum!
Ec.m. threshold of a dissociation process, theP(Ec.m.) distri-
bution near theEc.m. onset was also obtained by direct
transformation25 of the TOF data.

In the measurements of the angular distribution, the laser
light was polarized by a stack of ten quartz plates set at the
Brewster angle. The electric vectorE of the polarized laser
beam was set perpendicular to the detector and then rotated
to the desired angle with a 193 nm~or 248 nm! half-wave
retarder. The laser energy was measured by a pyroelectric
detector, and was kept at 10 mJ/pulse at 193 nm and 15
mJ/pulse at 248 nm.

B. Ab initio calculations

The G2 ab initio theoretical procedure has been de-
scribed in detail by Curtisset al.16 It effectively corresponds
to the QCISD~T!/6-3111G(3d f ,2p)//MP2/6-31G~d! level
of theory. Briefly, at the G2 level of theory, molecular struc-
tures are optimized with the Hartree–Fock~HF! approach
and the second-order Mo” ller-Plesset perturbation theory
~MP2!, with all electrons included using the 6-31G~d! basis
set@i.e., at the HF/6-31G~d! and MP2~full !/6-31G~d! levels#.
Harmonic vibrational frequencies are calculated at the HF/6-
31G~d! geometries for stationary point characterization. All
subsequent single-point calculations at higher levels in-
volved are based on the MP2/6-31G~d! optimized structures.
Approximations of QCISD~T!/6-3111G(3d f ,2p) energies
are obtained with frozen-core, single-point calculations at the
QCISD~T!/6-311G(d,p), MP4/6-311G(d,p), MP4/6-311
1G(d,p), MP4/6-311G(2d f ,p), and MP2/6-311
1G(3d f ,2p) levels. A small semiempirical correction is ap-
plied to account for high level correlation effects to obtain
the total electronic energy (Ee). The HF/6-31G~d! harmonic
vibrational frequencies, scaled by 0.8929, are used for zero-
point vibrational energy~ZPVE! correction. The total energy
at 0 K (E0) is equal toEe1ZPVE.32 All calculations are
performed on IBM RS6000/90 and SGI Power Indigo 2
~with R10000 cpu! workstations using theGAUSSIAN 94pack-
age of program.33 Unless specified, theD fH°0 and D fH°298

values for the molecules are derived by evaluating the atomi-
zation energies and using the known experimentalD fH°0

values of C~170.0 kcal/mol!, O(3P) ~59.0 kcal/mol!, and H
~51.63 kcal/mol!.21,32

The G2~MP2! theory17 is a variation of the G2 procedure
in which the single-point energies are calculated only at the
QCISD~T!/6-311G(d,p) and MP2/6-3111G(3d f ,2p) lev-
els. In this study, we have obtainedE0@G2~MP2!# values for
C6H5, CH3CO, CH3, and CO. In view of the large size of
C6H5COCH3 and C6H5CO, the QCISD~T!/6-311G(d,p)

single-point energy calculations are computationally very de-
manding. Here, we have calculated theE0 values for
C6H5COCH3, C6H5CO, CH3CO, CH3, and CO using the ap-
proximated G2~MP2,SVP! scheme introduced by Radom and
co-workers.34 In the G2~MP2,SVP! scheme, the
QCISD~T!/6-311G1(3d f ,2p) energies are calculated using
an additivity approximation,

E@QCISD~T!/6-311G1~3d f ,2p!#

'E@QCISD~T!/6-31G~d!#

1E@MP2/6-3111G~3d f ,2p!#2E@MP2/6-31G~d!#.

~4!

The G2~MP2,SVP! calculations have been shown to repro-
duce proton affinities for a set of reference molecules to
within the G2 target accuracy of 2 kcal/mol but at signifi-
cantly lower computational cost. Surprisingly, it is found that
G2~MP2,SVP! performs better than G2 for hydrocarbons and
radicals.34,35 Thus, we have applied the G2~MP2,SVP! pro-
cedure to calculate theD fH°0 (D fH°298) values of
C6H5COCH3, C6H5CO, C6H5, CH3CO, CH3, and CO.

III. RESULTS AND DISCUSSION

A. Thermochemistry

The theoreticalE0 , D fH°0, and D fH°298 values for
C6H5COCH3, C6H5CO, C6H5, CH3CO, CH3, and CO ob-
tained here and in previous calculations20,32 at the G2,
G2~MP2!, and G2~MP2,SVP! levels of theory are compared
with the experimental21,22,36 values in Table I. In the case
when only theD fH°0 (D fH°298) value for a species is known,
the correspondingD fH°298 (D fH°0) value is obtained using
the calculated HF/6-31G~d! vibrational frequencies.

The D fH°0 (20.5560.6 kcal/mol) andD fH°298 (22.2
60.6 kcal/mol) values for CH3CO have been determined at
high levels of theory using an isodesmic reaction.20 This cal-
culation supports the recent experimentalD fH°298 value of
22.3960.29 kcal/mol for CH3CO.22 The D fH°0 (D fH°298)
values calculated for CH3CO following the normal G2,
G2~MP2!, and G2~MP2,SVP! procedures are in satisfactory
agreement with those of Ref. 20, with the G2~MP2,SVP!
D fH°0 (D fH°298) value closest to the experimental finding.
In a recent study of the C–H bond energy of benzene, values
of 84.360.6 and 81.260.6 kcal/mol are recommended for
D fH°0~C6H5! andD fH°298~C6H5!, respectively.36 These latter
values are significantly lower than the corresponding
G2~MP2! D fH°0 ~93.0 kcal/mol! and D fH°298 ~90.3 kcal/
mol! values for C6H5. It is known that there is an
accumulation of errors in the application of G2-type
approaches to larger molecules.34,35,37,38 For example,
the D fH°0 and D fH°298 values for benzene (C6H6) are
too low compared to known experimental values by 3.9
and 5.1 kcal/mol, respectively.34,38 It is interesting that
the D fH°0@G2~MP2,SVP!# ~86.1 kcal/mol! and
D fH°298@G2~MP2,SVP!# ~83.4 kcal/mol! values for C6H5,
though still higher, are in better agreement with the experi-
mental values. This observation is consistent with the previ-
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ous finding that G2~MP2,SVP! performs better than G2 for
hydrocarbons and radicals.35

It has been demonstrated that more accurate heats of
formation can be calculated by the use of isodesmic reactions
rather than atomization energies as in standard G2-type
procedures.34,37,38The cancellation of errors in cases involv-
ing similar chemical bonds improves the agreement with ex-
periment. In G2-type approaches, a semiempirical high level
correction is involved. It was pointed out that the high level
corrections can be canceled exactly for isodesmic schemes.38

In order to obtain reliable theoreticalD fH°0(D fH°298) val-
ues for C6H5CO and C6H5, we have examined the variation
of their calculatedD fH°0(D fH°298) values at the G2~MP2!
and G2~MP2,SVP! level by the use of selected isodesmic
reactions shown in Table II. We find that for reactions in-
volving radicals, such as C6H5CO and C6H5, the ‘‘bond
separation’’ isodesmic reactions are not unique~see Table II,
reactions i–iii for C6H5 and reactions v–viii for C6H5CO!.38

These reactions are selected because the energetics of all
species involved are well known, except those for C6H5CO
and C6H5. The uncertainties forD fH°0(D fH°298) thus deter-
mined using individual isodesmic reactions are lower limits
determined only by the uncertainties of the experimental
D fH°0(D fH°298) values used in the calculations. We have
also calculated the G2~MP2,SVP! D fH°0(D fH°298) values

of C6H5 and C6H5CO using isodesmic reactions iv and ix,
respectively, ~see Table II!. As shown in the table, the
D fH°0(D fH°298) values of C6H5 and C6H5CO, thus derived,
are highly consistent with the maximum deviations of 1.3
and 2.2 kcal/mol forD fH°0(D fH°298) of C6H5 and C6H5CO,
respectively. We recommend the average values 87.6
61.0(84.560.6)kcal/mol forD fH°0(D fH°298) of C6H5 and
33.961.3(30.660.7)kcal/mol for D fH°0(D fH°298) of
C6H5CO. We have conservatively assigned the uncertainties
to be the maximum of the differences between individually
calculatedD fH°0(D fH°298) values and the corresponding
averages. Again, we note that these recommended
D fH°0(D fH°298) values for C6H5 and C6H5CO are in rea-
sonable agreement with theD fH°0@G2~MP2,SVP!# and
D fH°298@G2~MP2,SVP!# predictions. Comparing these val-
ues and the experimental results~Table I! indicates that the
literatureD fH°0(D fH°298) values for C6H5 and C6H5CO are
likely on the low side.

In Table III, we have compared the theoretical
G2~MP2,SVP! and experimentalD0(D298) values for the
C6H5CO–CH3, C6H5–COCH3, C6H5–CO, and CH3–CO
bonds. The experimentalD0(D298) values for the
C6H5CO–CH3 and C6H5–COCH3 bonds are 4.4~5.0! and
2.3 ~4.4! kcal/mol lower than the corresponding theoretical

TABLE I. E0@G2~MP2!#, D fH°0@G2~MP2!#, D fH°298@G2~MP2!#, D fH°0@G2~MP2,SVP!#,
D fH°298@G2~MP2,SVP!#, andD fH°0(expt) values for C6H5COCH3, C6H5CO, C6H5, CH3CO, and CH3.

Species

Theorya Experimentb

E0

~hartree!
D fH°0

~kcal/mol!
D fH°298

~kcal/mol!
D fH°0

~kcal/mol!
D fH°298

~kcal/mol!

C6H5COCH3 2384.18 795 218.6c 223.4c 215.9 220.760.4
C6H5CH3 --- --- --- 17.560.1 12.060.1
C6H5CO 2344.30 982 30.3c 27.8c 2962d 26.162d

33.961.3g 30.660.7g 33.362.2h 29.462.3h

C6H5 2231.091 98 93.0e 90.3e 84.360.6 81.260.6
2231.09 371 86.1c 83.4

87.661.0g 84.560.6g

CH3CO 2152.935 46d 21.3f 20.7460.29 22.3960.29i

20.5560.6j 22.260.6j

2152.931 56 21.5e

2152.93 013 21.7c 22.85c

CH3 239.743 90 35.7f 35.1f 35.860.1 35.060.1
239.736 95 36.2e 35.6e

239.742 15 36.3c 35.7c

CO 2113.177 49 229.0f 228.2f 227.2060.04 226.460.0
2113.175 40 230.1e 229.3c

2113.175 71 230.4c 229.6c

aThe theoreticalD fH°0 andD fH°298 values are calculated using theD fH°0(expt) values of C~170.0 kcal/mol!,
O(3P) ~59.0 kcal/mol!, and H~51.63 kcal/mol! from Ref. 21, and theoreticalE0 values calculated at the G2,
G2~MP2!, or G2~MP2,SVP! level.

bUnless specified, experimental values are from Ref. 21.
cG2~MP2,SVP! values.
dReference 23.
eG2~MP2! values.
fG2 values.
gCalculated using isodesmic reactions of Table II.
hThis work.
iReference 22.
jReference 20. Calculated using an isodesmic reaction.
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predictions, while the experimentalD0(D298) values for the
C6H5–CO and CH3–CO bonds are higher than the respective
theoretical predictions by 4.8~3.2! and 1.5~1.7! kcal/mol.

B. Newton diagrams for photodissociation at 193 and
248 nm

Based on the conservation of energy,

E~hn!1Eint~C6H5COCH3!

5D0~C6H5CO–CH3 or C6H5–COCH3!

1Eint@~C6H5CO1CH3! or C6H51CH3CO#1Ec.m.,
~5!

whereE(hn) is the dissociation photon energy~147.9 kcal/
mol for hn5193.3 nm and 115.3 kcal/mol forhn5248 nm!;
and Eint is the initial internal energy of C6H5COCH3 or its
photofragments~C6H5CO1CH3 or C6H51COCH3!. Using
the HF/6-31G~d! vibrational frequencies for C6H5COCH3,
the total thermal energy at 298 K for C6H5COCH3 is esti-
mated to be 5.7 kcal/mol. Considering the mild expansion
conditions used in this experiment, we expect that the vibra-
tional relaxation is inefficient and the rotational relaxation is
incomplete. For an initial nozzle temperature of 130–180 °C
~403–453 K!, we estimate that the effective beam tempera-
ture for C6H5COCH3 is most likely in the range of 250–350

K. Thus, after expansion, the parent C6H5COCH3 molecules
may contain'5.7 kcal/mol of thermal energy.

Using Eq. ~5! and the literature D0 values
@D0~C6H5CO–CH3!580.7 kcal/mol andD0~C6H5–COCH3!
599.5 kcal/mol# ~see Table III!, we have constructed the
Newton diagrams for the C6H5CO1CH3 and C6H51COCH3

channels. The Newton diagrams corresponding to 193 and
248 nm photodissociation are shown in Figs. 1~a! and 1~b!,
respectively, wherev lab and vc.m. are the laboratory and
center-of-mass velocities for the photofragments, andu lab

and uc.m. are the laboratory and center-of-mass angles, de-
fined by the angles between the detector axis and molecular
beam axis and betweenvc.m. and the molecular beam axis,
respectively. Thev0 values are 1.793105 cm/s for 193 nm
excitation and 1.733105 cm/s for 248 nm excitation.
The maximum vc.m. circles are calculated assuming
Eint@~C6H5CO1CH3! or ~C6H51CH3CO!#50. Also shown
in Figs. 1~a! and 1~b! areg ande, which are defined as the
angles between the laser electric fieldE and vc.m. and be-
tweenE and the detector axis, respectively.

C. Photodissociation at 193 nm

Figures 2~a! and 2~b! show the TOF spectra for CH3
observed atu lab515° and 30°, respectively. The TOF spec-
trum for C6H5CO at u lab515° is depicted in Fig. 3. The

TABLE II. Values forD fH°0 andD fH°298 of C6H5 and C6H5CO calculated using selected isodesmic reactions.a

Isodesmic reactions

G2~MP2! G2~MP2,SVP!

D fH°0

~kcal/mol!
D fH°298

~kcal/mol!
D fH°0

~kcal/mol!
D fH°298

~kcal/mol!

C6H5

i. C6H516CH4→2C2H41C2H313C2H6 88.260.9 84.860.9 88.060.9 84.660.9
ii. C6H516CH413C2H41C2H512C2H6 87.360.3 84.360.3 86.460.3 83.960.3
iii. C6H517CH4→3C2H413C2H61CH3 88.660.4 85.160.4 87.460.4 84.660.4
iv. C6H5–COCH31CH4→C6H51CH3–COCH3 87.060.5 84.260.5
C6H5CO
v. C6H5CO18CH4→2C2H41C2H314C2H61H2CO 34.660.9 31.060.9
vi. C6H5CO18CH4→3C2H41C2H513C2H61H2CO 33.560.4 30.360.4
vii. C6H5CO18CH4→3C2H414C2H61HCO 34.260.4 30.660.4
viii. C6H5CO19CH4→3C2H414C2H61H2CO1CH3 34.860.4 31.060.4
xi. C6H5CO–CH31CH3→C6H5CO1H3C–CH3 32.660.4 29.960.4

aD fH°0(expt) andD fH°298(expt) values used are from Refs. 21 and 35.

TABLE III. Comparison of theoretical and experimental selected bond dissociation energies at 0~298 K! for
C6H5COCH3, C6H5CO, and CH3CO.a

Reactions

Theory @G2~MP2,SVP!# Experiment

D0

~kcal/mol!
D298

~kcal/mol!
D0

~kcal/mol!
D298

~kcal/mol!

C6H5COCH3→C6H5CO1CH3 85.1 86.8 80.7 81.8
85.062.2b

C6H5COCH3→C6H51CH3CO 102.8 103.8 99.5 99.5
C6H5CO→C6H51CO 23.3 25.5 28.1 28.7
CH3CO→CH31CO 6.8 8.2 9.3 11.0

aCalculated using the experimental and theoretical G2~M2,SVP! D fH°0(D fH°298) values of Table I.
bThis work.

7234 Zhao et al.: Photofragmentation of acetophenone

J. Chem. Phys., Vol. 107, No. 18, 8 November 1997
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.88.90.140 On: Tue, 09 Dec 2014 23:43:57



direct detection of C6H5CO and CH3 signals confirms the
occurrence of process~1!. TheP(Ec.m.) for process~1! ~solid
curve! shown in Fig. 4~a! is derived from the fast peaks in
the CH3 TOF spectra. ThisP(Ec.m.) peaks near 12 kcal/mol
and has anEc.m. onset of 34 kcal/mol. The latter value is
significantly lower than the thermochemicalEc.m. threshold
of 67 kcal/mol. The average kinetic energy release of 13.8
kcal/mol for process~1! is '20% of the total available en-
ergy.

We attempt to use theP(Ec.m.) derived from the CH3
spectrum to fit the TOF spectrum for C6H5CO, and find that
the P(Ec.m.) at Ec.m..15 kcal/mol @indicated by the dashed
curve in Fig. 4~a!# satisfactorily fits the C6H5CO TOF spec-
trum. This observation indicates that a fraction of excited
C6H5CO radicals initially formed withEc.m.,15 kcal/mol@or
Eint~C6H5CO1CH5!.52 kcal/mol# by process~1! undergoes
further dissociation in the time scale of the present experi-
ment. If the internal energy distributed in C6H5CO and CH3

is proportional to the internal degrees of freedom, the inter-
nal energy for C6H5CO is expected to be.41.6 kcal/mol
at Ec.m.,15 kcal/mol. Since the D0(C6H5–CO) is
,29 kcal/mol~see Table III!, excited C6H5CO radicals with
internal excitation.29 kcal/mol are expected to dissociate
according to

C6H5CO→C6H51CO. ~6!

FIG. 1. Kinematics for the formation of C6H5CO1CH3 by process~1! and
the formation of C6H51COCH3 by process~2! at ~a! hn5193 nm and~b!
248 nm.v0 is the laboratory velocity for C6H5COCH3, andvc.m.~C6H5CO!,
vc.m.~C6H5!, vc.m.~CH3CO!, andvc.m.~CH3! are the maximum c.m. velocities
for C6H5CO, C6H5, CH3CO, and CH3, respectively. The diagrams show the
relationshipg5uc.m.1e2ulab whereg is the angle between the laser electric
field ~E! and vc.m.; uc.m. is the angle betweenv0 and vc.m.; e is the angle
betweenE and the detector axis; andu lab is the angle between the molecular
beam axis and the detector axis. The figures show that the maximumu lab

values for the detection of C6H5CO are 27.0° forhn5193 and 19.8° for
hn5248 nm.

FIG. 2. TOF spectra for CH3 at ~a! u lab515° and~b! u lab530°. Circles
represent experimental data. Contributions are shown for CH3 ~dashed line!
from process~1!, CH3CO ~dot-dashed line! from process~2!, and CH3 ~dot-
ted line! from process~8!.

FIG. 3. TOF spectrum for C6H5CO at u lab515°. Circles represent experi-
mental data.
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On the basis of theP(Ec.m.)’s derived from the TOF spectra
of CH3 and C6H5CO, we conclude that'50% of the pri-
mary C6H5CO radicals@corresponding to the shaded area in
Fig. 4~a!# undergoes further dissociation according to pro-
cess~6!.

The TOF spectrum for CH3CO measured atu lab515°
and a flight path of 84.5 cm is shown in Fig. 5~a!. We have
also observed the TOF spectrum for CH2CO as shown in Fig.
5~b!. Figures 6~a! and 6~b! depict the TOF spectra for C6H5

at u lab515° and 30°, respectively. The observation of the
CH3CO and C6H5 spectra indicates the occurrence of process
~2!. The TOF spectrum for CH3CO is used to derive the
approximatedP(Ec.m.) for process~2!, shown as the solid
curve in Fig. 4~b!. The P(Ec.m.) thus obtained fits the TOF
spectrum for CH2CO, indicating that the CH2CO1 signal
arises from the dissociative electron ionization of CH3CO.

We expect that CH3
1 fragment ions formed in the disso-

ciative electron ionization of CH3CO @process~7!# contribute
to the TOF spectra for CH3 ~Fig. 2!:

CH3CO1e2→CH3
11CO12e2. ~7!

However, theP(Ec.m.) derived from the TOF spectrum of
CH3CO cannot account for the slow, broad peaks shown in
Figs. 2~a! and 2~b!. Since D0(CH3–CO) is ,11 kcal/mol
~see Table III!, the further dissociation of some internally
excited CH3CO radicals according to process~8! is expected:

CH3CO→CH31CO. ~8!

Process~8! has been observed for acetyl radicals initially
formed in the photodissociation of acetone and acetyl
chloride.1,7 The approximatedP(Ec.m.) for process~2! de-
rived from the TOF spectrum peaks at
Ec.m.'10.5 kcal/mol,39 indicating that the most probable in-
ternal energy for CH3CO1C6H5 is '38 kcal/mol, which is
'79% of the available energy. Assuming that this internal
energy is partitioned according to the internal degrees of

FIG. 4. ~a! TheP(Ec.m.) for process~1! derived by the TOF spectra for CH3

is shown as the solid curve. The part of theP(Ec.m.) to the right of the
dashed line fits the TOF spectrum for C6H5CO of Fig. 3. TheP(Ec.m.) for
the secondary dissociation process~6! derived by the TOF spectra for C6H5

and CO is shown by the dotted line.~b! The solid curve is the approximated
P(Ec.m.) for process~2! derived by the TOF of CH3CO at u lab515°. The
modified P(Ec.m.) for process~2! ~dashed curve! at Ec.m.,11 kcal/mol is
obtained by fitting the TOF spectrum for C6H5 at u lab515°. Thus, the com-
plete P(Ec.m.) for process~2! is the combined dashed curve atEc.m.,11
kcal/mol and the solid curve atEc.m.>11 kcal/mol. TheP(Ec.m.) for the
secondary dissociation of CH3CO obtained by fitting the slow peak the CH3

TOF spectra of Figs. 2~a! and 2~b! is shown by the dotted curve.~c! P(Ec.m.)
derived by the TOF spectrum of C6H5CH3 of Fig. 8. The TOF spectrum of
C6H5CH3 does not contain information forP(Ec.m.) at Ec.m.,8 kcal/mol due
to the kinematic constraint.

FIG. 5. TOF spectrum for~a! CH3CO and~b! CH2CO at u lab515°. The
spectrum for CH3CO is measured at a flight path of 84.5 cm. Circles repre-
sent the experimental data.

FIG. 6. TOF spectra for C6H5 at ~a! u lab515° and~b! u lab530°. Circles
represent experimental data. Contributions are shown for C6H5 ~dot-dashed
line! from process~2!, C6H5CO ~dashed line! from process~1!, and C6H5

~dotted line! from process~6!.
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freedom of the photofragments, the most probable internal
energy for CH3CO is estimated to be 19 kcal/mol, which is
above theD0(CH3–CO) value of 9.3 kcal/mol~see Table
III !. Since the portion of excited CH3CO radicals originally
formed by process~2! with internal energy greater than
D0(CH3–CO) is expected to dissociate according to process
~8!, the trueP(Ec.m.) at lowerEc.m. for process~2! should be
higher than that indicated by the approximatedP(Ec.m.) de-
rived by the TOF spectrum of CH3CO. However, the high
Ec.m. portion of the approximatedP(Ec.m.) based on the
CH3CO spectrum represents the trueP(Ec.m.) for process
~2!. The Ec.m. onset of'35 kcal/mol observed is more than
10 kcal/mol lower than the thermochemicalEc.m. threshold
48.5 kcal/mol for process~2!.

Using the secondaryP(Ec.m.) shown as the dotted curve
in Fig. 4~b! for the dissociation process~8!, we find that the
slow, broad peaks observed in the TOF spectra of CH3 at
u lab515° and 30° are satisfactorily accounted for by process
~8! @see dotted curves in Figs. 2~a! and 2~b!#. We note that
the secondaryP(Ec.m.) for process~8! thus obtained peaks at
6 kcal/mol, and is similar to that derived in the 193 nm
photodissociation study of acetone.7 This latter observation
can be taken as support for the present attribution of the slow
peaks of Figs. 2~a! and 2~b!. Based on this attribution, the
contribution due to the dissociative electron ionization pro-
cess ~7! is small @see dot-dashed curve in Figs. 2~a! and
2~b!#. The simulation of the CH3 spectra reveals that the
cross sections for process~1! to ~2! at hn5193 nm are com-
parable.

As a result of the kinematic constraint, C6H5CO cannot
be observed beyond 27°@see Fig. 1~a!#. Thus, C6H5

1 ions
formed in the dissociative electron ionization process~9!,

C6H5CO1e2→C6H5
11CO12e2, ~9!

should not contribute to the TOF spectrum for C6H5 at 30°
shown in Fig. 6~b!. We find that this latter spectrum can be
accounted for by theP(Ec.m.) derived from the CH3CO spec-
trum @Fig. 4~b!# at Ec.m.>16.5 kcal/mol. However, the TOF
spectrum for C6H5 at 15°, shown in Fig. 6~a!, may contain
contributions from the primary process~2!, the secondary
dissociation process~6!, and the dissociative electron ioniza-
tion process~9!. The fitting due to processes~2! and ~9! are
fixed by theP(Ec.m.)’s of the primary processes~1! and~2!.
The fact that the spectrum of Fig. 6~a! cannot be fitted by
processes~2! and ~9! indicates the occurrence of secondary
process~6!. As pointed out above, the approximatedP(Ec.m.)
of process~2! derived from the TOF spectrum for CH3CO
represents only the stable part of CH3CO formed by process
~2!. The completeP(Ec.m.) for process~2! should include the
secondary dissociation part according to process~8!. There-
fore, we have adjusted the approximatedP(Ec.m.) at lower
Ec.m. values to fit the TOF spectrum for C6H5 at 15°. The
best fit is achieved by taking into account contributions from
process~2! ~dot-dashed curve!, process~6! ~dotted curve!,
and process~9! ~dashed curve!. The secondaryP(Ec.m.) used
for process~6! ~dotted curve! is shown in Fig. 4. The com-
plete P(Ec.m.) for process~2! @Fig. 4~b!# is thus the com-
bined dashed curve atEc.m.,10.5 kcal/mol and the solid

curve atEc.m.>10.5 kcal/mol. The shaded area between the
solid and dashed curve represents the portion of excited
CH3CO ('40%) undergoing further dissociation. We note
that the portion of theP(Ec.m.) at Ec.m.,10.5 kcal/mol de-
rived by fitting the C6H5 spectrum of Fig. 6~a! has consider-
able uncertainties. Nevertheless, the fitting of the C6H5 spec-
trum at 15° is consistent with the conclusion obtained in the
simulation of the TOF spectra for CH3: the cross sections for
processes~1! and ~2! are comparable.

Figures 7~a! and 7~b! show the TOF spectra for CO ob-
served atu lab515° and 30°. In addition to contributions
from the secondary dissociation processes~6! and ~8!, the
TOF spectra for CO also contain contributions from the pri-
mary processes~1! and ~2! due to the dissociative electron
ionization processes~10! and ~11!, respectively:

C6H5CO1e2→C6H51CO112e2, ~10!

CH3CO1e2→CH31CO112e2. ~11!

Contributions from processes (1)1(10) ~dashed line! and
processes (2)1(11) ~dot-dashed line! are found to be small.
This can be understood by the low efficiencies for CO1 pro-
duction in processes~10! and ~11! as a result of the signifi-
cantly higher IE~CO! value than those for C6H5 and CH3.

21

The gross features of the CO TOF spectra of Figs. 7~a! and
7~b! can be fitted by adjusting the portions of process~6!
~long dashed line! and process~8! ~dotted line!.

Figure 8 the TOF spectrum for toluene (C6H5CH3) at
15° obtained by more than one million laser shots. The direct
detection of (C6H5CH3) can be taken as evidence that pro-
cess~3! also occurs. Since the breakage of the CH3–CO and
C6H5–CO bonds is compensated by the formation of the
C6H5–CH3 bond ~see Table I for theDH°0 value of

FIG. 7. TOF spectra for CO at~a! u lab515° and ~b! u lab530°. Circles
represent experimental data. Contributions are shown for C6H5CO ~dashed
line! from process~1!, CH3CO ~dash-dotted line! from process~2!, CO
~solid line! from process~3!, CO ~dot-dot-dashed line! from process~6!, and
CO ~dotted! from process~8!.
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C6H5CH3! and an additionalp-bond in CO, the endothermic-
ity at 0 K for process~3! is only 6.2 kcal/mol. However, the
activation energy for this dissociation process, which neces-
sarily involves a tight transition complex, is likely to be high.
The P(Ec.m.) for process~3! derived from the TOF spectrum
for CH3C6H5 is shown in Fig. 4~c!. This P(Ec.m.) decreases
rapidly asEc.m. is increased fromEc.m.58 kcal/mol toward
higher Ec.m., exhibiting the feature expected of a statistical
dissociation process. Due to the kinematic constraint, the
TOF spectrum for C6H5CH3 at 15° contains no information
for the P(Ec.m) at Ec.m.,8 kcal/mol. TheEc.m. onset for the
P(Ec.m.) of process~3! is .90 kcal/mol. Comparing the ob-
served C6H5CH3, C6H5, and CH3 signals, we estimate the
cross section for process~3! is ,0.1% of those for processes
~1! and ~2! at hn5193 nm. The contribution of process~3!
to the TOF spectra for CO at 15° and 30° is negligibly small
@see the small solid curves in Figs. 7~a! and 7~b!#. The sta-
tistical appearance of theP(Ec.m.) for process~3! is consis-
tent with the long time scale involved in the CH3 rearrange-
ment for the formation of C6H5CH3 from C6H5COCH3.

The angular distribution of the photodissociation frag-
ments has the form:40,41

P~g!5~1/4p!@11bP2~cosg!#, ~12!

whereP2(cosg) is the second Legendre polynomial andb is
the anisotropy parameter. We have measured the TOF spec-
tra for C6H5

1 at polarization angles«50°, 20°, 50°, 70°,
100° and 150° and TOF spectra for CH3

1 at «50°, 40°, 90°,
130° ~Fig. 9!. Within experimental error limits, no difference
in the spectra is observed. Therefore, we conclude that the
photofragment angular distributions for processes~1! and~2!
at hn5193 nm are isotropic, i.e.,b50. This observation is
consistent with the conclusion that the 193 nm photodisso-
ciation of acetophenone involves a predissociation mecha-
nism with a dissociation lifetime longer than the rotational
period of photoexcited C6H5COCH3.

D. Excitation at 248 nm

Upon the absorption of a 248 nm photon, C6H5COCH3

may dissociate according to processes~1! and ~2!. Since a

248 nm photon corresponds to an energy of 115.2 kcal/mol,
and the dissociation of C6H5COCH3 into C6H51CO1CH3

requires 110 kcal/mol, finite dissociation of excited primary
C6H5CO and CH3CO radicals according to processes~6! and
~8! are still possible. Thus, we have searched for the TOF
signals of C6H5CO, C6H5CH3, C6H5, CH3CO, CH3, and CO
as in the 193 nm photodissociation experiment described
above.

However, the measurements of the TOF spectra for
C6H5CO, CH3CO, and CH2CO were unsuccessful despite a
long and careful search for C6H5CO1, CH3CO1, and
CH2CO1 signals atu lab515°, 20°, 25°, and 30°. The ab-
sorption cross section of C6H5COCH3 at 248 nm is more
than 10% of that at 193 nm.10,15 Thus, the intensities for
C6H5CO and CH3CO at 248 nm are much lower than those at
193 nm. The dissociative ionization processes~7! and~9! are
expected to reduce the CH3CO1 and C6H5CO1 signals.
Hoping to minimize the effect of processes~7! and ~9!, we
have also searched for the CH3CO1 and C6H5CO1 signals at
ionizing electron energies lower than 75 eV. However, under
such conditions, the signals for CH3CO1 and C6H5CO1 are
too weak to measure the TOF spectra of C6H5CO and
CH3CO.

The TOF spectra for CH3 at u lab515°, 20°, and 30° are
depicted in Figs. 10~a!, 10~b!, and 10~c!, respectively. Fig-
ures 11~a!, 11~b!, 11~c!, and 11~d! show the respective TOF
spectra for C6H5 at u lab510°, 15°, 20°, and 25°. The TOF
spectra for CO and C6H5CO are shown in Figs. 12~a! and
12~b!, respectively. We note that the TOF spectra for C6H5 at
u lab525°, C6H5CH3 at u lab520°, CO at u lab520° result
from the accumulation of more than one million laser shots.

Because of the kinematic constraint, C6H5CO produced
by process~1! cannot be observed atu lab.20° @see Fig.
1~b!#. Thus, the translational energy distribution for process

FIG. 8. TOF spectrum for C6H5CH3 at u lab515°. Circles represent experi-
mental data. This spectrum was obtained from more than one million laser
shots.

FIG. 9. ~a! TOF spectra for CH3 at u lab515° ande50°, 40°, 90°, and 130°.
~b! TOF spectra for C6H5 at u lab515° ande50°, 20°, 50°, 70°, 100°, and
150°.

7238 Zhao et al.: Photofragmentation of acetophenone

J. Chem. Phys., Vol. 107, No. 18, 8 November 1997
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.88.90.140 On: Tue, 09 Dec 2014 23:43:57



~2! at 248 nm can be derived from the TOF spectrum for
C6H5 at u lab525°. However, in this spectrum a very fast
onset appears as a shoulder, which cannot be due to process
~2! based on the knownD0(C6H5–COCH3). We have attrib-
uted this to C6H5

1 formed in the dissociative electron ioniza-
tion of C6H5CH3. The P(Ec.m.) for process ~2! at hn
5248 nm derived from the TOF spectrum for C6H5 at 25° is
shown in Fig. 13~b!, which increases monotonically asEc.m.

is decreased from the onset atEc.m.'19 toEc.m.56 kcal/mol.

Due to the overlap with the C6H5
1 signal from C6H5CH3, the

Ec.m. onset for theP(Ec.m.) of process~2! cannot be deter-
mined. The onset for theP(Ec.m.) of Fig. 13~b! is fixed by
the knownD0(C6H5–COCH3) of 99.5 kcal/mol and the es-
timated thermal energy of'4.8 kcal/mol for parent
C6H5COCH3. The spectrum for C6H5 at 25° provides infor-
mation only about theP(Ec.m.) at Ec.m.>6 kcal/mol. As
shown in the analysis below, the C6H5

1 signal observed at
u lab<15° results overwhelmingly from the dissociative elec-
tron ionization of C6H5CO, i.e., processes~1!1~9!. Thus, the

FIG. 10. TOF spectra for CH3 at ~a! u lab515°, ~b! u lab520°, and~c! u lab

530°. Circles represent experimental data. Contributions are shown for
CH3 ~dashed curve! from process~1! and CH3CO ~dot-dashed curve! from
process~2!.

FIG. 11. TOF spectra for C6H5 at ~a! u lab510°, ~b! u lab515°, and ~c!
u lab520°, and~d! u lab525°. The TOF spectrum for C6H5 at u lab525° was
obtained from more than one million laser shots. Circles represent experi-
mental data. Contributions are shown for C6H5CO ~dashed curve! from pro-
cess~1!, C6H5 ~dot-dash curve! from process~2!, and C6H5CH3 ~dotted
curve! process~3!.

FIG. 12. ~a! TOF spectra for CO atu lab520°. Circles represent experimen-
tal data. Contributions are shown from CH3CO ~dot-dashed line! formed in
process~2! and CO~dashed line! from process~3!. ~b! TOF spectrum for
C6H5CH3 at u lab520°. Circles represent experimental data. Both spectra
were obtained from more than one million laser shots.

FIG. 13. ~a! P(Ec.m.) for process~1! derived by fitting TOF spectra for CH3.
~b! P(Ec.m.) for process~2! derived by fitting the TOF spectra for C6H5. ~c!
P(Ec.m.) for process~3! derived by fitting the TOF spectra for C6H5CH3.

7239Zhao et al.: Photofragmentation of acetophenone

J. Chem. Phys., Vol. 107, No. 18, 8 November 1997
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.88.90.140 On: Tue, 09 Dec 2014 23:43:57



TOF spectrum for C6H5 at smalleru lab’s does not provide
reliable information about theP(Ec.m.) for process~2! at
Ec.m.,6 kcal/mol.

On the basis of theP(Ec.m.) for process~2! shown in
Fig. 13~b!, we conclude that the CH3

1 signal originating from
the dissociative electron ionization of CH3CO @process~7!#
contributes only a small component to the tail of the CH3

spectra of Figs. 10~a!–10~c!. Thus, theP(Ec.m.) for process
~1! can be reliably determined from the TOF spectra of CH3.
TheP(Ec.m.) of process~1! thus determined is shown in Fig.
13~a!, and peaks near 12 kcal/mol. The averageEc.m. energy
release is 14.6 kcal/mol, which corresponds to 42% of the
available energy of'35 kcal/mol. TheEc.m. onset for the
P(Ec.m.) of process~1! is 36.061.5 kcal/mol. Since this ex-
periment uses a nozzle temperature of 130 °C~403 K!, the
onset observed here is affected by the hot band effect. With-
out consideration of the hot band effect, we determine a
lower bound of 79.3 kcal/mol forD0(C6H5CO–CH3). Using
the HF/6-31G~d! vibrational frequencies, the thermal energy
for C6H5COCH3 at 403 K is estimated to be 9.5 kcal/mol.
Thus, the trueD0(C6H5CO–CH3) value should fall in the
range of 79.3–88.8 kcal/mol. As mentioned above, we esti-
mate that the effective temperature for C6H5COCH3 after the
mild beam expansion is in the range of 250–350 K, corre-
sponding to a thermal energy range of 4.2–7.4 kcal/mol.
Taking into account the thermal energy for C6H5COCH3, we
arrive at a value of 85.062.2 kcal/mol for
D0(C6H5CO–CH3). The uncertainties of62.2 kcal/mol
given forD0(C6H5CO–CH3) include the uncertainties of the
Ec.m. onset and the possible spread in the thermal energy of
the parent C6H5COCH3. The D0(C6H5CO–CH3) value ob-
tained here is between the literature value of 80.7 and the
theoretical value of 85.1 kcal/mol~see Table III!. Using
D0(C6H5CO–CH3)585.062.2 determined here, together
with the known D fH°0(C6H5COCH3)5215.960.4 and
D fH°0(CH3)535.860 ~see Table I!, we obtain
D fH°0~C6H5CO!533.362.2 kcal/mol, which is in excellent
agreement with the value of 33.960.4 kcal/mol calculated
based on the selected set of isodesmic reactions~see Table I
and reactions v–xi in Table II!.

The P(Ec.m.)’s for process~1! and~2! of Figs. 13~a! and
13~b! have been used successfully to fit the TOF spectra for
C6H5 at u lab510°, 15°, and 20°@Figs. 11~a!, 11~b!, and
11~c!#. The TOF spectrum for C6H5 at u lab520° is mostly
due to process~2!, with minor contribution from process~3!,
whereas the TOF spectra for C6H5 at u lab510° and 15° are
largely due to process~1!, with minor contribution from pro-
cess~2!. We note that the contribution of process~2! to the
TOF spectrum for C6H5 at u lab515° has a bimodal structure,
which results from the forward and backward scattered com-
ponents of the C6H5 fragments.

The simulation of the TOF spectra for CH3 at u lab

515°, 20° and 25°@Figs. 10~a!, 10~b!, and 10~c!# shows that
the branching ratio of process~2! to process~1! is small at
248 nm. This ratio can also be estimated from the simulation
of the TOF spectrum for C6H5 at u lab510° @Fig. 11~a!#. As
we have shown in a previous photodissociation study of
CS2,

25 the photofragments resulting from photodissociation

of dimers and clusters are mainly confined to smallu lab val-
ues because of kinematic constraints. In order to avoid the
influence of dimers and clusters on the TOF measurement at
10°, we have decreased the stagnation pressure of
C6H5COCH3 to 260 Torr to reduce the effect of supersonic
cooling. Under such molecular beam expansion conditions,
no signals from electron ionization of dimers and clusters of
C6H5COCH3 are observed atu lab510°. As shown in Fig.
11~a!, the simulation indicates that the TOF spectrum for
C6H5 at u lab510° is predominantly accounted for by process
~1!. On the basis of the simulation of the CH3 and C6H5 TOF
spectra, we estimate that the branching ratio of process~2! to
process~1! is '0.01.

The P(Ec.m.) for process~3! at hn5248 nm derived
from the TOF spectrum for C6H5CH3 @Fig. 12~b!# is depicted
in Fig. 13~c!. This P(Ec.m.) is different from that obtained at
hn5193 nm @Fig. 4~c!#. The observedEc.m. onset of
'106 kcal/mol for theP(Ec.m.) of Fig. 13~c! is close to the
thermochemical threshold of 109 kcal/mol for process~3! at
hn5248 nm. TheP(Ec.m.) is nearly symmetrical about the
maximum atEc.m.'50 kcal/mol, indicating that the available
energy of 109 kcal/mol for process~3! is about equally par-
titioned into internal and translational energies of the photo-
fragments. ThisP(Ec.m.) of Fig. 13~c! has been used satis-
factorily to fit the fast shoulder observed in the TOF spectra
for C6H5 at u lab520° and 25°@Figs. 11~c! and 11~d!#. The
simulation of the C6H5 TOF spectra indicates that the
branching ratio for process~2! to process~3! is '0.08, with-
out considering the difference in the efficiency for the for-
mation of C6H5

1 by electron ionization of C6H5 and that by
the dissociative electron ionization of C6H5CH3.

Due to the high N2 background in the ionizer of the
QMS, the signal-to-noise ratio is poor for the CO TOF spec-
trum observed atu520° @Fig. 14~a!#, even after accumulat-
ing more than one million laser shots. According to dissocia-
tive electron ionization processes~10! and ~11!, CO1 from
the primary photofragments C6H5CO and CH3CO should
also contribute to the CO TOF spectrum. However, as
pointed out above, the CO1 signals from processes~10! and
~11! are expected to be small because of the high ionization
energy of CO. The simulation of the CO TOF spectrum at
u520° shows that the major contribution is by processes

FIG. 14. TOF spectra for C6H5 at u lab512° ande510°, 30°, 50°, 70°, 90°,
110°, 130°, 150°, and 170°.
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~2!1~8! ~dot-dashed curve!, and process~3! contributes as a
smaller fast peak~dashed curve!. We note that process~1!
cannot be seen atu520° due to the kinematic constraints.

The angular distribution for process~1! is probed by
measuring the TOF spectrum for C6H5 at u lab512° ande
510°, 30°, 50°, 70°, 90°, 100°, 130°, 150°, and 170°~see
Fig. 14!. These spectra are essentially identical, indicating
that the photofragment angular distribution for process~1! is
isotropic, i.e.,b50. Again, this observation indicates that
the dissociation lifetime of the excited state of C6H5COCH3

involved is longer than that of the rotational period, and that
a predissociation mechanism is operative for process~1! at
hn5248 nm. Since process~2! is a minor channel, the low
TOF signal for CH3 makes it difficult to measure the photo-
fragment angular distribution for process~2!.

IV. CONCLUSION

The TOF spectra for CH3 and C6H5 resulting from the
193 and 248 nm photofragmentation of C6H5COCH3 have
been measured. At 193 nm, processes~1! and~2! occur with
comparable cross sections. The cross section for process~3!
at 193 nm is estimated to be,0.1% of those for processes
~1! and ~2!. Approximately 30–50% of the CH3CO and
C6H5CO radicals initially formed at 193 nm by processes~1!
and ~2! are found to undergo further dissociation according
to processes~6! and ~8!. At 248 nm, process~1! is over-
whelmingly the dominant channel. The branching ratios for
process~1! : process~2! : process~3! are estimated as
1.0:0.01:0.0008. The energy releases for these dissociation
processes have also been determined. The photofragment an-
gular distributions for these processes are isotropic, possibly
indicative of a predissociative mechanism. From
the Ec.m. onset for process ~2! at 248 nm, we
determine D0(C6H5CO–CH3)585.062.2 kcal/mol and
D fH°0~C6H5CO!533.362.2 kcal/mol.

We have also conducted anab initio study of the ener-
getics for C6H5CO, and C6H5 formed in processes~1! and
~2! using the G2-type procedures together with isodesmic
reaction scheme. The theoretical valueD fH°0~C6H5CO!
533.961.3 kcal/mol is in good accord with the experimental
result of the present study. The theoretical values
D fH°0~C6H5)587.661.0 kcal/mol and D fH°0~C6H5CO!
533.961.3 kcal/mol indicate the literatureD fH°0 values for
C6H5CO and C6H5 are likely to be low by 3–4 kcal/mol.
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