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Photodissociation of nitrobenzene at 193, 248, and 266 nm and o-nitrotoluene at 193 and 248 nm
was investigated separately using multimass ion imaging techniques. Fragments corresponding to
NO and NO, elimination from both nitrobenzene and o-nitrotoluene were observed. The
translational energy distributions for the NO elimination channel show bimodal distributions,
indicating two dissociation mechanisms involved in the dissociation process. The branching ratios
between NO and NO, elimination channels were determined to be NO/NO,
=0.32+£0.12 (193 nm), 0.26%0.12 (248 nm), and 0.4+0.12(266 nm) for nitrobenzene and
0.42+0.12(193 nm) and 0.3+0.12 (248 nm) for o-nitrotoluene. Additional dissociation channels, O
atom elimination from nitrobenzene, and OH elimination from o-nitrotoluene, were observed. New
dissociation mechanisms were proposed, and the results are compared with potential energy surfaces
obtained from ab initio calculations. Observed absorption bands of photodissociation are assigned
by the assistance of the ab initio calculations for the relative energies of the triplet excited states and
the vertical excitation energies of the singlet and triplet excited states of nitrobenzene and
o-nitrotoluene. Finally, the dissociation rates and lifetimes of photodissociation of nitrobenzene and
o-nitrotoluene were predicted and compared to experimental results. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2435351]

I. INTRODUCTION

Nitrobenzene and nitrotoluene are prototypical mol-
ecules employed in studies of the combustion and decompo-
sition of energetic materials. Early studies of nitrobenzene
using discharge lamp photolysis and flash lamp photolysis
found that photodissociation of nitrobenzene generates sev-
eral different products, including nitrogen dioxide, ni-
trosobenzene, and cyclopentadiene.l Resonance enhanced
multiphoton ionization study of nitrobenzene detected NO
and a number of C,H,, (n1=1-6, m=0-5) fragments.” In a
recent study, Galloway et al. employed vacuum ultraviolet
(VUV) photoionization mass spectrometry to detect dissocia-
tion products in the photolysis of nitrobenzene at wave-
lengths between 220 and 280 nm.” The observed products
can be attributed to the following three major channels:

C6H5N02 +hv — C6H5 + NOZ’ (1)
C6H5N02 +hv — C6H5NO + O, (2)

C6H5N02 +hv — C6H50 + NO(Or C6H5 +CO+ NO) .
3)
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The dissociation mechanism was proposed to start from
the internal conversion to the ground electronic state, fol-
lowed by the isomerization to phenyl nitrite CqHsONO, and
subsequently breaking the C—ONO bond to release NO,, or
the O-NO bond to produce NO, or the ON-O bond to form
0. Although no phenoxy radical was observed in the experi-
ment, it was assumed that the phenoxy radical generated in
reaction (3) further decomposed into CsHs+CO due to the
large internal energy in CgHsO and low decomposition bar-
rier. Rotational and vibrational energy distributions of the
nitric oxide product after photodissociation of nitrobenzene
at several wavelengths have been measured.” It was found
that most of the NO was produced in v=0. The rotational
state distributions of the nascent NO photofragment can be
characterized by a Boltzmann temperature in the range of
2400-3700 K, depending on the photolysis wavelength. A
statistical model with some adjustments was suggested for
the explanation of NO rotational state distributions.

Dissociation of the nitrotoluene has also been studied. A
femtosecond laser multiphoton ionization mass spectroscopic
experiment at 375 nm showed that C;H5 and C;H,0", cor-
responding to NO, and NO loss channels, were observed for
all three nitrotoluene isomers.’ Ions of C;H;NO, correspond-
ing to the loss of O fragments, were observed from
p-nitrotoluene. In addition, ion of m/e=120, corresponding
to OH loss, is a significant product from o-nitrotoluene. Dis-
sociation occurs after multiphoton ionization was proposed

© 2007 American Institute of Physics
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to be the mechanism in the experiment. Bicyclic cation in-
termediates and, possibly, rearrangement to the nitrite form
prior to fragmentation have been suggested to explain the
OH loss channel of nitrotoluene cation.’ On the other hand,
NO product state distributions from the dissociation of neu-
tral o-nitrotoluene have also been observed.” In these studies,
the NO product internal energy distributions were unlike
those from dissociation of nitrobenzene. Whether NO is gen-
erated from the isomerization pathway analogous to that of
nitrobenzene is unclear.

The theoretical calculations for the geometries and ener-
gies of nitrobenzene in the ground electronic state and in
singlet and triplet excited states have been performed by the
complete active space self-consistent field (CASSCF)
method.® Recently, theoretical studies on the kinetics and
mechanisms for the thermal unimolecular decomposition of
nitrobenzene and o-nitrotoluene have been carried out, re-
spectively, by Xu and Lin’ and by Chen et al."’

In this work, the photodissociation of nitrobenzene and
o-nitrotoluene was investigated separately using a multimass
ion imaging technique.11 Photofragment translational energy
distributions and dissociation rates were measured. A new
dissociation mechanism was proposed by the assistance of
the ab initio calculations for the potential energy surfaces
and the excitation energies of the excited states of nitroben-
zene and o-nitrotoluene.

Il. EXPERIMENT

The experimental technique has been described in detail
in our previous reports on other aromatic molecules."! Only a
brief description is given here. Nitrobenzene (or
o-nitrotoluene) vapor was formed by flowing ultrapure He at
pressures of 800 (or 500) Torr through a reservoir filled with
a sample at 350 (or 330) K. The sample/He mixture was
then expanded through a 500 um pulsed nozzle to form the
molecular beam. Molecules in the molecular beam were pho-
todissociated by an UV laser pulse. Due to the recoil velocity
and center-of-mass velocity, the fragments were distributed
on an expanding sphere on their flight to the ionization re-
gion and then ionized by a VUV laser pulse. The distance
and time delay between the VUV laser pulse and the UV
photolysis laser pulse were set long enough such that the
radius of the fragment sphere is at least larger than 1 cm. The
delay time of the VUV laser pulse was also set such that the
VUV laser beam passed through the center of mass of the
dissociation products. Since the diameter of the VUV laser
beam (<1 mm) is much smaller than the radius of the frag-
ment sphere, it generated a line segment of photofragment
ions by photoionization. The length of the segment was pro-
portional to the fragment recoil velocity in the center-of-
mass frame multiplied by the delay time between the pho-
tolysis and the ionization laser pulses. To separate the
different masses within the ion segment, a pulsed electric
field was used to extract the ions into a mass spectrometer
after ionization. While the mass analysis was being executed
in the mass spectrometer, the length of each fragment ion
segment continued to expand in the original direction ac-
cording to its recoil velocity. At the exit port of the mass
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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 veloc-
ity axis and the other was the mass axis. The translational
energy distributions of many different fragments therefore
can be measured simultaneously from the image.

If the dissociation rate was small, then some molecules
did not dissociate immediately after the absorption of pho-
tolysis photons. Those molecules with large internal energy
stayed within the molecular beam. They flew with almost the
same velocity to the ionization region and then were ionized
by the VUV laser, resulting in dissociative ionization. The
ion image from dissociative ionization is very different from
the image due to the dissociation products of neutral mol-
ecules. Since the dissociation and ionization occurred at the
same position, the image from dissociative ionization is a
two-dimensional projection of the photofragment ion’s three-
dimensional recoil velocity distribution. It is a disklike image
and is different from the line shape image resulting from
dissociation products of neutral molecules. With the VUV
laser fixed in position, only the intensity of the disklike im-
age changed with the delay time between two laser pulses,
but the size of the disklike image does not change with the
delay time. Therefore, the ion image resulting from dissocia-
tive ionization can be distinguished easily from the image
resulting from dissociation products of neutral molecules by
the shape of the image as well as the change with the delay
time. The dissociation rate was obtained from the measure-
ments of product growth and the excited parent molecule
intensity decay (disklike image intensity decay) with respect
to the delay time between the pump and probe laser pulses
using a time-of-flight mass spectrometer.

lll. COMPUTATION

The geometries of the ground electronic (S;) state and
the triplet excited (7)) state of nitrobenzene and
o-nitrotoluene have been optimized at the B3LYP/
6-311G(d,p) level. The relative energy of T, was calculated
using a higher level calculation with the G2M(RCC, MP2)
scheme'> based on the optimized geometry at the
B3LYP/6-311G(d,p) level. In addition, time-dependent
density functional theory"> (TD-DFT) calculation at the
B3LYP/6-311G(d,p) level using the optimized geometries
of the S, and T states at the same level has been performed
to predict the vertical excitation energies and oscillator
strengths for the electronic excited states S;—Sg and 7,—Tg
of both molecules, respectively.

Ab initio calculations were carried out by GAUSSIAN 03
(Ref. 14) and MOLPRO 98 programs.15 The dissociation rates
and lifetimes for the photodissociation of nitrobenzene and
o-nitrotoluene at 193 and 248 nm were predicted by the
Rice-Ramsperger-Kassel-Marcus (RRKM) theory using the
VARIFLEX code'® or the CHEMRATE program.

IV. RESULTS AND DATA ANALYSIS
A. Photodissociation channels of nitrobenzene

Tons of m/e=30(NO), 39(CsHs), 46(NOs), 50(C,H,),
51(C4H3), 65(CsHs), and 77(C¢Hs) were observed from the
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FIG. 1. Photofragment ion images from the photodissociation of nitroben-
zene at 193 nm. The VUV wavelength is 118 nm.

photodissociation of nitrobenzene at 193 nm. Photolysis la-
ser intensities in the region of 0.1-2 mJ/cm? were used to
determine the photon number dependence of these frag-
ments. The results show that except m/e=39 and 50, all
photofragments stemmed from the dissociation of one-
photon absorption. Only the fragments from one-photon dis-
sociation will be discussed in this work. Figure 1 depicts the
photofragment ion images obtained from the photodissocia-
tion of nitrobenzene at 193 nm using the 118.2 nm VUV
laser beam. Fragments m/e=30(NO), 46(NO,), 65(CsHs),
and 77(C¢Hs) have line shape images. They resulted from
the dissociation of nitrobenzene.

The momentum distributions between CqHs and NO,
match very well, indicating the occurrence of reaction (1).
The translational energy of this channel is shown in Fig. 2.
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FIG. 2. Photofragment translational energy distribution of nitrobenzene at
193 nm. (a) C4HsNO, — C¢HsO+NO and (b) CcHsNO, — C4Hs+NO,.

J. Chem. Phys. 126, 064310 (2007)

Velocity axis

- m/e=30 NO

T i T
R T

-wfﬂ mie=46 NO2

__m/e=65 C5Hs

Mass axis

m/e=107 C6H5NO

v o P, Gy

FIG. 3. Photofragment ion images from the photodissociation of nitroben-
zene at 248 nm. The VUV wavelength is 118 nm.

The peak of the distribution is very close to zero, and it
decreases rapidly as the translational energy increases. Al-
though fragment NO was observed, no heavy fragment,
C¢HsO, corresponding to NO elimination was found. Only
CsHs was observed. Since most NO molecules (90%) are
distributed in v=0 (Ref. 4) and the decomposition barrier for
the reaction CgH5O — CsHs+CO is only 44 kcal/mol,"® it is
likely that CqH5O further decomposes into CsHs and CO due
to the large internal energy and low barrier height. The trans-
lational energy distribution measured from the NO fragment
for the reaction C¢HsNO, — CcHsO+NO, as shown in Fig.
2, indicates a bimodal distribution.

Fragments m/e=51(C4H;) has a disklike image. The
size of the disk also changes slowly with the delay time.
Instead of dissociative ionization from the undissociated par-
ent molecules, it must be from the dissociative ionization of
some heavy fragments. Indeed, the disklike image of C,Hj is
from the fragment cracking of C¢Hs,

C¢Hs — C,H} + C,H,. (4)

The disklike image of m/e=351, resulting from reaction (4)
can be further confirmed from the photodissociation of ni-
trosobenzene. In photodissociation of nitrosobenzene, the
major channel is NO elimination. However, a disklike image
at m/e=51 was also observed.

The similar dissociation channels were found in the pho-
todissociation of nitrobenzene at 248 and 266 nm. The frag-
ment ion images and the corresponding translational energy
distributions are shown in Figs. 3-6. It is interesting to note
that the fast component in the translational energy distribu-
tion of the NO elimination channel becomes small as the
photolysis wavelength increases, and some of the heavy frag-
ment of the NO elimination channel, C{HsO, does not com-
pletely decompose into CsHs+CO due to the small available
energy. This fragment can be observed clearly, especially for
the fast component, as illustrated in Fig. 3. In addition, a new
fragment, CqgHsNO, corresponding to O atom elimination



064310-4 Lin et al.

Probability (arb.}
©
wn
——

1.0
k (b)

g
s
> 051
3
[
Ee]
e
o

0.0

5 10 15 20

1.0 4 (C)
s !

= |

0.5 ™ ’

5 am

O

e

@

0.0

0 10 20 30

Translation Energy {(kcal/mole)

FIG. 4. Photofragment translational energy distribution of nitrobenzene at
248 nm. (a) C4gHsNO, — CcHsO+NO, (b) C¢gHsNO,— C4Hs+NO,, and (c)
C¢HsNO, — C(HsNO+O.

was observed. It was observed at both 248 and 266 nm.
However, the fragment intensity at 266 nm was too small to
be analyzed.

Dissociation rates were obtained from fitting the experi-
mental data to A exp(—kt)+B(1-exp(—kt)), where k=2 k;.
Here, k; is the dissociation rate constant for channel i. The
first term, A exp(—kt), represents the contribution from the
decay of parent molecules (dissociative ionization) and the
second term, B(1—exp(—kt)), represents the growth of prod-
ucts generated from neutral molecule dissociation. The dis-
sociation rates of nitrobenzene due to the 193 or 248 nm
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FIG. 5. Photofragment ion images from the photodissociation of nitroben-
zene at 266 nm. The VUV wavelength is 118 nm.
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FIG. 6. Photofragment translational energy distribution of nitrobenzene at
266 nm. (a) C¢gHsNO, —C¢HsO+NO and (b) C¢HsNO, — C¢Hs5+NO,.

photon excitation were found to be very close to our instru-
ment time response. The actual dissociation rates at these
wavelengths must be larger than 7 X 107 s™!. On the other
hand, the dissociation rate at 266 nm is slow enough to
be measured, as shown in Fig. 7. It was found to be
1.7x107 s71,

B. Photodissociation channels of nitrotoluene

The largest image intensities we observed at 248 nm is
the line shape images of m/e=46(NO,) and 91(C¢H,CH;),

30

mie=46

N
<
L

intensity (arb.)
s

90| S+ =~

m/es78
60

Intensity (arb.)

30+

0.0 01 0.2 0.3
Delay Time {us)

FIG. 7. Fragment ion intensity changes with respect to the delay time be-
tween pump and probe laser pulses. The photolysis wavelength is 266 nm;
the VUV laser is 118.2 nm. Solid squares are the experimental data; solid
lines are the fit to A exp(—kz)+B X (1 —exp(—k1)).
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FIG. 8. Photofragment ion images from the photodissociation of
o-nitrotoluene at 248 nm. The VUV wavelength is 118 nm.

as illustrated in Fig. 8. They correspond to the fragments of
NO, and CqH,CH; from the NO, elimination channel. On
the other hand, small intensities were observed from the line
shape images of m/e=30(NO) and 107(C4H,CH;0). They
represent the fragments of NO and C4H,(CH;)O, resulting
from the NO elimination channel. In addition, ions of m/e
=120(C;H¢NO) were observed. As the VUV wavelength
changed from 118 to 157 nm, only m/e=120(C;HgNO),
107(C¢H,4CH;0), and 92(CcH,0) were observed. The image
is shown in Fig. 9. The intensity profiles of m/e=92 and 120
obtained at 157 nm are the same as that of m/e=120 ob-
tained at 118 nm. These three fragments must represent the
fragment C;H¢NO, corresponding to OH elimination. Pho-
tolysis laser intensities in the region of 0.4—30 mJ/cm? were
used to determine the photon number dependence of these
fragments. The results show that all above photofragments
result from the dissociation of one-photon absorption.

The translational energy distributions of NO,, NO, and
OH elimination channels are shown in Fig. 10. The mono-
tonic decrease of the probability with the increasing transla-
tional energy was observed for both NO, and OH elimina-
tion channels. However, two components in the translational
energy distribution were clearly observed in the NO elimina-
tion channel.

In addition to the fragments described above, ions due to
the fragment cracking upon ionization were also observed.
They include the ions of m/e=65 from the cracking of frag-
ment CcH,CH; and ions of m/e=77, 78, and 79 from the
cracking of fragment C4H,CH;0O. However, the ion intensi-
ties are small.

Ion images from the photodissociation of 193 nm are
similar to those of 248 nm, as illustrated in Fig. 11. Images

Velocity Axis
’ m/e=92 C6H40
2
X m/e=107 C7TH70
©
= I m/e=120 CTH6NO

FIG. 9. Photofragment ion images from the photodissociation of
o-nitrotoluene at 248 nm. The VUV wavelength is 157 nm.
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FIG. 10. Photofragment translational energy distribution of o-nitrotoluene at
248 nm. (a) C¢H,CH;NO,—CcH,CH;0+NO, (b) CgH4CH;NO,
— C¢H,4CH3+NO,, and (¢) CqH,CH;NO,— C;H{NO+OH.

of m/e=46(NO,) and 91(CcH,CHj;) have the largest inten-
sities, corresponding to NO, elimination. Images of m/e
=30(NO) and 107(C¢H4,CH;0) were also observed. Al-
though the feature of two components in the translational
energy distribution still remains in the NO elimination chan-
nel, as shown in Fig. 12, it is not as clear as that observed at
248 nm. The OH elimination channel is also observed from
the fragments m/e=119(C;HsNO) and 120(C;HgNO) at a
VUV wavelength of 118 nm, as well as from the observation
of fragment m/e=120 at a VUV wavelength of 157 nm, as
illustrated in Fig. 11(f). Photolysis laser intensities in the
region of 0.2—4 mJ/cm? were used to determine the photon
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(3). .. rvmiiibisassc 1830 NO

L(b) A= - /646 N O2 |

(c) = m/e=91 CeH4CH>
0 ) e
&

d — mle=107 CTH7
] O — WesT0T O
«
=

(e) | "y

m/e=119 CTHsNO

® —————
B s m/e=120 CTHeNO

FIG. 11. Photofragment ion images from the photodissociation of
o-nitrotoluene at 193 nm. The VUV wavelength is 118 nm for (a)-(e) and
157 nm for (f).
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193 nm. (a) C¢H4CH;NO,—C¢H,CH;0+NO, (b) C¢H,CH;NO,
—CgH4,CH;3+NO,, and (¢) C¢H,CH3;NO, — C;H,NO+OH.

number dependence of these fragments. The results show
that all of the above photofragments resulted from the disso-
ciation of one-photon absorption.

The product growths with respect to the delay time be-
tween pump and probe laser pulses at 193 nm were found to
be close to our instrument time response. The actual disso-
ciation rate must be too fast to be measured (>7 X 107 s71).
A dissociation rate of 2.5X 10° s~! was obtained at 248 nm.
The experimental data are shown in Fig. 13. No significant
evidence of two dissociation rates can be found from the NO
elimination channel product m/e=107(CcH,CH;0).

C. Dissociation branching ratios

The relative branching ratios of two major dissociation
channels, NO elimination and NO, elimination, can be de-
termined from the ion intensities after the normalization by
the ionization cross sections at the corresponding VUV
wavelength and the correction of the fragment velocity ef-
fect. The ionization cross sections of NO, NO,, and C¢Hs at
118 nm are 2.3, 0.23, and 17 Mb, respectively.'” @ The
relative ionization cross sections of NO, and C¢Hs can be
further checked by the following argument. In the photodis-
sociation of nitrobenzene, one of the major channels is
CgHsNO, — C4Hs+NO,. The relative ion intensity of C4HZ
and NOj measured by the same VUV wavelength

J. Chem. Phys. 126, 064310 (2007)
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FIG. 13. Fragment ion intensity changes with respect to the delay time
between pump and probe laser pulses. The photolysis wavelength is
248 nm; the VUV laser is 118.2 nm for (a)—(c) and 157 nm for (d) and
(e). Solid squares are the experimental data. Solid lines are the fit to
A exp(—kt)+B(1 —exp(—k1)).

(118.2 nm) after the correction of the fragment velocity ef-
fect is 79:1. Since these two fragments resulted from the
same dissociation channel of nitrobenzene and the VUV pho-
ton energy is much higher than the ionization potential of
these two fragments, the relative ion intensity measured in
this experiment gives a good estimation of the relative ion-
ization cross sections of these two fragments at this VUV
laser wavelength. This ratio is consistent with the relative
ionization cross sections from the literature. The similar cal-
culation was used to confirm the relative ionization cross
sections between NO and CqHs. The ion intensity ratio be-
tween NO and C¢H;s obtained from the photodissociation of
CcHsNO is 0.16,"Y which is also very close to the relative
ionization cross sections from the literature. As a result, the
branching ratios between NO and NO, elimination channels
of nitrobenzene were determined to be 0.32+0.12,
0.26+0.12, and 0.4+0.12 for 193, 248, and 266 nm, respec-
tively. A similar calculation was performed to obtain the rela-
tive branching ratio of NO elimination and NO, elimination
for o-nitrotoluene. The values are 0.42+0.12 and 0.3+0.12
at 193 and 248 nm, respectively.

D. The calculations of the excited singlet and triplet
states of nitrobenzene

The geometry of C¢gHsNO, (S) is a planar structure with
a C,, symmetry.” The geometry of C4HsNO, (T) is a non-
planar structure with a C, symmetry. The ONCC dihedral
angle calculated at the B3LYP/6-311G(d,p) level is 16.0°.
The relative energy of 7T; to S, predicted with the G2M
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TABLE I. Relative energy of T, at the G2M(RCC,MP2)//B3LYP/6-311(d,p) level, vertical excitation energies of §,—-Sg and T,-Ty excited states in
kcal mol™! and oscillator strengths (f) of nitrobenzene (NB) and o-nitrotoluene (o-NT) estimated by TD-DFT at the B3LYP/6-311(d, p) level.

Singlet states

Triplet states

Excitation Oscillator Excitation Oscillator
Molecule State Symmetry E strengths Expt. State Symmetry E strengths Expt.
NB S, A, 88.6 0.0000 81.7" T, Y 72.8 62.9-77.2°
S, 'B, 99.8 0.0001 102.1¢ T, A’ 84.1 0.0003
S, 'B, 103.0 0.0139 102.1° T, A" 109.3 0.0012
S, A, 112.4 0.1928 115.3¢ T, 34" 116.7 0.0071
Ss 'B, 138.7 0.0001 Ts Y 117.4 0.0001
Se 'B, 141.2 0.0550 Ts A 151.4 0.0043
S, 'B, 145.1 0.0000 148.1° T, A" 154.5 0.0002
Sg 'A, 1525 0.0000 148.1° Ty 34 165.2 0.0015
0-NT S, A 88.0 0.0075 T, 3A 71.1 76.2
S, A 98.5 0.0196 T, A 84.5 0.0003
Sy A 100.6 0.0104 Ty 3A 108.3 0.0018
S, A 112.5 0.1460 115.3¢ T, A 113.5 0.0020
Ss 1A 134.7 0.0065 126.5" Ts 3A 115.8 0.0065
Se A 141.2 0.0306 Ty A 148.6 0.0030
S, A 145.3 0.0940 148.1° T, A 1523 0.0011
Sg 'A 1473 0.0130 148.1° Ty A 161.9 0.0014

“The band observed by Tsai ef al. [Ref. 20(a)].

®The band observed by Takezaki ef al. [Ref. 20(b)].

“The band observed by Nagakura er al. (Ref. 21).

The band observed by Marshall ef al. (Ref. 23) and this work.

“The band observed by this work.

"The band observed by Kosmidis e al. (Ref. 5).

£The band observed by Marshall ef al. (Ref. 24) and this work.

"The band observed by Marshall et al. (Ref. 2) and Castle et al. (Ref. 7).

(RCC, MP2) method is 72.8 kcal/mol. Takezaki et al. calcu-
lated the geometries and energies of C¢HsNO, in the ground
and excited states using the CASSCF method.® In their work,
the relative energy of 7 to S, was 52.5 kcal/mol using
CASSCF with the dzv N* basis and 58.0 kcal/mol with the
dzp basis. Our predicted value (72.8 kcal mol™!) is in good
agreement with the experimental energy of 62.9-
77.2 kcal/mol measured also by Takezaki et al.>®

The vertical excitation energies of the electronic excited
states could be predicted reasonably by the TD-DFT method
based on the ground state geometries.13 The calculated ver-
tical excitation energies of the electronic excited S;—Sg and
T,-Tg states of CcHsNO, using TD-DFT at the B3LYP/
6-311(d,p) level based on the optimized geometries of S,
and 7, at the same level, respectively, are summarized in
Table I. According to these calculated values listed in Table
I, some experimental absorption bands in the photodissocia-
tion of nitrobenzene can be assigned reasonably. A much
weaker absorption band centered at 350 nm (81.7 kcal/mol)
observed in previous reportszo(a) may be assigned to S; with
a negligibly small oscillator strength. This band was also
assigned to S in those studies.””® The second absorption
band at 280 nm (102.1 kcal/mol) observed by Nagakura er
al.* and Abbott et al.”* may be assigned to a mixture of S,
with an oscillator strength of 0.0001 and S5 with an oscillator
strength of 0.0139. The band at 280 nm assigned to S; by
Nagagkura et al.*" and Abbott e al.” might be incorrect. The
third absorption band at 248 nm (115.3 kcal/mol) was

observed by Marshall et al.” This absorption may be as-
signed to S, with the strongest oscillator strength of 0.1928.
Finally, the absorption band at 193 nm (148.1 kcal/mol) ob-
served in this work may be assigned to a mixture of S; and
Sg with a small oscillator strength.

E. The calculations of the excited singlet and triplet
states of o-nitrotoluene

The relative energy of 7 to S, with the G2M (RCC,
MP2) method is 71.1 kcal/mol, which is somewhat lower
than the experimental energy of 7| of o-nitrotoluene
[76.2 kcal/mol (Ref. 8)]. We also calculated the vertical ex-
citation energies of the excited S;—Sg and T,—Tjy states of
o-nitrotoluene using TD-DFT at the B3LYP/6-311(d,p)
level based on the optimized geometries of S, and 7 at the
same level, respectively. These excitation energies are also
listed in Table I. According to Table I, some experimental
absorption bands accessed in the photodissociation of
o-nitrotoluene may also be more reasonably assigned. The
absorption band at 375 nm (76.2 kcal/mol) in the photodis-
sociation of o-nitrotoluene observed by the femtosecond
mass spectroscopic technique5 may be assigned to 7. The
second absorption band at 248 nm (115 kcal/mol) observed
by Marshall et al** and in this work may be assigned to Sy
with the strongest oscillator strength of 0.1460. The third
absorption band at 226 nm (126.5 kcal/mol) observed by
Marshall et al.> and Castle ef al.” may be assigned to S5 with
an oscillator strength of 0.0065. Finally, the absorption band
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FIG. 14. Simplified potential energy surface for various dissociation chan-
nels, where energy units are in kcal/mol. For the details of structures, please
see Ref. 9.

at 193 nm (148.1 kcal/mol) observed in this work may be
assigned to a mixture of S; with an oscillator strength of
0.0094 and Sg with an oscillator strength of 0.0130.

F. Prediction for dissociation rates and lifetimes of
photodissociation of nitrotoluene and o-nitrotoluene

Assuming that the internal conversion is fast compared
with fragmentation lifetimes, we can predict the fragmenta-
tion rates of nitrobenzene and o-nitrotoluene following the
UV excitation on the basis of the RRKM theory using the
VARIFLEX code'® and the CHEMRATE program.17 The dissocia-
tion rate k(E;) corresponds to the microcanonical unimolecu-
lar dissociation rate at the internal energy E; of
107.7 kcal/mol for 266 nm, 115.3 kcal/mol for 248 nm, and
148.1 kcal/mol for 193 nm, and the fragmentation lifetime is
1/k(E)).

The primary photodissociation channels of nitrobenzene
at 266, 248, and 193 nm are NO, elimination, NO elimina-
tion, and a small amount of O atom elimination. There are
two channels for NO elimination producing C¢HsO and
CcH,OH. Most of the potential energy surface for the de-
composition of nitrobenzene has been published previously.9
The simplified potential energy surface is illustrated in Fig.
14. As shown in the figure, the two decomposition channels
for NO fragmentation as alluded to above take place by the
following low energy paths:

TS,
C¢HsNO, ——— LM, LM; — C¢H50 + NO,

TS,
C¢HsNO, ——— LM;,LM, — C4H,OH + NO,

where TSy with a barrier of 61.1 kcal/mol and 7S, with a
barrier of 76.2 kcal/mol control primarily their correspond-
ing decomposition processes. The structures of these TS’s
and the identifications of various intermediates denoted by
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FIG. 15. Simplified potential energy surface for various dissociation chan-
nels, where energy units are in kcal/mol. For the details of structures, please
see Ref. 10.

the local minima (LM,,) were published in a previous study.9
For the photodissociation of o-nitrotoluene at 248 and
193 nm, the primary observed fragments are NO,, NO, and
OH. The potential energy surface for the decomposition of
o-nitrotoluene has been reported.10 The simplified potential
surface is shown in Fig. 15. As shown in Fig. 15, there are
two channels for NO elimination and many product isomers
for OH fragmentations given as follows:
TSo
¥ — 24% — 25+ NO,

TS\
¥ —— 27% = 28% + NO,

1% — 14%,17% 31%,32% + OH,

where the species 17 represents o-nitrotoluene (o-NT). TS,
with a barrier of 57.9 kcal/mol for the formation of
CH,;C(Hs0(25*)+NO and TS,, with a barrier of
66.8 kcal/mol for the formation of CH,(OH)C¢H,(28%)
+NO control primarily their corresponding decomposition
channels. The channel for the formation of
C¢H,C(H,)NO(14*)+OH with a lower endothermicity of
74.2 kcal/mol is the primary decomposition channel for OH
fragmentation. This process takes place variationally in its
final stage of fragmentation.

The calculation for the dissociation rates and lifetimes of
nitrobenzene (NB) and o-NT producing C¢Hs+NO, and
CH;C¢Hs+NO,, as described for the thermal decomposition
of both compunds,9’10 has been made with the VARIFLEX
code'® based on the minimum energy paths derived for both
processes. The calculation for the dissociation rates produc-
ing C¢HsO+NO and CgH,OH+NO for NB and
CH;C¢H;0(25%)+NO,  CH,(OH)CH,(28%)+NO, and
C¢H,C(H,)NO(14%)+OH for o-NT involving multiple wells
was carried out with the CHEMRATE program.17

The predicted dissociation rates and lifetimes for the pri-
mary pathways of each molecule are listed in Table II. The
lifetimes for the C4gHsO+NO from NB are 10-20 times
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TABLE II. Calculated dissociation rates k(E) and lifetimes of photodissociation of nitrobenzene (NB), triplet
nitrobenzene (T-NB), and o-nitrotoluene (0-NT) via different pathways.

Dissociation rate (s~!)

Lifetime (ps)

Molecule Pathway 266 nm 248 nm 193 nm 266 nm 248 nm 193 nm
NB NB+hv— 8.0x107  3.0x10% 2.1x10" 13x10* 33x10° 4.8x10'
C6H5+N02(2A])
NB+hv— 72X10°  27x107  12xX10° 14X10° 3.7X10*  9.0%x10?
C¢H;0+NO
NB+hv— 78X102  6.0X10°  2.0x10° 13x10° 1.7x10% 50x10°
C¢H,OH+NO
T-NB  T-NB+hv— 8.6X10° 3.8x107 1.9x10' 12x10° 27x10* 54x10'
CeHs5+NO,(*B,)
T-NB+hv— 1.9X10%  84X10% 1.9%10'"0 54x10° 12X10° 53x10'
C¢H;0+NO
o-NT  o-NT+hv— 34X10°  23%X107  34x10° 29%X10° 44x10* 29x10?
CH,C¢H,+NO,
o-NT+hv— 13X10° 45X10° 20x10%8 7.8X10° 22X10° 5.0X10°
CH,;C¢H,0+NO
o-NT+hv— 57X10°  32xX10*  43x10°  1.8x10% 3.1x107 23x10°
CH,OHC(H,+NO
o-NT+hv— 92X10° 23X10° 3.7x107 1.1X10° 44x10° 2.7x10*
CH,C¢H,NO+OH

longer than those for the NO, formation pathway. The life-
times for the second NO fragmentation pathway of NB pro-
ducing C¢H,OH are 5-100 hundred times longer than those
for the CcH5O formation path.

In comparison, the lifetimes for o-NT fragmentation pro-
ducing CH;C¢H,+NO, (from CH;C¢H4,NO, directly, not
from 24%) are about 6-13 times longer than those for the
C¢Hs5+NO, production from NB. The lifetimes for o-NT
fragmentation producing CH;C4H;O+NO are about five
times longer than those for the CqHsO+NO production from
NB at the same wavelengths. The lifetimes for o-NT disso-
ciation by the second NO fragmentation path producing
CH,0OHCgH,;+NO at 248 and 193 nm are 46-140 times
longer than those for the first NO fragmentation process at
the same wavelengths. The total dissociation rates of NB at
266, 248, and 193 nm are 8.7X107, 3.3x10%, 2.2
X109 57! and those of 0-NB at 248 and 193 nm are 3
X107 and 3.6 X 10° s7!, respectively. The dissociation rate
for nitrobenzene at 266 nm is close to the experimental
value.

V. DISCUSSION

As discussed in the preceding section, the decomposition
of C4HsNO, into CgHs and NO, can occur directly or after
the isomerization to CgHsONO. As shown in Fig. 14, the
dissociation from both nitrobenzene and phenyl nitrite are
direct dissociation processes. However, once the NB isomer-
izes to C¢HsONO, the decomposition into CcHsO+NO is
more likely to occur due to the lower dissociation energy.
Therefore, unlike the decomposition mechanism suggested in
a previous study,3 the direct fragmentation from NB plays a
major role in the NO, elimination channel. Similarly, as
shown in Fig. 15, the decomposition of o-NT into

0-CH;C4H, and NO, should occur directly, with a negligible
contribution from CH;C¢H,ONO(24%) after isomerization.
The bimodal translational energy distribution in the NO
elimination channel of NB indicates a much more compli-
cated dissociation mechanism than that proposed in a previ-
ous study.4 The energy difference between the peaks of slow
and fast components from the photodissociation of NB at
193 nm is about 22 kcal/mol. In comparison, the energy dif-
ference between the fast and slow components from the pho-
todissociation of 0-NT is more than 30 kcal/mol. One of the
possible mechanisms is that there are two NO elimination
channels for both NB and o-NT in the ground electronic
state, as alluded to above. For the two NO elimination chan-
nels of NB shown in Fig. 14, the transition state 7S, with a
barrier of 76.2 kcal/mol primarily controls the second NO
elimination channel of C,H,OH+NO, whose energy is
15 kcal/mol higher than the barrier of the primary NO elimi-
nation channel of C¢gHsO+NO. In addition to the difference
in barrier heights, the difference in the heats of reaction is as
large as 26 kcal/mol. The large difference in the heats of
reaction between these two channels might result in the large
difference in the release of translational energy, as illustrated
in Fig. 2. The slow component corresponds to CcH,OH
+NO, which has a larger heat of reaction, and the fast com-
ponent corresponds to CcHsO+NO, which has a smaller heat
of reaction. A similar dissociation mechanism can be applied
to o-NT. As shown in Fig. 15, the transition state 7S, with a
barrier of 66.8 kcal/mol primarily controls the second NO
elimination channel of CH,(OH)C¢H,(28%)+NO, whose en-
ergy is 9 kcal/mol higher than the barrier of the primary NO
elimination channel of CH;C4Hs0(25%)+NO. The difference
in the heats of reaction between these two channels is
41 kcal/mol, which is larger than the corresponding value of
NB (26 kcal/mol). This possible mechanism explains the
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FIG. 16. Schematic energy diagram of nitrobenzene for
the primary dissociation reactions of 7 at the
G2M(RCC,MP2)IIB3LYP/6-311G(d,p) level, where
energy units are in kcal/mol.

NO bimodal distribution in translational energy. However, it
cannot explain the wavelength dependence of the ratio be-
tween fast and slow components. This is because the slow
component (CqH,OH+NO) has a larger barrier height and it
should decrease more rapidly as the photolysis wavelength
increases. It is not consistent with the experimental results.

Another possible mechanism for the nitrobenzene NO
elimination channel is that more than one electronic state are
involved in the dissociation processes. For example, the dis-
sociation from the triplet state can also lead to the same
product, as shown in Fig. 16. In the triplet state, dissociation
after passing the transition state only goes by an intermediate
with a very shallow potential well (1 kcal/mol below the
products) and leads directly into the products. As a result, the
energy release into the translational energy could be large.
On the other hand, dissociation from the ground state after
passing the transition state has to pass two intermediates
(LMg and LM;). The potential wells of these two intermedi-
ates are about 23 kcal/mol below the products. The transla-
tional energy release in this channel may be small. Since the
barrier height from the triplet state is larger than that from
the ground state, it explains the photolysis wavelength de-
pendence of the ratio between fast and slow components in
the NO elimination channel.

In addition, if the other electronic excited states are in-
volved in the dissociation process, phenoxy radicals may be
produced in two electronic states. The energy difference be-
tween the ground electronic state and the first electronic ex-
cited state of phenoxy radical is about 24.5 kcal/ mol,”
which is similar to the energy difference between the fast and
slow components. A similar argument can be applied to
o-nitrotoluene. However, due to the lack of the excited state
potential energy surface, we cannot determine these possible
mechanisms solely from experimental data.

For o-NT, an additional channel such as OH elimination
was observed. This channel was also reported in previous
studies.”®* The possible dissociation mechanism is shown
in Fig. 15. The potential energy diagram shows that there are
two dissociation pathways of o-NT— CH,CsH,N(O)OH
— CgH,C(H,)NO(14%)+OH and o-NT
— CH,C¢H,--N(OH)O or CH,C¢H,-c-N(OH)O
— CH,C¢H,NO(17%)+OH with 74.2 and 84.9 kcal/mol

overall endothermicities, respectively. The first pathway is
the primary channel for OH elimination, which was observed
in the photodissociation experiment.
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