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Ultrafast Electron Diffraction: Structural Dynamics of Molecular
Rearrangement in the NO Release from Nitrobenzene
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Abstract: Nitro compounds release
NO, NO,, and other species, but nei-
ther the structures during the reactions
nor the time scales are known. Ultra-

Ahmed H. Zewail*?!

ences, that nitric oxide and phenoxyl
radicals are formed dominantly and
that the time scale of formation is 8.8 4+
2.2 ps. The structure of the phenoxyl
radical was determined for the first

time, and found to be quinoid-like. The
mechanism proposed involves a repul-
sive triplet state, following intramolec-
ular rearrangement. This efficient gen-

fast electron diffraction (UED) al-
lowed the study of the NO release
from nitrobenzene, and the molecular
pathways and the structures of the
transient species were identified. It was
observed, in contrast to previous infer-

Introduction

Nitrobenzene, the prototypical member of a family of nitro
compounds, is a common environmental pollutant!™ and a
frequent ingredient in energetic explosives.”! Elimination re-
action pathways from nitrobenzene are known to produce
NO,, NO, and O radicals. The fragment nitric oxide (NO) is
unique in that its mechanism of release may be relevant to
the development of nitroaromatic NO donor drugs,®”! which
are important in the regulation and maintenance of physio-
logically vital functions.®!! Even in the apparently simple
reaction of NO loss from nitrobenzene, ambiguities continue
to exist regarding the competition among reaction pathways,
the various product yields, and the transient structures in-
volved. Furthermore, an intramolecular rearrangement may
occur in the release of NO and only with complete structur-
al determination can we directly establish the pathways in-
volved.
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eration of NO may have important im-
plications for the control of by-prod-
ucts in drug delivery and other applica-
tions.

diffraction

The phenoxyl radical, a resulting fragment of NO elimina-
tion from nitrobenzene, has been recognized as important in
biological processes and combustion chemistry,">" but its
structure has not been determined. It has been the subject
of both experimental and theoretical investigations, since it
was observed as a reaction product in the vapor phase,' in
solution," and in a matrix."! The experimental information
on phenoxyl has been provided by resonance Raman spec-
troscopy,'” "l IR spectroscopy,™*!) and ESR hyperfine cou-
plings,®*2! which led to the elucidation that C—O has
double-bond character. Combined with the finding of a radi-
cal electron in the m ring system™! and the known chemical
reactivity of the phenoxyl radical, it was suggested that the
ring of the phenoxyl radical is quinoid-like. Theoretical stud-
ies largely agree.[*>%

Herein we report our first study of the structural dynam-
ics of the elimination reaction of nitrobenzene by using ul-
trafast electron diffraction (UED) to determine transient
structures directly. It is shown that the dominant pathway
upon excitation is not that involving a single-bond rupture
to produce NO, and a phenyl radical, but instead is a path-
way of intramolecular rearrangement involving bond break-
ing and bond forming to yield NO and the phenoxyl radical
(Scheme 1). This UED study sheds new light on the signifi-
cant and long-debated problem regarding the reactions of
nitroaromatic compounds by providing evidence of a domi-
nant pathway, contrary to spectroscopic observations.
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Scheme 1. Elimination reaction of nitrobenzene. The dominant pathway
involves intramolecular rearrangement with bond breaking and bond
forming to yield NO and the phenoxyl radical.

Results

The diffraction pattern of nitrobenzene in the ground state
was directly recorded in two dimensions. This pattern was
radial-averaged to give the one-dimensional curve, of which
the sinusoidal oscillations contain all contributions from
each internuclear distance. Refined structures were obtained
by following our previously outlined methodology.?”-?*! The
experimental and the refined theoretical modified radial dis-
tribution, f(r), and the molecular scattering function, sM(s),
are shown in Figure 1. The refined structural parameters, in-
cluding the rotational barrier height, are compared to those
from previous experiments as well as density functional
theory (DFT) values (Table 1). They are in satisfactory
agreement, with discrepancies within 0.02 A and 1.5° for dis-
tances and angles, respectively. The exception lies with the
nitro torsional angle values (¢) reported by Domenicano
etal.” and by Shishkov et al.’”! These are 13.3+1.4° and
22.7°, respectively, and are strongly dependent on tempera-
ture. In these studies only a single torsional angle was em-
ployed for the internal rotation of the nitro group. When we
use this approach, our data gives a value of 19.4°. This value
represents {|¢|), as positive and negative torsional angles are
equivalent owing to the symmetry of the molecule. On the
basis of the relation between this mean deviation and the
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Figure 1. a) Radial distribution curve f(r) (versus internuclear distance r),
b) molecular scattering sM(s) (as a function of momentum transfer s),
and c) the rotation population and the potential energy (V) curve along
the torsion angle (¢), for ground-state nitrobenzene. Theoretical (blue)
and experimental (red) curves match with R=0.023.

potential V, = RT /7(¢)*, Domenicano et al. estimated the
rotational barrier to be around 4=+ 1 kcal mol ..

Owing to the low rotational barrier, the torsion of the
nitro group was treated with explicit consideration of the
large amplitude motion.”"! Thermal populations of internal
rotational modes (with an angle binning of 2.5°) were evalu-
ated with the potential function, V = 1V, [l — cos(2¢)], with
the contribution of each angle being population-averaged.
The shrinkage effect’ and stretching anharmonicity were
also incorporated. This dynamic model fixes the torsional
angle at 0° with the standard deviation of the distribution
(0) defining the range of angles. From our data we obtain
0=28.7°. Our structural refinement based on the dynamic
model puts the rotational barrier at 3.1+0.4 kcalmol ™!, in
agreement with the values of 2.940.2 kcalmol ! and 3.3 kcal
mol~! obtained from microwavel® and Raman spectrosco-
pyP studies, respectively.
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Table 1. The refined structure of ground-state nitrobenzene.

Parameters Refined Domenicano Shishkov  Theoreticall®!
valuel® et al® et al

C1-C2, C6—C1 1.409+0.009  1.3986 1.391 1.391

C2—C3,C5-C6  1.388+0.024"! 1.3991 1.391

C3—C4, C4—C5 1.390+0.009  1.3991 1.395

C-H 1.083 1.093 1.114 1.083

C1-N7 1.492+0.001 1.486 1.478 1.481

N7-08, N7— 1.219+£0.006  1.2234 1.218 1.223

09

C6—C1-C2 123.4+0.8 123.4 125.1 122.3

C1-C2-C3, 117.34+0.7¢ 117.6 115.7 118.5

C5-C6—C1

C2—C3—C4, 120.9£0.7¢ 120.6 122.5 120.2

C4—C5—Co

C3—C4-C5 119.8+£0.6 120.18 118.3 120.3

C1-N7-08, 116.4+0.2 117.34 118.3 117.6

C1-N7-09

C-CI-N7—-  (0) @87)"  (132) @  (227) 0

08 )

V, [kcal 3.1+04 4 13 6.5

molfl][gJ

[a] C,, symmetry was used during the structural refinement. The error
bars reported are 3o. [b] Taken from reference [29]. [c] Taken from refer-
ence [30]. [d] Theoretical structures were obtained by using DFT calcula-
tions at the B3LYP/6-311G(d, p) level of theory. [e] Dependent variables
and propagated errors. [f] Angle brackets denote the center values, pa-
renthesis indicate the population-weighted standard deviation (see text
for details). [g] V, denotes rotational barrier along the torsional motion
of the nitro group.

To study structural dynamics during the course of the re-
action, we recorded time-resolved diffraction patterns at dif-
ferent times, from —100 ps to 4100 ps in one set of experi-
ments, and from —100 ps to +1 ns in other sets of experi-
ments. To identify the reaction channel(s) upon excitation at
266.7 nm, the experimental and theoretical AsM(s) and
Af(r) curves for energetically allowed channels (Figure 2), as
well as their multiple combinations, were compared. Vibra-
tional temperatures of each of the products were estimated
by using calculated vibrational frequencies and available en-
ergies. Mean translational energy release and rotational
energy partitioning were also taken into account.
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Figure 2. Energy diagram of excited states and chemical channels of ni-
trobenzene.
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Figure 3 displays the comparison of the experimental
Af(r) curves with theory at the +1-ns time delay (reference
at —100 ps). Theoretical structures that matched the data
poorly were excluded. The experimental AsM(s) and Af{(r)

a) Hot Ground State b) Triplet State T,

——— Theory
—— Experiment

.
Fan" ')
]
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Figure 3. Radial distribution curves Af(r;t = +1 ns,t,; = —100 ps) for
trial fits of different reaction pathways. The product channels are:
a) “hot” ground state CgHsNO,; b)triplet (T;, *m—n*) CgHsNO,;
¢) phenyl nitrite (C;HsONO); d) S; (‘n-m*) CeHsNO,; e) C;HNO+0
(°P); and f) CsH;+CO+NO.

curves for NO, eliminations (with the ground and the excit-
ed states of the NO, fragment) and NO elimination are
highlighted in Figure 4. Structural refinement attempted for
these NO, channels resulted in unphysical structures. The
best fit was obtained when using C;HsNO,—C¢H;O 4+ NO as
the dominant reaction. Multicomponent fits (not shown)
performed by floating the fraction of several channels also
favored an exclusive NO-elimination reaction. Similar re-
sults were also found at both +50-ps and +100-ps time
delays. These results establish that the dominant reaction
channel of nitrobenzene upon excitation at 266.7 nm is NO
elimination. With the reaction channel identified, the struc-
ture of its corresponding product, the phenoxyl radical, was
then refined. Figure 5 shows the experimental and the re-
fined theoretical molecular scattering and radial distribution
curves for the NO-elimination reaction channel. The refined
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Figure 4. Molecular scattering curves, AsM(s;t = +1 ns,t,; = —100 ps),
and radial distribution curves, Af(r;t = +1 ns, t,,; = —100 ps), for trial fits
of NO,- and NO-elimination reactions: a) CiHs+NO, (1°4,); b) C¢Hs+
NO, (1°B,); and ¢) CgH;O + NO.

structural parameters are listed in Table 2 together with
DFT values. The C—O bond length was found to be 1.232 A.
Aryl C—C bonds are 1.465 A, 1.382 A, and 1.420 A at their

Table 2. The refined structures of intermediates.

Species Parameters Refined value!  Theoretical

nitric oxide ~N-O 1.148 1.148

phenoxyl C1-C2, C6—C1 1.465+0.0189 1452
C2—C3, C5-Co 1.382+0.0181 1.375
C3—C4, C4-C5 1.42040.018" 1.408
C-H 1.084 1.084
C1-07 1.2324+0.064 1.251
C6—C1-C2 116.9 116.9
C1-C2-C3, C5-C6—C1  121.0 121.0
C2—C3—C4, C4-C5—C6 1202 120.2
C3—-C4-C5 120.7 120.7

[a] C,, symmetry was used for the phenoxyl radical. The N—O bond
length of nitric oxide and all structural parameters involving hydrogen
atoms were fixed at DFT-calculated values. Only two structural parame-
ters, the C—O bond length and the mean ring C—C bond length, were re-
fined owing to correlation difficulties; the individual ring C—C lengths
were defined from the mean refined value. The error bars reported are
30. [b] Theoretical structures were obtained by DFT calculations at the
B3LYP/6-311G(d, p) level of theory. [c] Dependent variables and propa-
gated errors.
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Figure 5. a) Frame-referenced modified molecular scattering curves,
AsM(s;t), and b) frame-referenced radial distributions, Af(r;¢) for nitro-
benzene (266.7 nm excitation) at r=+1 ns (t,,=—100 ps) along with the
refined theoretical curves corresponding to the reaction products phenox-
yl and NO radicals. The experimental data points are shown as a red line
and the refined theory is a blue line (R=0.375).

primary, secondary, and tertiary positions (with respect to
the O atom), giving the average value of 1.423 A.

From the temporal frame-referenced diffraction data, the
population of the product structures as a function of time
was determined. Figure 6 displays the 1D frame-referenced
radial distribution curves from —100 to 4100 ps. The curves
clearly map out the reaction showing both negative peaks
(blue regions), which correspond to the loss of old bonds,
and positive peaks (red regions) corresponding to the for-
mation of new bonds. The curves retain the same features
over time, but simply increase in amplitude, indicating the
growth in population of a common product structure.
Figure 7 shows the growth of the product fraction with time.
Nonlinear fitting, for a single-step reaction, gives a rise time
of 8.8+2.2 ps.

Discussion
Previous Spectroscopic Studies

Spectroscopic characterization of nitrobenzene has been the
subject of study for decades. The gas-phase UV absorption
spectrum of nitrobenzene consists of three broad and struc-
tureless bands, centered at 280 nm, 240 nm, and 195 nm.P*>
A much weaker absorption band at ~350 nm was also ob-
served.“’! Excitation to these states results in no observable
fluorescence or phosphorescence. An early gas-phase study
assigned the 240-nm band to be a charge-transfer state from
the phenyl ring to the NO, moiety.”®! A similar conclusion
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Figure 6. The experimental Af(r;¢) with the time steps indicated. Nega-
tive peaks (blue regions) correspond to the loss of old bonds; positive
peaks (red regions) correspond to the formation of new bonds.
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Figure 7. The temporal dependence of the product fraction in the reac-
tion CsHsNO,—C¢Hs0 +NO. Nonlinear fitting of a single-step reaction
yields a time constant of 8.8 +2.2 ps.

was also made by other experimental and theoretical inves-
tigations.[*"*l However, polarization spectroscopy indicates
that the 240-nm band is characterized by a transition dipole
moment that is mostly perpendicular to the molecular figure
axis, whereas that of the 280-nm band was inferred to be
parallel, providing contrary evidence to some previous spec-
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troscopic and theoretical assignments.”*) The energy of the
lowest triplet state in solution was deduced to be 58 kcal
mol L. The photophysical dynamics of nitrobenzene is
fairly limited. The lifetime of the triplet upon excitation at
~366 nm in liquids was deduced to be ~1 ns from the mea-
surement of intersystem crossing (ISC) yield by using photo-
sensitization." The lifetime of the lowest excited singlet
state (S;) was found to be 6 ps and that of presumably the
lowest triplet state (T;) to be 400-900 ps depending on the
solvent, with an ISC yield of 0.8.47

The rich photochemistry of nitrobenzene has been report-
ed in the vapor,?”* in solutions,”” and in matrices.'>?*2!]
Early discharge-lamp studies detected NO, and C;H;NO as
photodissociation products,***! suggesting two reaction pro-
cesses: C,HsNO,—CcH;+NO, and C,H;NO,—CH;NO +
O. Flash photolysis has also led to CsHs as a product.”” A
number of mass spectrometry studies on the photodissocia-
tion of nitrobenzene by using nanosecond laser pulses at
various wavelengths revealed the coexistence of multiple
dissociation channels, including those yielding NO,, O, and
NO.F73234361 Pyrolysis by pulsed TR laser heating showed
C¢Hs—NO, bond breaking to be the primary reaction chan-
nel.’Y Another pyrolysis study by using a single-pulse shock
tube method identified the formation of phenoxyl radical as
a minor channel.””)

In spite of these extensive photodissociation studies, the
lack of ionization cross-section data has hindered the quanti-
tative analysis of the branching ratio among the reaction
channels. On the basis of ion signal-intensity data, NO elimi-
nation had been considered a relatively minor reac-
tion.”3*%!' Assuming that both NO, and NO are produced
in the ground state, Galloway et al. estimated the branching
ratio between NO, and NO elimination to range from 1.3 to
5.9 for excitation wavelengths between 280 and 222 nm, by
using ion signal intensities detected and the single photon
ionization cross-sections from ground states.’”! Because NO,
may form in the excited state,”* the authors®”! noted that
the branching ratio should be viewed as an upper limit; ex-
cited NO, supposedly has a higher ionization efficiency.

Structural Dynamics from UED

The structural dynamics reported herein obtained by using
UED indicate the dominance of the NO-elimination chan-
nel at 266.7 nm. Our result would be consistent with the
spectroscopic analysis only if NO, is generated in the excit-
ed state. However, its yield relative to NO must be very
low; the apparent enhanced detection is due to the pre-
sumed higher cross-section for ionization from excited NO,
and the ratio of yield to NO becomes less than 1. Also con-
sistent with our findings are the results of infrared studies of
photoexcited nitrobenzene in an Ar matrix,”"! which report
the exclusive observation of a weakly bound C¢H;O--NO
complex, whereas those corresponding to O and NO, elimi-
nations were not found. The refined structure of the phe-
noxyl radical with strong C—O double-bond character
(1.232+0.064 A) is in agreement with the values obtained
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from DFT (1.253-1.270 A)2%% a5 well as CASSCF/6-
311G(2d,p) (1.228 A) calculations.”>* The refined C—C
bond lengths of the phenyl ring, in general, agree with previ-
ous high-level calculations: the C1—C2 (1.465 A) and C2—C3
(1.382 A) bond lengths are close in value to typical C—C
single and double bonds, respectively, while the C3—C4
bond length (1.420 A) shows partial double-bond character,
quinoid-like, resulting from the conjugation effect of the
radical center.

The rise time for the formation of the phenoxyl and NO
radicals from UED is 8.8 ps. At our wavelength, the mole-
cule is excited to a high-energy state (see previous subsec-
tion) which, as is known from photophysical studies, does
not fluoresce. Relative yields and product-energy partition-
ing, measured between 320 and 240 nm, show no abrupt
change over the range,”* and, therefore, it is reasonable
to deduce that excitation to states higher than S; results in
an efficient internal conversion (IC), as we reported else-
where for related systems.”*®'! Moreover, vapor-phase nitro-
aromatic compounds in S; (>300 nm) undergo highly effi-
cient ISC.”! In the liquid phase, the ISC yield of nitroben-
zene has been determined to be greater than 0.80, and the
lifetime of the S; state to be 6 ps at 320 nm.[*>*! This ultra-
fast ISC can be rationalized by the proximity effect!® and
efficient one-center overlap between S; (n-rt*) and T, (n—
7%).1%) Accordingly, the rise time of 8.8 ps covers both the
rates of ISC and the triplet-state reaction yielding NO and
phenoxyl radicals (Figure 8). The barrier to NO release

266.7 nm

izt S

CaHsNO,(S,)

100~

C,HeNO,(12B,)
C.H:NO+O(*F)

~
(&)
I

CoHa+NO,(124,)

.
CoHsNO,(T))

£/ kecal mol''m ——
w
[=]
|

C.H,+NO+CO

)
3]
I

CH:NO,(Sy) C¢H,ONO

Figure 8. Possible photophysical and photochemical pathways of nitro-
benzene upon excitation at 266.7 nm.

from T, was calculated (see below), from which the statisti-
cal time constant for the formation of products was deter-
mined to be ~1ns. However, the reaction time becomes
~1 ps when considering a directed motion involving only
“local” modes.

To examine the nature of potential surfaces and reaction
rates, we performed DFT calculations of the likely nuclear
motions for the rearrangement-elimination process on both
T, and S, (Figure 9);° The S, surface has been invoked to
describe pyrolysis reactions,” %! but the results do not
agree with the photochemical behavior of nitrobenzene.>*”)
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Figure 9. Theoretical calculations of the S, and T, surfaces for NO and
NO, eliminations (see text).

For comparison, the CgH;+NO, pathway is also presented
in Figure 9. The T, state is mainly of *m—m* character local-
ized on the nitro group. Thus, direct C—N bond scission
adiabatically correlates with an excited NO, (1°B,) and a
ground-state phenyl radical. This is affirmed by our calcula-
tion, which predicts that no direct pathway leading to
phenyl radical4+NO, (1%A4,) exists on the T, surface. Fur-
thermore, NO, (12B,) elimination involves the surmounting
of a high barrier (~45 kcalmol™'). These findings are con-
sistent with the negligible contribution of the NO,-elimina-
tion channel in our data, and also with the high yield of
NO, ion signal reported previously by Galloway et al.F"#!
The loose character of the C—N cleavage transition state ex-
plains the small relative translational energy partitioning
into the fragments and the yield increase with photon
energy.”” The production of excited NO, has been seen in
the photodissociation of nitromethane at 193 nm.*7!

In contrast to the dissociation producing NO, (1?B,), NO
elimination on T, involves a lower-energy barrier (=25 kcal
mol ') and a large exothermic energy change owing to the
stability of the phenoxyl radical. This relatively low barrier
explains its dominance over the other channels. Since
phenyl nitrite, the NO elimination intermediate structure on
Sy, is not stable on the T, surface, the exit channel from the
TS is direct and efficiently results in phenoxyl and NO radi-
cals. The exit channel barrier is rather high (2.64 eV), consis-
tent with the product energy partitioning reported from
multiphoton ionization (MPI) and laser-induced fluores-
cence (LIF) studiesP %7 of the NO product (translational
energy=1.1, 0.86, and 0.56 eV at 226, 240, and 280 nm exci-
tation, respectively, and rotational energy =0.32 and 0.20 eV
at 226 and 280 nm excitation, respectively).® In an orbital
valence-bond description, the *m—m* excitation generates an
unpaired electron on each oxygen atom. Rotation of the
nitro moiety then results in favorable overlap of the non-
bonding orbital of the O atom (in the plane of NO,) with
the adjacent morbital of the aromatic ring and forms the
pseudo-three-membered ring. The R—N—O bonds with
weakened m bonding (*n—m*) are severed as the new C—O
bond is formed.
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Conclusions

Structural dynamics obtained directly with UED reveal that
NO release in 8.8 ps involves intramolecular rearrangement
and is the dominant elimination reaction pathway. The
structure of the transient phenoxyl radical was determined,
and, with the aid of theory, the reaction pathway was sug-
gested to involve the lowest triplet potential-energy surface.
A quantitative determination of the time-dependent popula-
tions of individual product species was obtained by resolving
their transient structures. This advantage, absent in previous
spectroscopic studies, dispels the uncertainty regarding the
reaction mechanism. In contrast to pyrolysis in the ground
state, which leads to various by-products, the dominance of
NO release on the triplet surface may be utilized in design-
ing effective NO-delivering drugs with minimized side reac-
tions (NO, release, for example). It may also assist in studies
of atmospheric nitroaromatic compounds.”™

Experimental Section

A detailed description of the UED III apparatus and data analysis has
been given in previous publications.?”?*! Briefly, ultrashort laser pulses of
120 fs at 800 nm were frequency-tripled. The resulting UV light (450 pJ/
pulse) was split into two beam paths. The pump beam (~93% of the
total energy, time delayed by using a translation stage) was focused to a
size of ~400 um in diameter and directed into the scattering chamber to
initiate the reaction. The weaker beam (~7% of the total energy) was
attenuated, focused, and directed onto a back-illuminated silver-coated
cathode to yield ultrashort electron pulses through the photoelectric
effect. The electron pulses were accelerated at 30keV (Age Brogic =
0.067 A) to form a beam with a size at fwhm (full width at half maxi-
mum) of ~370 um and were then directed through the molecular beam.
Zero-of-time was established by maximizing the lensing effect™ ™ with
1,3-butadiene.

For the present study, two separate experiments were performed: A full
series of time-resolved diffraction patterns were obtained to determine
the reaction dynamics (3.1x 10* electrons/pulse, 5 ps pulse width). Anoth-
er series of patterns was also taken with more electrons per pulse and
fewer time points (data collected at four time points) to determine the
structure of the transient species (8.8x10* electrons/pulse, 11 ps pulse
width). The temperature was increased progressively from the sample re-
servoir through the manifold to the needle tip, from 433 K to 493 K, in
order to avoid condensation. The sample vapor enters the chamber
through a 180-pum aperture by effusive expansion to form a molecular
beam with an estimated fwhm of ~325 pm at the interaction region. Ni-
trobenzene (>99%) was purchased from Aldrich and used without fur-
ther purification.

For the study of transient structures, diffraction patterns were recorded
at different time delays between initiating laser pulse and electron pulse.
Temporal frame-referenced data were then generated by subtracting the
reference diffraction pattern recorded before time-zero (,.,=—100 ps)
from patterns obtained at all other time delays.

The starting geometries for structural analysis were obtained by quantum
chemical calculations using DFT at the B3LYP/6-311G(d,p) level (Gaus-
sian 98 suite).” Structural analysis was conducted on home-built soft-
ware using previously described methodology.”*!
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