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The dynamics of the collision-induced dissociation (CID) of the nitrobenzene molecular ion have been
investigated in the energy range of 3€50 eV in the center-of-mass (CM) reference frame using a crossed-
beam tandem hybrid mass spectromegrpersonic molecular beam instrument. At these collision energies

the dominant CID channel is loss of N@om the molecular ion and contribution from competing channels

is very small. At 3.1 eV collision energy, fragment iongHg", are fully backward scattered and as collision
energy is increased the most probable scattering angle moves in the forward scattering region but remains
above zero up to 50 eV energy. These results suggest that small impact parameter impulsive collisions dominate
this CID process in the low collision energy range. The energy transfer in the collisional activation step does
not change significantly with increase in collision energy and corresponds to about 0.6 eV above the
thermochemical threshold even though the molecular ions were formed by 70 eV energy electrons. There are
no apparent changes in the dynamics features of the activation/dissociation process in going from 3 to 50 eV
collision energy except the decrease in the maximum of the CM scattering angle. These results suggest that
there is no change in the activation/dissociation mechanism for this CID process. We further suggest, based
upon the energy loss measurements, that this dissociation process is not direct, instead it proceeds via ion
neutral complex gHs™---NO,, as proposed by Osterheld, Baer, and Brauman (Osterheld, T. H.; Baer, T.;
Brauman, J. AJ. Am. Chem. Sod993,115 6284) and competes with the loss of NO via nitro-nitrite
rearrangement.

Introduction involving chain/ring and different substituents vafy26 These

Nitroaromatic compounds are among the most widely studied two processes involving Nigroup have often been shown to
P ) ong . y follow different mechanisms for unimolecular dissociations as
molecules because of their explosive properties and therefore

: o . . well as collisional activation/dissociation.

need for accurate and highly sensitive detection requireménts. ) T
Mass spectrometfyprovides a uniquely useful and suitable ‘A Photoelectron photoion coincidence (PEPICO) study of the
method to detect these compounds in trace quantities and alsdlissociation of energy selected nitrobenzene cations by Panczel
to understand their fast dissociation pathways/kinetics in the and Baet” suggested that loss of N@ faster than the loss of
microsecond time window associated with their explosive NO from the same precursor ion and the former proceeds from
characteristic45 Nitrobenzene, being the first in the series of @n excited electronic state. It is surprising that these two
nitro/substituted nitro aromatics, has undergone very extensivedissociations are not in competition even though energetically
experimental mass spectral ionic dissociation stutfi&s. the two are very similar, 1.02 eV fore8;0™ and 1.21 eV for

The simplest among all nitro compounds, nitromethane CeHs' fragment ions. Also, the 10" ions are formed with
molecular ion, exhibited uniquely distinct activation and dis- sufficient internal energy that they .d|§somate furt.her via loss
sociation mechanisrithat were sensitive to collision energy ~ Of CO and other channels. From a similar study using threshold
when dynamics studies were performed on its dissociations to PEPICO, Meisels and co-workétsoncluded that dissociation
NO,* and NO' fragment ions. The addition of an aromatic ring ©f nitrobenzene cations could be explained adequately by
makes it into an extremely interesting system for mass spec- statistical rate theories. Moini and Eyléperformed an infrared

trometric studies and that is clearly evident from the number multiphoton dissociation (IRMPD) study of this ion and reached
of studies performed on the nitrobenzene catidf,aniort’ 18 the same conclusion as Panczel and Baer since they could not

and substituted nitrobenzene'$-26 observe the gHs* fragments via loss of Ngfrom the molecular
Mass spectrometric dissociations of all nitro compounds ion under their experimental conditions. These workers further

mainly have two common pathways: direct® bond cleavage ~ Suggested that &isO" is formed from two energetically
and C-O bond cleavage after nitro-nitrite rearrangement, different dissociation pathways leading to stabig€D™ ions
although retention of charge on specific fragments varies from observed in the spectrum and excitegHgO™ that further
aliphatic to aromatic compoundd516 Other dissociations  dissociate to €Hs* via loss of CO neutral.
Osterheld, Baer, and Braum&nconducted an IRMPD
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99352, These authors suggested that since the laser intensity is several
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times higher in pulsed mode, enough energy is deposited for calibrated by performing energy measurement from the meta-
this dissociation to proceed which is not possible in the CW stable decay of propane molecular ion to ethylene ion which
mode and that there are no higher excited electronic stateshas previously been thoroughly investigated by crossed-beam
contributing to this process. These results were further supportedexperiment2?-3°Measured energy distributions were converted
by rate constant calculations. To explain these experimentalinto velocity distributions using the relationship= (2 eV/
observations, Osterheld et'lproposed that this dissociation M)2 whereM is the mass of the ion and eV is its kinetic
proceeds via an ioaneutral complex @Hst ==+ NO. energy. These velocity distributions were normalized to intensity
It is obvious from these studies that the dissociation of distributions at each angle and necessary transformation Jaco-
nitrobenzene molecular cation is far from fully understood. We bians were applied as discussed in several previous publica-
have therefore extended our dynamics studies of the collision- tions3'-34 Points of equal intensity were joined to draw contour
induced dissociation (CID) of the nitrobenzene cation under plots and ion and neutral velocity vectors and scattering circles,
similar experimental conditions as the previous studies of the etc., were superimposed on these diagrams before final presen-
nitromethan& and methyl nitrite cations” Our angle- and  tation.
energy-resolved studies of the CID of the nitromethane cation
demonstrated earlier that the mechanism of activation and Results and Discussion
dissociation via direct cleavage of<M bond leading to N@"
fragment did not change significantly while that for the NO
fragment ion via nitro-nitrite rearrangement showed unique
energetics and dynamical features. The results showed that a
the collision energy was increased, a higher energy dissociation
channel with distinct scattering characteristics begins to compete
with and dominates the dissociation process above 50 eV. In
this article, we present results from a similar dynamics study
of the CID of nitrobenzene molecular cation.

The crossed-beam method to study CID processes is often
limited to study only those processes that have larger cross
§ection and less interference from the unimolecular (metastable)
decay of the parent ions in the collision region due to very low
collision efficiency. We were therefore limited to detailed study
of only the phenyl ion vz 77, loss of NQ) via direct C-N
bond cleavage. The phenoxy cation via loss of NO is well-
known to proceed via nitro-nitrite rearrangenfersnd is
associated with a metastable decay component that is several
orders of magnitude stronger than the CID component in our
experiments. Furthermore, cross sections for the Bl GHs™

The tandem hybrid mass spectrometer used for the dynamicsfragmentation channels were too small to obtain meaningful
studies has been described in detail in an earlier publicgtion information on energy and intensity distributions for them. We
and only the salient features are given here. Nitrobenzenehave therefore concentrated our efforts on the phenyl ion which
molecular ions were produced by 70 eV electron ionization, is actually the one that was earlier suggested by Panczel and
accelerated to 3 keV (nominal) for their passage through the Baef? to be formed from an excited state.
electric and magnetic sectors. The energy and mass selected The threshold for the 5™ fragment iodlis only 1.21 eV,
molecular ion beam was decelerated to desired laboratory energyhowever, we did not observe sufficient CID signal for this
at the collision center by a series of tube lenses and cylindrical fragment ion below 3 eV collision energy to determine the CID
rectangular lenses. The decelerated ion beam was collided adynamics near threshold. This is in agreement with the discus-
right angles with a vertically moving supersonic molecular beam sion by Osterheld et P who suggested from rate constant
of neat helium or argon at the collision center. The collision calculations using RRKM theotyand PEPICO measurements
volume was maintained at the same potential as the last elementhat NG, loss is observed at its competitive threshold rather
of the deceleration lens to avoid any interference from stray than the thermodynamic threshold because of the intermediate
potentials. Fragment ions were accelerated/decelerated for theiion—molecule complex gHs+-NO; for both NO and NQ@loss
energy analysis by a hemispherical energy analyzer operatedprocesses.
under constant resolution and constant transmission mode and Figure 1 shows the velocity contour map for the CID of
only the ions of desired mass were passed through a quadrupoleitrobenzene ion to phenyl iongBs*, in collision with helium
mass filter set at a fixed mass. lons were detected by a channeheutrals at 3.1 eV energy in the CM reference frame. It is
electron multiplier operating in the pulse counting mode. The interesting to note that majority of the contours are located in
detector assembly was rotated with respect to the collision centerthe backward scattering region and a significant intensity beyond
in the plane of the ion beam for measuring the energy and the ESC. The maximum intensity contour is located inside the
intensity distributions of fragment ions at a series of laboratory ESC at an energy loss of1.9 eV and all contours are very
scattering angles. broad. There are two factors that contribute to the width of these

The supersonic molecular beam was produced by expansioncontours: kinetic energy release on dissociation that is amplified
of neat argon (or helium) gas through a 100 diameter nozzle  in the laboratory fran#® and the data transformation procés%
and passing the central core of the expanding gas by a skimmeiThe ion intensity at each velocity point is divided by the
of 1 mm diameter aperture located about 6 mm from the nozzle. corresponding velocity for necessary transformation from polar
The beam was passed through a collimating chamber with a 2into Cartesian coordinates. Thus, the intensity of slower ions is
mm aperture before colliding the ion beam. The neutral beam amplified significantly for the data presentation in these contour
was chopped inside the collimating chamber by a mechanical maps. This anomaly is of course corrected when these contours
chopper at a frequency of 150 Hz for signal averaging and are integrated over all angles.
removing any contributions from the background CID. The most probable energy transferi4.9 eV which is 0.7

The ion signal was collected by pulse counting until a eV higher than the threshold and the most probable scattering
reasonable signal-to-noise ratio was obtained. The ion beamangle is ~164 + 8°. In other words, collisions between
stability was monitored periodically since these experiments at nitrobenzene ion and helium neutral are nearly head-on, very
most angles took several hours to obtain a good signal-to-noisesmall (near zero) impact parameter collisions that result in
ratio. The experiments at all angles were repeated several timesufficient energy transfer to cause the ion’s dissociation. The
over a period of several months. The energy analyzer was broadening of contours in this case may also be due to the fact

Experimental Section
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Figure 1. CM velocity contour plot for the CID of nitrobenzene
molecular ion to phenyl ion on collision with helium neutral at a
collision energy of 3.1 eV. CM refers to the CM of the nitrobenzene
and helium collisions. The circle marked ESC represents the elastic
scattering circle which defines the upper limit of the ion kinetic energy
which the promary ions can have based upon conservation of
momentum and energy restrictions. The circle makdd= —1.9 eV
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transfer of 1.9 eV energy from kinetic into interal modes of the
dissociating ions.
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Figure 2. PEPICO breakdown graph of the nitrobenzene molecular
cation. Taken from ref 11.
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that GHs" ions are formed from the primary ions in a very
broad internal energy distribution range unlike other fragment
ions as shown in the PEPICO breakdown graph (Figure 2)
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Figure 3. CM contour plot for the dissociation of 6.6 eV collision
energy nhitrobenzene ios tosds" ions.

12.3eV

CeHgNOS + Ar ———> CgHE + NOo + Ar

ESC AT=-1.9eV

2000

1000

L ! L L

3000

) 1000 2000/

CM

Figure 4. CM contour plot for the dissociation of nitrobenzene ions
on collision with Ar at 12.3 eV collision energy.
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reproduce_d from ref 11. Itis interesting (and r_‘Ot as commonly Figure 5. CM contour plot for the dissociation of nitrobenzene ions
observed in many cases) to note from the Figure 2 that moston collision with Ar at 25.1 eV collision energy.

fragment ion intensities peak quite sharply and then drop off
while that for GHs' has at least three distinct changes in the

CID experiments were extended to higher collision energies
to explore the possibility of change(s) in the energy transfer,

intensity curve. Whether these changes are associated with Somg iy ation mechanism, and dissociation dynamics with energy.
unique features in its dissociation behavior is also a subject of rjgres 4-6 show velocity contour plots for thes8s* fragment

our study.

Figure 3 shows the velocity contour plot fogts™ fragment
ions at 6.6 eV collision energy with argon collision gas. This
plot is in sharp contrast with Figure 1 contour plot in that most
of the scattered intensity is confined in the forward scattering
region instead of the backward scattering region. The most
probable scattering angle has decreased frat64° to ~25°
in the CM frame and the most probable energy transfer
corresponds te-2.1 eV. The shift in the scattering is quite large

ions formed from collisions with argon neutrals at 12.3, 25.1,
and 50.1 eV collision energy, respectively. All three contour
plots show very similar features as observed at 6.6 eV energy
plot shown in Figure 3. The most probable energy transfers at
these energies correspond to 1.9 eV (for 12.3 eV collisions),
1.7 eV (for 25.1 eV collisions), and 1.5 eV (for 50.1 eV
collisions). Considering the experimental measurement errors
due to broad peaks, we can state that the difference is not
significant and the average energy transfer in the CID of

(decreased by a factor of 5) considering that energy is increasechitrobenzene molecular ion to phenyl ion via the loss of,\

only by a factor of 2 in these experiments. Again, the contours

1.8+ 0.3 eV.

are quite broad in this case also and hence the change in energy As expected, the most probable maximum intensity scattering

by 0.2 eV may not be experimentally significant.

angles decreased with increasing collision energies, suggesting
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+ 50.1eV + internal energies ranging up tel eV above the ionization
CgHgNOo + Ar ———> CgHgz + NOp + Ar energy. Why do nitrobenzene ions require more energy than
the thermochemical threshold for the process? Is there a kinetic
. shift associated with this process or it proceeds from an isolated

ESC

2400~ AT=-1.5eV 1

H 3 higher electronic state? Interestingly, both were convincingly
1600’» :3 . discussed: the former by Nishimura et&bn the basis of their

- 9 A RRKM calculations of the dissociation rate constant and the
800 1 isolated state by Panczel and B&&m the last IRMPD study,

7 Osterheld, Baer, and Brauntaisuggested that the dissociation

‘ L T e to CeHs' proceeds via an ionAneutral complex, gHs™ +-*NO,

COM 1600 3200 4800 m/s rather than direct EN bond cleavage. This intermediate
complex then becomes precursor for both processes, loss0f NO

Figure 6. CM contour plot for the dissociation of nitrobenzene ions a5 well as loss of NO via direct cleavage and nitro-nitrite
on collision with Ar at 50.1 eV collision energy. rearrangement, respectively.

How do our experimental observations fit into the above
picture described by Osterheld et &.%We do not see any
noticeable change in the dynamics of the CID process §bisC
fragment ion as ion energy is increased. The energetics of the
CID process does not change significantly when collision energy
is changed. Further the transition from backward scattering to
forward scattering and to smaller angles with increase in
collision energy suggests only the role of varying impact
parameter collisions in this CID process. Very similar experi-

o mental observations were made in the CID of progaaad

| o methyl nitrit¢?” molecular ions as well as in the CID of

T T T T T T nitromethane iof to NO,* fragment ions where we concluded

0 10 20 30 40 50 60 that there was no change in the activation and dissociation
CM Collision Energy (eV) mechanism with increase in collision energy. The CID of

nitromethane ion to NO clearly showed a change in energy

transfer as well as scattering characteristics leading us to

conclude that there is a change in the activation and dissociation

mechanisms. Nearly constant energy transfer and similar

dynamical characteristics observed in our present study strongly

suggest that there is no change in the activation mechanism
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Figure 7. A plot of the most probable scattering angle versus the CM
collision energy for the CID of nitrobenzene molecular ions.

impulsive small impact parameter collisions dominating the CID
process in this energy range. It decreased sharply in going from
3.1 to 6.6 eV collisions and then only slowly with increasing
collision energy. Qualitatively, these observations can be ith
rationalized by the line-of-centers mo#falvhich has been used elther. . o o .

in several similar CID studies at low collision energies. It is  1N€ remaining question is the activation mechanism: elec-

rather difficult to state the mechanism(s) of energy transfer in 'ONiC excitation as once suggested or the kinetics effects on
this example since the scattering characteristics and mostthe o_lls_somatlon process? It is easy to rule_out any kinetic shift
probable energy transfer values did not change significantly from ©F Similar related phenomenon responsible for more than
6.6 t0 50.1 eV collision energy. Only at 3.1 eV collision energy, N€cessary energy transfer in our CID experiments. In our
scattering changes from forward to backward region, most likely €XPerimental set up, the distance between the collision center
due to very small impact parameter collisions required for @nd the entrance to the linear lens is of the order of 1.5 cm.
sufficient energy (same as in higher energy collisions) deposition The primary lons after collisional activation must dissociate
for dissociation. If we plot the most probable scattering angle Within this region for them to be properly accelerated for their
versus the collision energy, it becomes obvious that there is an{fué energy measurements by the energy analyzer. Any ions
exponential increase in the scattering angle from 6.6 to 3.1 eV that decompose after the collision region (i.e., lifetimes petween
CID as shown in Figure 7. It is therefore very likely that these ~1and~2.5us for the energy range of the present experiments)
very low energy collisions probe the repulsive part of the Would also be collected by the analyzer except that their
helium—nitrobenzene ion interaction potential to overcome the Measured energies would not reflect their true energies. This is
energy barrier for this dissociation. It is well understood that due to their dissociation in different parts of the linear
larger angle scattering is mainly due to the repulsive collisions accelerat!on lens, which are qt different potential f|e.ld.s. Further
(collisions at the repulsive portion of the interaction potential) acceleration of the fragment ions between the collision region
at small impact parameters. A sharp increase in the mostand the energy analyzer for their transmission through the energy
probable scattering angle, as shown in Figure 7, strongly gnalyzgr at. fixed trans.mls.sm.n energy re;ults ina s.houlder/tan
suggests that the iemeutral interaction potential well is deep  in the kinetic energy distributions alongside the main peak for
and narrow. Since the energy transfer in the activation step didthe ions formed inside the collision regiéhThis behavior
not change to any significant extent, we suggest that the natureb€comes very obvious in our experimental measurements and
of the CID process in this case did not change. data analysis as we have demonstrated recently in the CID of
It is interesting to note that the energy transferred in the CID €nolic acetone ion¥.
process is~0.6 + 0.3 eV higher than the threshold for the The photoelectron spectrum of nitrobenzene shows that its
dissociation even though nitrobenzene ions are produced by 70first two excited states, A and B, are only 1.11 and 1.30 eV,
eV electrons and the NQoss is a direct dissociation process. respectively, above the ground state. The dissociation threshold
The presence of a strong metastable peak for the loss of NOfor the formation of GHs™ lies between these two states. It
clearly suggests that a fraction of these primary ions have may therefore be a possibility that collisional activation results
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