Fast beam photodissociation of the CH,NO, radical
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The photodissociation of the nitromethyl radical, CH,NO,, has been studied using a fast beam
photofragment translational spectrometer. In these experiments, a fast beam of mass selected,
internally cold nitromethyl radicals is formed via negative ion photodetachment of CH,NO;
and subsequently dissociated. The recoiling photofragments are detected in coincidence using a
microchannel plate detector equipped with a time- and position-sensing anode. Two dissociation
product channels are observed at each of three dissociation wavelengths investigated in the range
240-270 nm and are identified as (I) CH,NO, - CH,NO+O and (II) CH,NO, - H,CO+-NO.
In marked contrast to the ultraviolet photodissociation of CH;NO,, no evidence is found for
simple C-N bond fission to give (III) CH,NO, - CH,+NO,. Translational energy and angular
distributions were obtained for the two observed channels. The translational energy distribution
of channel (I) peaks at only 5-8 kcal/mol, while the distribution for channel (II) peaks at ~ 60
kcal/mol. The angular distributions for both channels are largely isotropic. The nature of the
electronic excitation and dissociation dynamics are considered at length. The upper state in the
electronic transition is assigned to the 1 2B, state. Results of attempts to model various aspects
of the dissociation dynamics as statistical processes on the ground state surface indicate this
mechanism is very unlikely. Instead, both dissociation channels are believed to occur primarily

on excited state surfaces, and mechanisms for these processes are proposed.

I. INTRODUCTION

The study of molecular photodissociation processes
has developed into one of the most productive and valuable
areas of chemical physics in recent years.! This body of
work has led to a detailed understanding of both the spec-
troscopy and dynamics associated with the dissociative
electronic states in a wide variety of molecules. Moreover,
photodissociation experiments provide one of the most di-
rect means of determining bond dissociation energies.
However, the vast body of these investigations have been
undertaken on stable molecules; only a handful of photo-
dissociation experiments on reactive free radicals have been
performed to date. For most radicals, the excited states in
general and the dissociative states in particular are poorly
characterized, and the bond dissociation energies are not
known very accurately. Hence, these species present an
inviting target for photodissociation experiments.

This situation provided the motivation for the devel-
opment in our laboratory of a photodissociation experi-
ment especially well suited for studies of free radicals,
based on a novel form of photofragment translational spec-
troscopy. In the standard version of photofragment trans-
lational spectroscopy,’ a molecular beam is photolyzed and
one measures the kinetic energy and angular distribution of
the resulting fragments by a variety of techniques.’ Thus
far, the primary challenge met in extending this method to
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reactive free radicals*> has been the difficulties involved in
generating a clean, well-characterized molecular beam of
these species. Our experiment uses a different approach in
order to eliminate this problem. We produce mass selected,
neutral free radicals from photodetachment of a fast (6-8
keV) beam of the corresponding negative ions. The result-
ing radicals are then photodissociated and the photofrag-
ments are detected with high efficiency. We can map out
the dissociative excited states of a given radical by deter-
mining how the photodissociation cross section varies with
dissociation photon energy. Subsequently, we perform dy-
namics experiments at selected wavelengths, using a coin-
cidence detection scheme to determine the masses, kinetic
energy release {(KER), and recoil angle with respect to the
laser polarization for each pair of photofragments formed.
From this, we obtain photofragment kinetic energy and
angular distributions as well as the yield for each fragmen-
tation channel. Previously, we have applied this method to
diatomic and triatomic species.*® In this paper, we report
our first results for a polyatomic molecule, the nitromethyl
radical CH,NO,.

The nitromethyl radical is thought to be a primary
intermediate in the combustion of nitromethane CH;NO,
formed by simple hydrogen abstraction.!®!! Past experi-
mental work on CH,NO, is fairly limited. Chachaty and
co-workers'#13 obtained electron-spin resonance {ESR)
spectra of the nitromethyl radical following y irradiation of
nitromethane at 77 and 195 K. Matrix isolation work using
isotopic substitution performed by Jacox!"!* resulted in the
identification of all but one of the 12 ground state vibra-
tional frequencies by infrared absorption, and the subse-
quent determination of the planar, C,, geometry of the
ground state. Jacox also ascertained that the threshold for
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photodissociation lies between 280-300 nm. The photo-
products resulting from dissociation at 280 nm were deter-
mined to be H,CO and NO. It was noted that these could
be either the nascent fragments or the products from caged
recombination of CH,+ NO, formed by C-N fission. More
recently, Metz et al.'> recorded the photoelectron spec-
trum of the nitromethyl anion (CH,NO; ). They deter-
mined the electron affinity of CH,NO, to be 2.475+0.010
eV and located an excited electronic state (the 1 2A2 state)
1.591 eV above the X 2B, ground state. In addition, ab
initio calculations were performed to assist in identifying
the one remaining unknown ground-state vibrational fre-
quency (for the torsional mode) from the experimental
data. Other theoretical work on the nitromethyl radical
includes two previous ab initio calculations completed at
the single and multiconfigurational self-consistent field
(MCSCEF) levels by McKee,'¢!7 which attempted to iden-
tify and characterize the lowest electronic states.

In contrast to the relatively few studies of CH,NO,,
the photodissociation of the analogous closed shell species
nitromethane has been thoroughly studied. Depending on
the method of excitation, three major pathways can con-
tribute to dissociation

CH;NO,~CH;NO+0, (1)
~CH;0+NO, (2)
d CH3 + NOZ. ( 3 )

The ultraviolet photodissociation of CH;NO, in the wave-
length range from 190 to 220 nm has been investigated in
the gas phase,’*?! and also in solution.?? This is a 7* —7
excitation and leads exclusively to C-N bond fission [Eq.
(3)]. Butler®® has proposed two pathways to these prod-
ucts. The primary pathway is adiabatic, involving crossing
onto a o* — n surface of the same symmetry as the initially
excited state and leading to the production of NQO, in the
1 2B, electronic state. At the highest energies in this range,
a diabatic dissociation pathway becomes energetically al-
lowed, producing NO, in the 2 2B, electronic state. Schoen
et al.® have reported picosecond photodissociation studies
of nitromethane at wavelengths between 238 and 337 nm,
again finding only C-N bond fission in this region. The
amount of electronically excited NO, was shown to in-
crease with increasing photon energy, as determined by the
ratio of fluorescence yield to laser-induced fluorescence
yield measurements on the photoproducts. In contrast, in-
frared multiphoton dissociation (IRMPD) studies by
Wodtke er al.?*?> determined that when dissociation oc-
curs on the ground state surface, there is a competition
between the C-N bond fission process and rearrangement
to form methyl nitrite, followed by nitric oxide elimination,
as illustrated by Eq. (2). Beijersbergen et al.2® have re-
cently published a study in which the dissociative charge
transfer neutralization of the nitromethane radical cation is
described. This technique results in the formation of neu-
trals with excitation energies centered at 5.9 eV (Na
charge exchange) or 7.2 eV (Cs charge exchange). In their
study, they determined the major channels to be N-QO and

C-N fission [Egs. (1) and (3)], while nitric oxide elimina-
tion [Eq. (2)] was observed as a minor channel.

The work on the nitromethyl radical reported here was
largely motivated by our interest in learning how its pho-
todissociation dynamics might differ from nitromethane.
The matrix results obtained by Jacox!! are particularly in-
triguing in this regard. If the H CO+NO photoproducts
observed by Jacox are indeed nascent fragments, this
would indicate that the primary UV photochemistry of
CH,;NO, involves NO elimination rather than C-N bond
fission as in CH3;NO,. The collision-free environment in
our experiment makes it possible to clearly identify the
primary photofragments.

In the following section details of the experiment are
discussed, while results and analysis of the photodissocia-
tion of the nitromethyl radical are presented in Sec. III. We
unambiguously identify and characterize the nascent pho-
toproducts of the ultraviolet photodissociation of
CH;NO,. In doing so, we identify the following two dis-
sociation channels: (I) CH,NO,—-CH,NO+-O and (II)
CH,NO,-H,CO+NO. The dissociation process that in-
volves simple C-N bond fission (III) CH,NO,-CH,
-+-NO,, is not observed. For the two observed channels,
the branching ratio (1)/(II) changes from 1.19 to 1.76 on
varying the photodissociation wavelength from 270 to 240
nm. In addition, the translational energy distribution
P(E7) and the recoil anisotropy parameter as a function of
kinetic energy release B( E;) are determined for each chan-
nel. These data imply fundamental differences in the dis-
sociation dynamics for the two observed channels, provid-
ing insight into the dissociative mechanism involved in
each channel. In Sec. IV, we discuss the implications of
these observations on the dissociation mechanisms for the
various channels. We note that a preliminary account of
this work has been published elsewhere.?’

ll. EXPERIMENTAL APPROACH

Due to their open shell nature, free radicals typically
have positive electron affinities. Our experiment utilizes
this property in order to generate a pure, well-
characterized packet of free radicals via photodetachment
of the corresponding mass-selected negative ion. As an
added advantage, the high laboratory frame kinetic energy
imparted to the radicals during their acceleration prior to
detachment allows the efficient collection and detection of
photofragments simply by striking the face of a microchan-
nel plate (MCP) detector.

A schematic of the fast radical beam photodissociation
spectrometer used in this work is shown in Fig. 1. Details
concerning the design of the fast radical beam spectrome-
ter and the photofragment detection scheme have been
given previously,%® but there are several aspects of the ex-
periment particularly germane to the present study which
require description.

The basic experiment is as follows:

hvy hvy

CH,;NO; —— CH,;NO,+e~ —— fragments.

(4)
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FIG. 1. A schematic illustration of the experimental apparatus. A more
detailed diagram and explanation can be found in Refs. 6 and 8.

The nitromethyl anion CH,NO; is prepared following the
procedure of Metz et al.'® using a pulsed molecular beam
ion source similar to that developed by Lineberger and
co-workers.”® We first bubble a mixture of 10% NF; in N,
through neat nitromethane (Eastman) at room tempera-
ture and 18 PSIG total pressure. A pulsed molecular beam
valve operating at 60 Hz introduces this mixture to the
source vacuum chamber. Immediately outside the nozzle
orifice, the supersonic expansion is crossed with a contin-
uous 1 keV electron beam. Low energy secondary electrons
formed by electron impact ionization result in the produc-
tion of F~ via dissociative attachment to NF;. This fluo-
rine anion abstracts a proton from nitromethane, forming
CH,NO;", which undergoes cooling during the remainder
of the expansion. Ions pass through a 3 mm diameter skim-
mer and are accelerated to 6 keV. They are then rerefer-
enced to ground potential by the use of a potential
“switch,”” and mass selected via a Bakker-type time-of-
flight mass spectrometer.’® After passing through a 1 mm
beam-defining aperture, the anions are then photodetached
using a tunable, pulsed, excimer-pumped-dye laser system,
timed to intersect the mass of interest. Detachment laser
pulse energies are 30-50 mJ/pulse and the laser is loosely
focused with a 1 m focal length lens, 50 cm prior to inter-
secting the ion packet. Attenuation of the ion beam by the
photodetachment light pulse can be as high as 50%.

The anions are vibrationally cold and the detachment
wavelength is chosen to avoid the production of vibration-
ally excited radicals. We therefore photodetach the anions
at a photon energy of 2.59 eV (4=479 nm), just above the
electron affinity of CH,NO,, which was previously deter-
mined by anion photoelectron spectroscopy to be 2.475
eV.!® This is low enough to avoid excitation of the v; mode
of the neutral, which is known from the photoelectron
spectrum to be the primary active mode upon photode-
tachment.

Following detachment, all remaining negative ions are
deflected out of the beam. The radicals must pass through
a second 1| mm collimating aperture and are then inter-
sected in the photodissociation region by the horizontally
polarized, frequency-doubled output of a second pulsed
excimer-pumped-dye laser, loosely focused by a 2 m lens.
The photofragments are detected with one of two micro-
channel plate detectors lying 0.67 and 1.0 m downstream
of the photodissociation region respectively; the closer de-
tector is movable and is removed from the beam path when
the more distant detector is in use. Photofragments typi-
cally have enough recoil kinetic energy to scatter out from
the beam axis, thereby missing the blocking strips placed
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FIG. 2. A schematic of a typical dissociation event with the measured
quantities necessary to calculation of fragment mass ratio KER and recoil

_ angle with respect to laser polarization labeled.

across the center of the detectors (3 or 8 mm wide, respec-
tively) to prevent undissociated radicals from impinging
on the active area. The laboratory kinetic energies of the
photofragments are generally >1 keV, ensuring a high
(~50%) detection efficiency for those that strike the ac-
tive area. The detector at 0.67 m is used for photodissoci-
ation cross section measurements; the total photofragment
yield is monitored as the dissociation laser wavelength is
varied. In general, this yields an approximate mapping of
the dissociative electronic states of a given radical.

The photodissociation dynamics experiments are done
using a more complex photofragment coincidence detec-
tion scheme. The laser is tuned to a wavelength at which
photodissociation occurs and the photofragments are de-
tected with the second detector 1 m from the photodisso-
ciation region. This detector is a two-particle time- and
position-sensitive detector, similar in principle to the de-
tector first developed by de Bruijn and Los,>! although we
use a coincidence wedge and strip anode (C-WSA )83233
rather than capacitive charge division for the position sens-
ing. As illustrated in Fig. 2, for each photodissociation
event, we measure the position of both fragments at the
detector denoted (x;, y;) and (x,, ,), as well as the time
delay between their arrival 7. This enables us to determine
the photofragment masses, kinetic energy release, and scat-
tering angle with respect to the dissociation laser polariza-
tion direction for each event. Because this is a coincidence
measurement, we can process at most one event per laser
pulse; ion densities in this experiment are sufficiently low
so that this was not a problem. By summing over large
numbers of dissociation events (2 X 10*-8x 10*), we have
obtained branching ratios as well as kinetic energy and
angular distributions for each channel observed in this ex-
periment.

The mass ratio of the two fragments is found by first
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determining 7; = (x;,—x)2+ (;— o) the displacement
of each fragment from the location of the radical beam
center (xq,y;) on the detector face. The mass ratio of the
two fragments is then given approximately by the inverse
of the ratio of these displacements

L 1 [ /1Ty =2 (5)
my n ~ L)/l o

Once the fragment masses are determined, Egs. (6)
and (7), originally derived by De Bruijn and Los,*! are
used to obtain the center-of-mass kinetic energy release
(KER) and fragment recoil angle 8, measured with re-
spect to the polarization vector of the laser, for each dis-
sociation event

R
0= tan -‘(—-) , (6)
UpT
mymy\ [ (vor)?+R?)
KER=E0'< M2 )' 12
m-y—m; UgT
(142 @

Here R = (x,—x;)>+ (y,—»;)? is the relative sep-
aration of the two fragments, M is the parent radical mass,
m, and m, are the fragment masses striking the upper and
lower halves of the detector, respectively, / is the flight
length, and E, and v, are the primary beam energy and
velocity, respectively. 7 is taken to be positive if the upper
fragment strikes the detector first.

In Eq. (5), the chief source of uncertainty is the de-
pendence of 7, and r, on an explicit knowledge of (xg, yo),
the detector coordinates where the center of mass of the
dissociating system would be found (i.e., where the parent
radical, if it had not dissociated, would strike the detec-
tor). The radical beam is about 1 mm full width at half-
maximum (FWHM) in diameter, resulting in a fragment
mass resolution (m/Am) of about 15 for the results re-
ported here. In contrast, Eqs. (6) and (7) do not require
an explicit knowledge of (xg, ¥y) and therefore the center-
of-mass uncertainty does not contribute to the energy and
scattering angle, assuming the product masses can be iden-
tified unambiguously. The measured spatial resolution is
on the order of 75 um full width at half maximum in y and
130 um in x, while timing resolution is about 0.5 ns. En-
ergy resolution as high as 10 meV has been demonstrated
during calibrations using the predissociation of O, through
the Schumann-Runge band,’ but is approximately 30 meV
(0.69 kcal/mol, 240 cm™!) in these studies.

Upon the completion of a photodissociation dynamics
experiment, we first separate the data into different mass
channels following Eq. (5). For each channel, we then
construct a two-dimensional array in E; and theta into
which each coincident dissociation event is binned. The
product channel specific energy-angle arrays, denoted here
as S (Ey,0), are determined using Egs. (6) and (7).
From this, we obtain the true joint energy and angular
distribution & (E+,0) for each channel by dividing by the
“detector acceptance function” & (Er,0)

Cyr et al.: Photodissociation of CH,NO,

Z (Er,0)=5(Er,0)/ 2 (Er,0). (8)

The detector acceptance function accounts for the finite
acceptance of the detector as a function of E; and theta.
For example, fragments with lower recoil energies and/or
values of theta close to 0° or 180° may not strike the de-
tector because of the beam block, while some high energy
fragments at values of theta close to 90° miss the detector
because of its finite size. The straightforward numerical
determination of & (Er,0) is discussed in Ref. 8.

As mentioned above, the dual-wedge-and-strip anode
requires an 8 mm wide horizontal blocking strip which
shields the microchannel plates over a small region above
the interface of the two anodes to prevent the undissociated
radical beam from impinging on the detector face. How-
ever, it also prevents photofragments with very low center-
of-mass kinetic energy from being detected. This effect is
magnified in the case of fragments with unequal masses.
The heavy fragment scatters out of the beam more slowly
than the light and is more likely to be blocked, but both
fragments must be detected to be recorded as a coincidence
event. In order to improve coincidence detection of low
energy, unequal mass fragments, the detector can be posi-
tioned slightly off center vertically with respect to the rad-
ical beam axis. In the experiments reported here, such a
product channel was identified early on, and the data were
then collected with the center of the detector 1.9 mm lower
than the radical beam axis. This enables heavy fragments
that would have otherwise struck the blocking strip to
clear the top edge. Because the correlated light fragments
have a greater recoil velocity due to momentum conserva-
tion, they are able to travel the correspondingly larger dis-
tance necessary to clear the bottom of the blocking strip.
The effect of this offset on the detector acceptance function
is included in the analysis of the data.

11l. RESULTS AND ANALYSIS

Photodissociation cross section measurements of the
CH,NO, radical were taken across the wavelength range
from 240 to 270 nm. The photodissociation cross section
scans appeared to be structureless, with the cross section
peaking near 240 nm and decreasing monotonically by
about a factor of 5 at 270 nm. Most of the photodissocia-
tion dynamics data were taken at 240 nm, corresponding to
a photon energy of 119.1 kcal/mol, where the dissociation
signal was most intense. Supplementary data were re-
corded using longer wavelengths of 255 and 270 nm, cor-
responding to photon energies of 112.1 and 105.9 kcal/
mol, respectively.

A. Identification of photodissociation channels

Prior to any further analysis, it is necessary to deter-
mine which fragmentation channels occur in the photodis-
sociation of CH,NO,. Many channels are energetically al-
lowed in the present case of CH,NO,, a six atom radical to
which ~5 eV excitation energy is imparted. Even if only
one dissociation channel is active, the analysis of time and
position data to obtain translational energy distributions
depends on first identifying the masses of the photofrag-
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FIG. 3. Photofragment mass spectrum from the 240 nm dissociation of
the nitromethyl radical (CH,NO,; solid line) and the dj-nitromethyl
radical (CD,NO,; dashed line). Areas under the mass peaks do not
accurately reflect the mass channel branching ratio because they are un-
corrected for detector acceptance (see the text).

ments produced. The presence of two or more active dis-
sociation channels demands the ability to determine which
channel each dissociation event corresponds to.

The photofragment mass spectrum for CH,NO, at 240
nm is shown in Fig. 3. Note that this plot is constructed
from the data by determining the photofragment mass ra-
tio in each event, and thus the fraction of the total mass M
(=60 amu) of the parent radical for each fragment, re-
sulting in a mirror image about M/2. The mass spectrum
indicates the presence of two dissociation channels. Al-
though the mass resolution is limited, it appears that in one
channel, the fragment masses are 16 and 44 amu, while in
the other, both fragments have mass 30 amu. This would
indicate that the two dissociation channels are (I)
CH,NO+0 and (1I) H,CO+NO.

In order to verify these assignments, the photofrag-
ment mass spectrum of CD,NO, was also obtained at 240
nm, and the results are superimposed on the CH,NO, mass
spectrum in Fig. 3. The differences in the two spectra upon
deuteration are the following: the mass peak centered at 16
amu remains fixed while the mass peak at 44 amu shifts to
46 amu, and the mass peak centered at 30 amu broadens
towards higher mass and appears to be centered at 31 amu.
The first difference shows that the photofragments with
mass ratio close to 3:1 indeed corresponds to (I)
CH,NO, - CH,NO+0O, since there can be no H/D atoms
in the lighter mass fragment. Although the mass fragments
from channel (III) CH,NO,—CH,+NO, (14 and 46
amu) are similar to those of channel (I), upon isotopic
substitution the lower mass peak would shift from 14 to 16
amu, while the heavier mass fragment would remain fixed
at 46 amu. We therefore estimate an upper limit for the
presence of channel (III) products of 4%. The second
observed difference confirms the presence of channel (II),
CH,NO,~H,CO+NO, since the dissociation products
from CH,NO, should both have a mass of 30 amu, while
the deuterated analog CD,NO, should have dissociation
products with masses of 32 and 30 amu, respectively. The
deuterated mass spectrum eliminates another energetically

8755

feasible channel with comparable masses corresponding to
O, elimination, CH,NO,—-H,CN-+0O,. The fragment
masses of this excluded channel would change from 28:32
to 30:32 upon deuteration, resulting in an expected nar-
rowing of the central peak of the mass spectrum, contrary
to our observation. This channel is assigned a similar esti-
mated upper limit of 4%.

While the mass spectra we have obtained do not show
evidence for the presence of any dissociation channels
other than the two identified above, we are unable to com-
ment on channels involving extreme mass ratios because of
the unfavorable kinematics involved. When two fragments
have very disparate masses, as in the case of hydrogen
bond fission, either the light fragment will recoil outside
the maximum radius of the detector, or the heavy fragment
will fail to clear the blocking strip, or both, depending on
the recoil energy and angle of the event. Therefore, a con-
ceivable channel that would go undetected in our experi-
ment involves loss of a H atom, forming HCNO,-+H. Al-
though there is no literature value for the C-H bond
energy of nitromethyl radical, we expect it to be close to
the 100 kcal/mol value found in the C-H bond in
CH3N02,15'34 largely unaffected by the open shell nature of
the radical. This is quite high compared to the available
energy in these experiments and the energies of the chan-
nels which are known to be occurring (see below), so it is
doubtful that this channel is active.

B. Kinetic energy release and angular distributions

Once the photodissociation channels are identified, we
can determine the center-of-mass kinetic energy and angu-
lar distributions for each channel. The energy and angular
distribution Z (E+,0) for a one-photon dissociation can be
expressed as

P (Er,0)=P(Er)[1+B(Er)Py(cos 0)], 9

where 0 is the angle between the photofragment recoil vec-
tor and the electric vector of the dissociation laser,
P, (cos 0) is the second Legendre polynomial, B(E7) is the
anisotropy parameter as a function of translational (or ki-
netic) energy, and P(E7) is the angle-integrated transla-
tional energy distribution. The anisotropy parameter 8 can
range from B= 42 to B=—1, corresponding to a cos 29
distribution and a sin?@ distribution of recoil vectors, re-
spectively.®®

P (Ey,0) is derived from the data as described in Sec.
II. The photofragment anisotropy parameter B(Eyz); is
found for each Kkinetic energy interval (E,—AE/2, E;
+AE/2) by performing a least-squares fit to Eq. (9). The
AE intervals chosen for this procedure were 4.6 kcal/mol
for channel (I) and 9.2 kcal/mol for channel (II). Only
when the data becomes very sparse (i.e., in the “tail” of the
KER distribution near the energetic limit for a given chan-
nel) do we find that this method of analysis breaks down.
In these restricted regions containing very little data, we
cannot determine S(E) and it is assumed to be zero (im-
plying an isotropic recoil angular distribution). The final
step in this direct inversion analysis is to find the angle-
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TABLE 1. Some possible product channels for the ultraviolet photodis-
sociation of the nitromethyl radical. On the right, the energies available to
the products following dissociation at the three wavelengths used in this
work are listed. Heats of formation for CH,NO, and CH,NO are taken
from Metz et al. (Ref. 15) and Melius (Ref. 36) respectively, while all
other thermochemical information is obtained from Ref. 34. Channels (I)
and (II) were observed as major channels in these experiments, while
channel (IH), corresponding to C-N bond fission, was found to be ab-
sent.

hv— Dy (kcal/mol)

Masses Dy
Product channel (amu) (kcal/mol) 240 nm 255nm 270 nm
(I)CH,NO+O 44416 72+6 47 40 34
(IHH,CO+NO 30430 —33.7+3 152.8 145.8 139.6
(III)CH,+NO, 14446 7123 479 40.9 34.7

integrated translational energy distribution P(E;) at the
highest energy resolution. Using the appropriate B(Ey) as
determined above, we determine P(E;) for energy inter-
vals of 0.575 kcal/mol in channel (I) and 1.150 kcal/mol
in channel (II). These intervals are comparable to the in-
strumental resolution.

Table I shows the energies relative to the nitromethyl
of the two observed product channels in addition to the
absent C—-N bond fission channel. The heat of formation of
CH,NO, is taken to be 30.4 3 kcal/mol,'* while the heat
of formation for CH,NO has been calculated by Melius*®
to be 43+ 6 kcal/mol. All other thermochemical data are
relatively well known and are obtained from Ref. 34.

Figure 4 shows the P(E;) distribution of channel (I)
CH,NO,—-CH,NO+O at the three wavelengths used in
this study 240, 255 and 270 nm. All three of these distri-

5 A =240 nm -
~
LH/ - 4
&

i A = 255 nm .
=
mt A
[a W)

. A =270 nm ]
~
EL]_/ | =
&

0 10 20 30 30 50

Kinetic Energy Release [kcal/mol]

FIG. 4. P(Ey) distribution plots for the CH,;NO+O photodissociation
channel taken at the three labeled wavelengths. Error bars represent 1o
uncertainty.
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FIG. 5. P(Er) distribution plots for the H,CO+NO photodissociation
channel taken at the three labeled wavelengths. Error bars represent lo
uncertainty.

butions are peaked close to zero KER, with the 240 nm
distribution peaking furthest away at 5-8 kcal/mol. The
P(Ey) distributions obtained at the other wavelengths
peak closer to zero, but larger statistical uncertainties make
the exact determination of their maxima difficult. For this
channel the lowest observable KER, because of the pres-
ence of the blocker, is 2.0 kcal/mol. The observed mean
KERs are 11.4, 11.0, and 10.8 kcal/mol for 240, 255, and
270 nm photodissociation, respectively. These values are
upper bounds for the true mean KER because of the un-
observed fragments with a KER of less than 2.0 kcal/mol.
Barring the presence of an excursion in the P(Ey) distri-
bution below 2.0 kcal/mol, the overestimate in the mean
KERs listed above is less than 10%. The maximum kinetic
energy release in the 240 nm data, for which the statistical
error bars are smallest, is 44+ 1 kcal/mol. This observa-
tion, combined with the well-known A fH((’o k) of an O
atom (59.0 kcal/mol) (Ref. 34) and the A fH(()o k, for
CH,NO, given by Metz et al.'® places an upper bound on
the A fH(()o k) for CH,NO of 47+3 kcal/mol. This upper
bound is very close to the A ofH(()O k) for CH,NO of 43+6
kcal/mol given by Melius.*® It is well below the upper
bound of A fH(()OK (CH,NO) =99 kcal/mol given by Be-
ijersbergen et al;*® however, in their calculations, they use
the most probable kinetic energy release rather than the
maximum observed kinetic energy release. This, coupled
with their assumption that all excess energy is measured as
kinetic energy, results in a very conservative upper bound.

Figure 5 shows the P(E;) of channel (II),
CH,;NO, - H,CO+NO, for 240, 255, and 270 nm photol-
ysis. All three energy distributions have a broad peak near
55 kcal/mol, with a mean KER of 58 kcal/mol. High en-
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FIG. 6. Recoil anisotropy factor 8 determined from the data as a function
of recoil energy E for both channel (I) (CH,NO+O) and channel (II)
(H,CO-+NO) at 240 nm.

ergy tails in the P(E7) plots extend up to about 20 kcal/
mol below the energetic limit of this channel, which is 153
kcal/mol at 240 nm. Upon changing photon energies, the
mean KER changes very little; the major effect instead is
that the higher wavelength P(Ey) distributions are nar-
rower, being more strongly peaked near the mean KER.

Figure 6 is a plot of the fragment recoil anisotropy
parameter 3 as a function of recoil energy for channels (I)
and (II) as determined from the 240 nm data. S8 for chan-
nel (I) appears to be essentially zero until the upper limit
of observed KERs where the uncertainty associated with
the measured values of 8 includes zero in all but one case.
B for channel (II) is also found to be quite close to zero at
low values of KER. Both of these plots are representative
of the dependence of B on KER at all three wavelengths for
the respective channels; within the experimental uncer-
tainty, the S(E) plots did not appear to depend on the
photon energy. We note that nearly isotropic angular dis-
tributions were also seen in the 193 nm photodissociation
of nitromethane.'®

Channel (II) may also involve the secondary dissoci-
ation of the most highly internally excited portion of the
H,CO formed. The exothermicity of channel (II) is 34
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kcal/mol, so that at 240 nm (119.1 kcal/mol), fully 153
kcal/mol of energy is available for distribution among the
products’ degrees of freedom. This energy is well above the
80 kcal/mol barrier to dissociation to H, +CO. Of course,
Fig. 5 shows that much of the available energy appears as
product translation. In addition, the NO bond order
changes from 1.5 to 2.5 during elimination, which is likely
to result in vibrationally excited NO, further decreasing
the energy available for partitioning into H,CO internal
degrees of freedom. Nonetheless, some fraction of H,CO
might be expected to possess sufficient internal energy to
undergo secondary dissociation on the nanosecond time
scale. A second dissociation pathway for H,CO, forming
H(ZS ) +HCO X with very little KER is expected to dom-
inate the decomposition of H,CO much above its threshold
of 96 kcal/mol.>” In both cases, however, the kinematics
are such that the velocity of the heavy fragment (CO or
HCO) will be very close to that of the original H,CO
photofragment, whereas the light fragment will fly out of
the beam and miss the detector. The net result, at worst,
will be a slight blurring of the translational energy distri-
bution for channel (II). Even in the absence of secondary
dissociation, one would not expect to resolve any structure
in the translational energy distribution for channel (II)
since two molecular fragments are produced. Hence, the
effects of secondary dissociation on the overall appearance
of the distribution should be very small.

C. Branching ratios

Branching ratios are easily determined from the fore-
going KER analysis by summing the area under the KER
curves to obtain the total population of each channel at
each wavelength. As can be seen from Table I, the branch-
ing ratio is near unity at the lowest photon energy, but
definitely favors channel (I), involving O atom loss, as the
photon energy is increased. The uncertainties given with
these numbers derive chiefly from two sources ~— statistical
error and uncertainty in B{Ey). Statistical error in each
channel is well modeled by counting statistics. The second
source of uncertainty is due primarily to the absence of
knowledge of B(E7) for the small amount of data found at
energies where the P(Er) is very low. By assuming values
of B(E;) that represent the possible extremes in these re-
gions, and the limits of uncertainty in the regions where
B(Ey) is well determined, we estimate the uncertainty in
branching ratio from this source.

TABLE II. This table is a compilation of the observed P(E;) data for both channels at the three wave-
lengths (photon energies) used in our experiments. The average kinetic energy release for each channel and
the branching ratio measurements {expressed as the quotient [channel (I)/channel (II)]} are given.

Channel (I) Channel (II)

CH,NO-+O H,CO+NO
Wavelength Photon energy (KER) (KER) Branching ratio
(nm) (kcal/mol) (keal/mol) (kcal/mol) [channel (I)/channel (II)]
270 105.9 114 59 1.19(40.37, —0.21)
255 112.1 11.0 59 1.29(+40.25, —0.16)
240 119.1 10.8 56 1.76(+0.27, —0.16)
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IV. DISCUSSION

In the following discussion, we compare our results for
the photodissociation of the nitromethyl radical to the
known photodissociation behavior of nitromethane. We
then identify the initial electronic transition used in the
excitation of CH,NO, in the present experiment. Subse-
quently, we develop the argument that the observed prod-
uct branching ratios (particularly the absence of C-N
bond fission), combined with the translational energy dis-
tribution for channel (II), imply that dissociation is not
occurring via a statistical process on the ground state
CH,NO, surface. Rather, NO elimination most likely re-
sults from nuclear dynamics on an excited state surface,
aided by the coordinative unsaturation of the C atom in the
nitromethyl radical. We will also argue that the other ob-
served channel, involving N-O bond fission, must similarly
be occurring along an excited pathway, and we identify a
plausible mechanism.

A. Comparison to nitromethane

The identities of the product channels we observe in
the ultraviolet photodissociation of the nitromethyl radical
represent a significant departure from what one might ex-
pect based on the known UV photofragmentation behavior
of the closest closed-shell analog nitromethane. Ni-
tromethane exclusively undergoes C-N bond fission fol-
lowing UV absorption,'®?* whereas the analogous channel
(III) is absent in CH,NO, photodissociation. Instead, we
have identified two major channels — channel (I) N-O
bond fission and channel (II) the elimination of NO. Pri-
mary N-O bond fission has not been observed in any
collision-free nitromethane photodissociation experiments,
although it has been observed in the nitromethane radical
cation dissociative charge neutralization experiments of
Beijersbergen et al.?® They also reported a minor channel
identified as HyCO+NOH (or HNO). Only in infrared
multiphoton dissociation (IRMPD) studies’®?® has the
analogous CH3;0+ NO photodissociation product channel
been seen for nitromethane.

Some of the differences between CH,NO, and
CH;NO, can be understood in terms of the relevant bond
dissociation energies. As shown in Table I, the N-O and
C-N bond strengths are roughly comparable in CH,NO,
(=71 kcal/mol). In contrast, the bond dissociation ener-
gies for the N-O and C-N bonds in CH3;NO, are 95 and
60.6 kcal/mol, respectively.’* The slightly stronger C-N
bond in CH;NO, presumably arises from the C-N 7 bond-
ing interaction via the half-filled 25, molecular orbital. The
N-O bond is considerably stronger in CH;3;NO, than in
CH,NO, or other related radicals: e.g., the N-O bond dis-
sociation energies of NO, and NO; are 72.7 and 49.2 kcal/
mol, respectively.3*> While the absence of N-O fission in
the UV photodissociation of nitromethane is perhaps not
so surprising in light of the bond strengths, the preference
of N~O over C-N bond fission in CH,NO, photodissocia-
tion is an intriguing bond selective effect worthy of further
consideration.

The observation of NO elimination in the UV photo-
dissociation of CH,NO, but not CH;NO, is also of inter-
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est. As mentioned above, CH;0-+NO products have been
seen in the infrared multiphoton dissociation of ni-
tromethane;?* these are produced in competition with the
products of C-N bond fission with a branching ratio of
(CH;0+4NO)/(CH;+NO,) =0.6. In these studies, the
mechanism proposed for CH;O+NO formation was
isomerization to methyl nitrite (CH;ONO) over a barrier
involving a three-center C-N-O transition state followed
by CH;0-NO bond fission, all on the ground state elec-
tronic surface of the system. Using a statistical model for
the competition between isomerization and C-N bond fis-
sion, the isomerization barrier height was estimated to be
55.5 kcal/mol. Saxon and Yoshimine®® later performed cal-
culations to more fully characterize this nitro-nitrite
isomerization transition state and determined that the C-N
and C-O bond lengths are 3.4 and 3.65 A, respectively.
These bond lengths are very large compared with the
CH;NO, ground state C—-N equilibrium bond distance of
1.489 A,% resulting in a transition state whose energy is
calculated to be 56.7 kcal/mol, only 0.4 kcal/mol less than
their calculated C-N bond dissociation energy. The very
unfavorable geometry of the rearrangement transition state
and accompanying high barrier is a consequence of the
inability of the fully saturated C atom in nitromethane to
form a new bond without first breaking an existing bond.
In the case of NO elimination from CH,NO,, one also
expects to pass through some type of C-N-O transition
state, but the formation of such a structure should be fa-
cilitated because the C atom in CH,NO, is coordinatively
unsaturated. This effect should not be limited to the
ground state surface.

The dynamics involved in the NO elimination channel
that we observe are also quite different from the above
mentioned IRMPD study of CH;NO,. In the IRMPD ex-
periment, the translational energy distribution for NO
elimination peaked at zero kinetic energy. This is the char-
acteristic distribution for a statistical bond fission in the
absence of a barrier in the reverse direction and indicates
that the CH;ONO well is sufficiently deep for “rerandom-
ization” of the available energy to occur after crossing the
isomerization transition state. Indeed, the heat of forma-
tion of methylnitrite is virtually identical to that of ni-
tromethane (only ~2 kcal/mol higher), resulting in me-
thylnitrite being ~40 kcal/mol stable with respect to
CH,;0+ NO products.>* The situation in our experiment is
quite different—the translational energy distribution for
NO elimination peaks at high kinetic energy ( ~60 kcal/
mol). This implies that, regardless of the details, little or
no rerandomization occurs prior to dissociation to
H,CO+ NO products.

B. Nature of the initially excited electronic state

In order to have any detailed understanding of the
dissociation mechanisms operative in CH,NO,, we need to
know which electronic transition is responsible for the ab-
sorption band probed in our experiment. CH,NO, has a
2B, ground state with molecular orbital configuration
[ (8a1)2(5b2)2(1a2 )%(2b,)]. Figure 7 gives a qualitative
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FIG. 7. A form of the la,, 26,, and 3b, molecular orbitals determined
from ab initio calculations performed on CH,NO; .

picture of the la, and 2b; molecular orbitals as well as the
unoccupied 3b; molecular orbital obtained by undertaking
a minimal basis set [Slater-type orbital (STO-3G)] geom-
etry optimization calculation using the GAUSSIAN 88
package®® on CH,NO;. A low-lying excited state of
CH,NO,, the 1 24, state, results from the 2b, — 1a, tran-
sition. This was the excited state observed in the CH,NO;
photoelectron spectrum,'> formed by the removal of an
electron from the la, molecular orbital of the anion, and
found to lie only 36.7 kcal/mol above the ground state.
Figure 7 shows that the 2b, « la, transition involves exci-
tation from a nonbonding N-O # orbital to a = orbital
which is N-O antibonding and C-N bonding. However,
because the 1 24, state lies so far below the photon energies
used in our experiment ( > 105 kcal/mol), it is an unlikely
candidate for the initial excited state. The 2b; « 5b, transi-
tion yielding a 2B, excited state is not optically allowed in
C,, symmetry. Two other excited states resulting from
7* — 7 transitions are more attractive options—the 1 2B,
state, from the 3b,2b, transition, and the 2?4, state
from the 3b;« la, transition. The 3b,—2b, transition is
analogous to the transitions seen around 230 nm for several
alkanenitronate (R’"RC=NO; ) anions in solution.*! The
3b, — la, transition is more localized on the NO, group
than the other two transitions and strongly resembles the
7* 7 transition in nitromethane between 190-220 nm.
This is the transition accessed in most nitromethane UV
photodissociation experiments. %!

The lowest energy transitions in solvated alkane-
nitronate anion spectra result in bands that peak near 230
nm and extend up to 250-260 nm.*' This corresponds ap-
proximately with our photodissociation cross section mea-
surements, although the band in the radical appears some-
what red shifted. The C-N bond distance in the anion
ground state is considerably shorter than in the neutral
(1.347 vs 1.430 A, according to our previous ab initio cal-
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FIG. 8. Energetics of the nitromethyl radical and selected energetically
allowed product channels (not all products shown are observed). States
whose energies are known relatively well are represented by solid lines
located at their origin, while a dashed line is used to denote the approx-
imate location of the 1 28, state (see the text).

culations'®), and the 7* orbital populated by this transition
is C-N antibonding. One would expect the vertical transi-
tion energy to be lower in the radical than in the corre-
sponding anion, so the observed red shift appears reason-
able. Conversely, one might expect the 3b;« la, transition
to occur at a higher energy in CH,NO, than the 7*
transition in nitromethane because the C-N 7* antibond-
ing interaction in CH,NO, is absent in nitromethane. Any
blue shifting of this transition would place it well beyond
the range of photodissociation wavelengths used in our
experiments. Based on these considerations, we assign the
1 2B, state resulting from the 3b,«2b, transition as the
initially prepared excited electronic state.

Figure 8 shows the energies of the CH,NO, electronic
states relative to the dissociation channels (I), (II), and
(IIT). The location of the 1 2B, state on this diagram is
intended to indicate the lowest energy at which transitions
from the ground state to the 1 2B, state occur and is esti-
mated according to the lowest energy at which electronic
excitation of CH,NO, leads to dissociation. According to
the matrix isolation study of Jacox,'' the dissociation
threshold is known to be between the wavelengths of 300
nm (4.13 eV) and 280 nm (4.42 eV). We therefore place
the lzBl state (somewhat arbitrarily) at 4.25 eV. The
energetics of low-lying electronic states of channels (I) and
(III) are also shown; the excited states of CH, and NO,
are reasonably well-characterized experimentally, while
the locations of the ground and first excited states of
CH,NO are from a fourth-order Mdéller-Plesset (MP-4)
BAC ab initio calculation by Melius.

Downloaded 17 Jan 2009 to 128.32.220.21 . Jk&hemiRhys;n Yohje8: NoAlR it @essmben1998ht; see http://jcp.aip.org/jcp/copyright.jsp



8760

- 120
- 110
- 100

@ L
CH;NO +O

Energy [kcal/mol]

H,CO + NO

FIG. 9. A schematic of the adiabatic minimum energy pathways to all
three product channels on the ground state surface of CH,NO,.

C. Dissociation mechanisms

Our assignment of the electronic transition accessed in
these experiments offers an immediate if somewhat unspec-
tacular reason for the different product channels seen in
the CH,NO, and CH;NO, photodissociation experiments.
In nitromethane dissociation, the 7* state accessed near
200 nm, which correlates diabatically to CH;,
+NO,(2 %B,) products, is believed to be predissociated by
a o* repulsive state of the same symmetry that correlates to
lower energy CH;+NO,(12B,) products. Since we be-
lieve we are exciting a qualitatively different transition in
CH,NO,, involving a different excited state surface, this
mechanism would not be operative. It remains to be un-
derstood how CH,NO, does dissociate, and this will now
be considered in detail.

1. The possible role of ground state statistical
dissociation

To explain product branching ratios and translational
energy distributions in a given photodissociation experi-
ment, a simple model to consider is rapid internal conver-
sion to the ground state potential energy surface. One
should then be able to predict the product branching ratios
by a statistical model such as the Rice-Ramsperger—
Kassel-Marcus (RRKM) theory.*>* Such a statistical
treatment was successfully used by Wodtke et al. to inter-
pret the IRMPD of nitromethane.?® Figure 9 shows a sche-
matic of the potential energy along the reaction coordi-
nates for channels (I)—~(III) on the ground state surface of
CH,NO,. We would expect “loose” transition states for
the simple bond fission channels (I) and (III) and a
“tight” transition state, presumably involving a three-
membered C-N-O ring, for NO elimination channel
(I1).* The high kinetic energy release associated with
channel (II) is consistent with passage over a barrier as-
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sociated with the tight transition state, while the transla-
tional energy distribution for channel (I) peaks near zero,
the expected “statistical distribution” for simple bond fis-
sion [perhaps over a small barrier in the reverse direction,
consistent with the P(E;) distribution maximum at several
kilocalories per mole]. However, ground state CH,+NO,
correlates to the ground state of CH,NO, both diabatically
and adiabatically. This means there should be no barrier to
the CH,+ NO, recombination reaction, so the loose tran-
sition state associated with C-N bond fission will lie about
71 kcal/mol (i.e., the bond dissociation energy) above the
CH,;NO, well. Since the N-O and C-N bond dissociation
energies are very close, the transition state for channel (I)
must also lie at least as high; it will be higher if there is a
barrier along the reaction coordinate for channel (I). In
addition, the preexponential 4 factor in the Arrhenius rate
equation for the C-N bond fission channel will be larger
since channel (III) yields two polyatomics, as opposed to
a polyatomic plus an atom, and will thus have a greater
gain in entropy on going from the reactant to the activated
complex.”® Thus, even with no barrier to N-O bond fission
above the bond dissociation energy, we expect a statistical
model to yield a greater rate of C-N bond fission than N-O
bond fission. This is incompatible with the absence of C-N
bond fission products observed in the present experiment
and immediately indicates that the N-O bond fission chan-
nel cannot be explained by statistical dissociation on the
ground state surface. We shall return to this channel sub-
sequently.

While it appears certain that a statistical dissociation
on the ground state surface cannot explain al/ of the ob-
served dissociation dynamics, it may be possible that N-O
bond fission [channel (I)] occurs on an excited state sur-
face, while rearrangement and elimination of NO [channe]
(II)] is statistically favored on the ground state surface
and dominates C-N bond fission [channel (III)] once on
that surface. This requires that the RRKM rate constant
for NO elimination at a reasonable barrier height be sub-
stantially larger than that for C-N bond fission. We have
performed RRKM calculations*® for the two channels to
test if this is plausible.

The RRKM rate constants k(E) are given by

wi(E)

k(E)=m.

(10)

Here, W'(E) is the sum of internal states of the dissociat-
ing complex at the transition state and p(E) is the density
of states of the reactant. In our calculation, all vibrations
were assumed to be separable harmonic oscillators. The
rotational temperature was estimated to be 50 K, consis-
tent with previous experiments using this apparatus,®® and
the overall rotations were treated adiabatically. Vibrational
frequencies for the tight three-center transition state in NO
elimination were chosen to yield a preexponential log;, 4
factor in the Arrhenius rate expression of 13 based on
comparisons to previously determined values for compara-
ble types of unimolecular decompositions.***¢ The vibra-
tional frequencies in the transition state for C~N bond fis-
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sion were chosen to be consistent with a log;q 4 factor of
15.6, determined by Benson and O’Neal from the analysis
of kinetics data.*’

We find that even for a barrier as low as 10 kcal/mol
with respect to CH,NO,, NO elimination is only four
times as fast as C-N bond fission at A4,=240 nm. This is
the dissociation wavelength where our signal-to-noise ratio
is best, and we would definitely observe C~N fission were it
occurring to this extent. Moreover, a 10 kcal/mol barrier is
not consistent with the translational energy distribution for
the NO elimination channel. This distribution peaks
around 60 kcal/mol (see Fig. 5), indicating that the bar-
rier with respect to the products is at least this high. Since
NO elimination from CH,NO, is exothermic by 33 kcal/
mol, the barrier height with respect to CH,NO, must be at
least 30 kcal/mol. For this barrier height, statistical C-N
bond fission on the ground state surface is faster than NO
elimination at 240 nm. Judging by the observed P(E7)
distribution for this channel, the true barrier height is
probably larger than this. A barrier of 3C kcal/mol with
respect to CH,NO, implies that the potential energy at the
barrier must be very efficiently channeled into product ki-
netic energy, and this is unlikely considering how strained
the transition state must be with respect to the products.
Our calculations therefore imply that in the statistical
limit, elimination of NO cannot be the dominant dissocia-
tion channel on the ground state. While there is consider-
able leeway in some of the assumptions made in our anal-
ysis, this conclusion seems quite secure.

2. CH,NO,-H, €0+ NO dissocilation mechanism

We are left with two options regarding channel (II).
Either it proceeds on a ground state surface in a highly
nonstatistical (i.e., mode-specific) fashion, or it results
from the nuclear dynamics on one or more of the excited
state surfaces. Given the considerable molecular rearrange-
ment necessary to produce the observed channel (II) prod-
ucts, in contrast to the very direct C-N simple bond fission
channel, the first option seems quite unlikely. This suggests
the existence of a mechanism on excited state surfaces that
would facilitate dissociation to channel (II) products. Af-
ter presenting and discussing such a mechanism, we then
consider the mechanism for dissociation channel (I),
which, based on the above discussion, also most likely oc-
curs on an excited state surface.

Figure 10 depicts the likely nuclear dynamics for the
rearrangement-elimination process of channel (II), irre-
spective of the details of the potential energy surfaces in-
volved. This channel presumably involves (a) rotation of
the CH, plane perpendicular to the NO, plane; (b) O atom
transfer through a C-N-O three-membered-ring; and (c)
elimination of H,CO from NO. We note that steps (a) and
(b) are the first steps in the mechanism proposed by Ya-
mada and co-workers*®* for the photochemical rearrange-
ment of R'RC=NO; anions in solution as a synthetic
route to the corresponding hydroxamic acids [i.e.,
RC(O)~-N(OH)R]. In their mechanism, as applied to
CH,NOj;", the anion first undergoes 7* — 7 excitation cor-
responding to one electron being transferred from the 25,

H\C N/O —_—  Huc N/O
LN N\

FIG. 10. Nuclear dynamics presumably involved in a channel (II)
rearrangement-elimination mechanism resulting in the reaction
CH,;NO,-H,CO+NO.

HOMO to the 3b, molecular orbital (see Fig. 7). The sub-
sequent dynamics involve CH, moiety rotation, which
minimizes the C-N antibonding interaction, formation of a
three-membered oxaziridine ring as an O atom is trans-
ferred from N to C atoms, and finally H atom migration
resulting in the observed net isomerization from CH,NO;
to HC(O)N(O)H . The similarities between the observed
rearrangement-elimination products in the neutral
CH,NO, radical and the postulated CH,NO; anion rear-
rangement dynamics are compelling. Not only are the nu-
clear motions in the initial two stages of the anion rear-
rangement mechanism very similar to what must occur in
the rearrangement-elimination channel observed with ni-
tromethyl radical, but the initial electronic transition is
proposed to be the same in each case (as discussed in Sec.
IV B).

Although the anion has an additional 254, electron in
both the ground and excited states, one expects the 128,
state in the radical to be significantly stabilized by a 90°
internal rotation about the C~N bond for the same reason
as in the anion — reduction of the C-N antibonding inter-
action as a result of the half-filled 34, orbital. The resulting
stabilization may be greater in the radical because there is
no half-filled C-N #-bonding orbital as there is in the anion
excited state, or it might be smaller due to the larger C-N
bond distance in the radical. In any case, let us consider
what effect the 90° internal rotation might have on the
relevant molecular orbitals in the excited state. Figure
11(a) shows the 3b; molecular orbital after the internal
rotation has occurred. While this orbital has some ampli-
tude on the C atom in the planar geometry, it becomes an
orbital localized on the NO, group in the 90° geometry,
leaving the p orbital on the C atom perpendicular to the
CH, plane empty. This geometry places an excess positive
charge on the C atom and corresponding excess negative
charge on the NO, mojety. This should facilitate formation
of the three-member C-N-O ring intermediate, since the
lone pair on either of the oxygen atoms in the NO, plane
[see Fig. 11(b)] will be attracted to the empty orbital on
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FIG. 11. (a) The form of the 3b; molecular orbital following a 90°
internal rotation. (b) A top view of CH,NO, subsequent to internal
rotation, showing how a C-O bond may form from attack by the 5b, O
atom lone pair molecular orbital at the empty p orbital on the carbon
atom.

the electron-poor C atom, forming an O~C bond. Figure 11
may be somewhat of a simplification in that rehybridiza-
tion of the N atom may occur subsequent to internal rota-
tion, resulting in an sp* hybridization with a lone pair of
electrons localized on the nitrogen, but this does not affect
the overall argument.

As far as the energies along the rather complex reac-
tion coordinate associated with the nuclear dynamics de-
picted in Fig. 10 are concerned, we expect the highest en-
ergy geometry to occur either en route to formation of the
three-member ring, or at the three-member ring itself.
While one might wonder if the three-member oxaziridine
ring represents a local minimum, prior theoretical studies®
suggest that the structurally identical intermediate postu-
lated for CH,NO; rearrangement is unstable. In addition,
only oxaziridines having aryl-, alkyl-, H-, or acyl-
substituted N atoms have been isolated; no stable oxaziri-
dines with O-substituted N atoms (i.e., the current case)
are known.*® In any case, regardless of the exact location of
the barrier along the reaction coordinate, we expect it to lie
well above ground state H,CO+NO products, consistent
with the high translational energy seen for this channel. On
the other hand, the geometry found at the barrier is only
beginning to resemble the products, and as a result, there
should be extensive internal excitation found in the prod-
ucts. This implies that the actual barrier height with re-
spect to the products is significantly higher than the min-
imum value of ~ 60 kcal/mol implied by the translational
energy distribution.

The central element in the above mechanism is that the
coordinatively unsaturated C atom provides a relatively
facile pathway for NO elimination. Such a pathway does
not exist in CH3NO,, consistent with the absence of NO
production as a result of electronic excitation. Moreover,
other examples of dissociation channels analogous to chan-

Cyr et al.: Photodissociation of CH,NO,

nel (II) in our study have been observed in which the C
atom in the parent molecule is unsaturated. For example,
in the experiments of Beijersbergen et al.,?® three structural
isomers of nitromethane radical cation and their deuter-
ated analogs were neutralized by resonant charge ex-
change. This process forms the neutral with a significant
amount of excitation (5.9 eV for Na and 7.2 eV for Cs
charge exchange). Below are the structures of two of the
isomers studied, nitromethane 1 and its tautomer, aci-
nitromethane 2.

O OH
@ /
@ %

O

1 2

Rearrangement followed by elimination of NOH (or
HNO) was found to be the major pathway only upon
charge exchange neutralization yielding the aci form of
nitromethane, which contains a CH, group rather than a
CH; group bonded to the nitrogen atom. Also, in the re-
cent study by Galloway er al.>! of the UV photodissocia-
tion of nitrobenzene, NO elimination was observed, along
with both C-N and N-O bond fission. While nitrobenzene
is a closed shell molecule, the C atom bound to the NO,
group is coordinatively unsaturated, and this may enhance
the NO elimination channel by the mechanism discussed
above.

3. CH,NO,— CH,NO+ O dissociation mechanism

Having proposed a possible mechanism by which
channel (II) proceeds to products, the next step is to de-
termine whether the absence of C~N bond fission and the
presence of N-O fission can also be explained in terms of
excited state dynamics. We first consider why C-N fission
might not readily occur from the initially accessed 1 2B,
state. As shown in Fig. 8, the three lowest lying C-N bond
fission channels which could correlate to this state in C,,
symmetry are (IIIa) CH,(X *B;)+NO,( X 4,); (IIIb)
CH,(b 'B|)+NO,(X 24,); and (Illc) CH,(@'4;)
+NO,(12B,). The observed absence of C-N bond fission
in our results requires that there is no low energy pathway
for dissociation of this state to the ground state fragments
[channel (IIIa)]. If we examine how the molecular orbitals
of the parent molecule correlate with those of the frag-
ments, we indeed find that the ground state fragments cor-
relate diabatically (and adiabatically) with the X ZBI state
of CH,NO, and not with the 1 2B, state. Hence, channel
(I1Ic) is the lowest C-N bond fission channel to which the
1 2B, state can correlate diabatically. This channel lies 45
kcal/mol above the lowest CH,NO-+-O channel. C-N
bond fission is therefore less favorable than might be ex-
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FIG. 12. Geometry of ground state CH,NO, as determined in Ref. 52.

pected at first glance, and any additional barrier along the
reaction coordinate further reduces the expected contribu-
tion from this channel.

To complete the overall picture, we need to identify a
facile dissociation pathway to N—O bond fission consistent
with the observed translational energy distribution. This
distribution, which at 240 nm peaks at less than 15% of the
available kinetic energy, indicates that the surface on
which dissociation occurs is not strongly repulsive along
the N-O coordinate. We first consider which electronic
states of CH,NO, might lead to CH,NO+O production.
The geometry of the ground state of CH,NO calculated by
Balakina et al.* is shown in Fig. 12. This radical has C=N
double bond character, while the HOMO of the 1 2B, state
of CH,NO, (the 3b; molecular orbital) is C-N = anti-
bonding. Hence, the lzBl state should not diabatically
correlate to the ground state of CH,NO. On the other
hand, the 1 %4, state has a C-N double bond and lies well
below the CH,NO+O asymptote. Moreover, the C-N
double bond makes dissociation to CH,+NO, unlikely.
Dissociation to CH,NO+O from the 124, state therefore
presents an attractive possibility.

The next issue to address is the mechanism which al-
lows the radical to transfer onto the 124, surface after
initial excitation to the 12B, state. The molecular orbital
occupancies for these states in the planar geometry,
«++(1a,)(2b,)? for the former and -+ (1a,)?(3b,) for the
latter, differ by two electrons and are therefore coupled
only by the configuration interaction term in the electronic
Hamiltonian. This coupling should be strong only in the
vicinity of an intersection between the two surfaces; such
an intersection can be brought about by internal rotation
about the C-N bond. As discussed above, this torsional
motion is expected to stabilize the initially excited 12B,
state. In contrast, it should strongly destabilize the 124,
state as it disrupts the C-N double bond in the planar
geometry. One can therefore imagine a crossing between
the two surfaces at an internal rotation angle between 0°
and 90°, as shown in Fig. 13. The radical has no symmetry
at the intermediate angles, so these would actually be
avoided crossings, with the adiabatic surfaces repelling
each other near where the intersections would occur in the
absence of configuration interaction. It is perhaps easier to
think about the overall dynamics in terms of diabatic sur-
faces. If, at the crossing points, the radical remains on the
initial diabatic surface, it will continue to undergo internal
rotation until it reaches the 90° geometry, at which point
NO elimination is most favorable. On the other hand, it
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FIG. 13. A schematic of the potentials for the 1 2B, state and 1 %4, state
along the torsion coordinate.

can undergo a transition to the diabatic surface which cor-
relates to the 124, state in the planar geometry. Such a
diabatic transition would most likely result in a highly
vibrationally excited molecule. If we apply the concepts
developed for statistical dissociation on ground state sur-
faces to this situation, we would expect that dissociation to
fragments with high kinetic energy is unlikely because the
124, state is strongly bound with respect to CH,NO+O.
This is consistent with our observed distribution. However,
a translational energy distribution described by phase
space theory would peak very close to zero, while ours
actually peaks at 5-8 kcal/mol. This may indicate a small
barrier to N-O bond fission. Alternatively, peaking away
from zero may indicate that the dissociation rate is suffi-
ciently rapid as to render the statistical perspective some-
what inappropriate.

Overall, the picture we are proposing to explain the
photodissociation of CH,NO, is that the important nuclear
dynamics are occurring on excited state potential energy
surfaces. In particular, torsional motion on the initially
excited surface plays a major role in the two observed dis-
sociation channels, and the outcome depends on whether a
diabatic transition occurs while the radical is undergoing
internal rotation. We acknowledge that aspects of these
mechanisms are somewhat speculative. Nonetheless, as the
overall scheme is consistent with the experimental results,
it should at least provide a starting point for more detailed
experimental and theoretical studies of this species. We
believe that ab initio investigations of the excited states of
CH,NO, would be particularly helpful in assessing some of
the ideas put forward here.

V. CONCLUSIONS

We have studied the photodissociation dynamics of the
CH,;NO, radical at three wavelengths 240, 255, and 270
nm. We have measured branching ratios for the various
dissociation channels, as well as kinetic energy and angular
distributions for each major channel. We observe only two
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channels and find these have comparable yields (I)
CH,NO, - CH,NO,~+0 and (1I) CH,NO,—-H,CO+NO.
No C-N bond fission is observed. These results are in sharp
contrast to the ultraviolet photodissociation of ni-
tromethane, which undergoes exclusive C-N bond fission
near 200 nm. We have assigned the electronic transition in
these experiments to the 1 2B, —X 2B, transition, in which
the 2b; C-N 7-bonding electron is promoted to the 3b; 7*
molecular orbital. An analysis of the observed branching
ratios and translational energy distributions indicates that
statistical dissociation on the ground state surface is most
likely not occurring, and that both of the observed chan-
nels are occurring on excited state surfaces. Mechanisms
for both channels are proposed in which the initial nuclear
dynamics involves internal rotation about the C-N bond in
the initially excited state. A 90° internal rotation facilitates

formation of the three-center C-N-O transition state
needed for NO elimination, while internal rotation also
provides a reasonable coupling mechanism between the
1 2B, and lower-lying 1 24, surface, with N-O bond fission
occurring on the latter surface.
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