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Abstract

The dynamics of oxygen atom formation in the gas-phase photolysis of nitromethane (CH3;NO,) was studied using
the pulsed laser photolysis/laser-induced fluorescence (LIF) pump-and-probe technique. Room-temperature CH;NO,
molecules were excited at two UV photodissociation laser wavelengths of 248 and 266 nm. Nascent O(*P) photo-
fragments were detected via LIF in the vacuum ultraviolet spectral region under collision-free conditions. Narrow-band
probe laser light, tunable over the wavelength range 130.2-130.6 nm, was used to monitor the fine-structure state
distribution of nascent O(*P;_,;0) atom product. From Doppler profiles of the O atom, the fraction of the total
available energy channeled into product translational energy was determined to be (f1) = 0.28 +0.02 at 248 nm and
(fr) = 0.23 £ 0.04 at 266 nm. These fr values are considerably lower than the value of (fr) = 0.63 obtained by dy-
namical simulation of the soft impulsive model for single N-O bond cleavage. The population ratio of the three fine-
structure states of the oxygen atoms was found to be close to the statistical ratio at both photolysis wavelengths. The
product fine-structure state population distribution measured for the O atoms and the (fr) values indicate that at both
photodissociation wavelengths the O atoms are produced mainly via an indirect predissociation mechanism, but at 248
nm there is an additional contribution from a direct predissociation mechanism. The absolute quantum yields for O(*P)
atom formation were ¢(O) = 0.18 £ 0.03 at 248 nm and ¢(O) = 0.13 £0.04 at 266 nm; these values were obtained
using a photolytic calibration method that employed NO, photodissociation as a reference source of well-defined O
atom concentration. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The UV photoexcitation dynamics of nitro-
methane (CH3;NO,) has attracted considerable at-
tention among researchers owing to its complex

* Corresponding author. Fax: +82-42-869-8123.
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primary photodissociation feature, which stands in
contrast to the structural simplicity of nitrome-
thane [1-17]. In particular, the competition among
the various energetically allowed product decay
channels makes it an interesting system for ex-
perimental and theoretical studies.

The CH;NO, molecule exhibits two distinctly
different UV absorption bands; a first strong band
located at around 198 nm (e = 5000 M 'cm™!)
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and a second much weaker one at approximately
270 nm (¢ = 10 M~'cm™!) [1,2]. In the wavelength
region of the first band, the n* < n transition is
localized on the NO, moiety and the main photo-
dissociation channel is found to be CH;NO, —
CH; + NO,, which occurs via electronic and
vibrational predissociations [3-6]. Nevertheless,
7* « n excitation of a nonbonding electron of the
O atom is also responsible for at least three addi-
tional photodissociation channels, including a
channel that leads to NO and O atom formation
[7-9]. Past studies of NO, formation dynamics by
femtosecond laser-induced fluorescence (LIF) at
266 nm have yielded conflicting results for the
product quantum vyield; for example Shoen et al.
[8] give a value of @ = (.7, whereas Mialocq et al.
[9] state the value at @ = 0.17.

In this article we report on the O atom forma-
tion dynamics photolysis of CH;NO, at 248 and
266 nm, studied using the pulsed laser photolysis
(LP/VUV) LIF pump-and-probe method. The
product quantum yield for oxygen atom forma-
tion was determined by a photolytic calibration
method using a NO, reference gas. Finally, we
attempt to clarify the unresolved discrepancy be-
tween past results by proposing a mechanism for O
atom formation based on the observed O(CP,)
atom Doppler profiles and the nascent population
distribution of three product fine-structure states
of oxygen atom, i.e., OCP,; J =0, 1, 2).

2. Experimental

The experimental setup used in this study was
essentially the same as the flow system described in
detail elsewhere [18]. A small modification was
made to the LP/VUV-LIF pump-probe setup to
allow for VUV-LIF detection of O(*P,) atoms.
CH;NO; (Aldrich, purity > 99%) was flowed
through the reactor at about 1-40 mTorr and
constantly monitored by a pressure gauge (MKS-
Baratron). The system was at room temperature,
and the flow rate was controlled using a calibrated
mass flow controller. The calibration was done
with NO, (Messer Greisheim, 99.98%) gas at a
pressure of approximately 40 mTorr. The flow rate
of reactants was maintained at a level sufficient to

ensure fresh sample gases at each of the successive
laser shots made at a repetition rate of 6 Hz.

Photolyses of CH3;NO, and NO, were per-
formed at 248 nm using a KrF excimer laser and at
266 nm using the fourth harmonic of a Nd/YAG
laser. The homogeneous part of the rectangular
excimer laser profile was skimmed off using a cir-
cular aperture to provide the photolysis beam. The
photolysis laser intensities were typically 2-10 mJ/
cm®. Since the beam was essentially unpolarized,
any anisotropy in the photodissociation process
was expected to be largely averaged out. To de-
tect OC’P,) atoms narrow-band probe laser light
in the wavelength region 130.21-130.60 nm was
generated using Wallenstein’s method [19] for the
resonance third-order sum-difference frequency
conversion (wyyy = 2wr — o) of pulsed dye laser
light in Kr gas. The fixed frequency wgr (212.55
nm) was the two-photon resonance of the Kr
transition 4p—5p (1/2, 0), and the frequency wr was
tuned from 570 to 579 nm. The “primary” laser
light for the nonlinear mixing process was ob-
tained from two tunable dye lasers simultaneously
pumped by a XeCl excimer laser, one of which,
wg, was frequency doubled using a BBO II crystal.
The VUV-light generated in the four-wave mixing
process was carefully separated from the uncon-
verted laser light by a lens monochromator fol-
lowed by a light baffle system. The bandwidth of
the VUV light was determined to be 0.43 £+ 0.04
cm~! through analysis of the O atom Doppler pro-
files measured under thermalized conditions, in the
presence of a large excess of Nj.

The photolysis laser beam was aligned so as to
overlap the probe beam at a right angle in the
viewing region of the LIF detector. The delay time
between the pump pulse (duration ~ 10 ns) and
probe pulse (duration = 15 ns) lasers was typically
150 + 10 ns. This delay was sufficient to avoid any
time overlap between these pulses and any un-
wanted multiphoton photochemical processes. The
LIF signal was passed through a band-pass filter
and measured with using a solar blind photomul-
tiplier positioned at right angles to both laser
beams. The S/N ratio was determined by averaging
each point of the O atom Doppler profiles over 30
laser shots. The fluctuation in intensity of the VUV
probe laser beam was monitored using an addi-
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tional solar blind photomultiplier of the same type.
The O atom LIF signal and the intensities of the
probe and photolysis laser beam intensities were
recorded using a three-channel boxcar system and
transferred to a microcomputer via an analogue-
to-digital converter. The LIF signal was normal-
ized both photolysis and probe laser intensities.
Log-log plots of O signal intensity against pho-
tolysis laser intensities at 248 and 266 nm were
linear, with slopes of 0.83 4+ 0.08 and 0.81 + 0.11,
respectively.

3. Results
3.1. O(*P) fine-structure state distribution

Fig. 1 shows typical Doppler profiles of O(*Py;
J=2, 1, 0) atoms produced in the gas-phase
dissociation of room-temperature CH3;NO, after
excitation at 248 nm. The fine-structure state dis-
tribution of OCP,; J = 2, 1, 0) fragments was de-
termined from the integrated areas of the Doppler
profiles, after correcting for slight fluctuations in
the oscillator strengths of the spectral transitions
used for probing different J-states.

3.2. Average O atom translational energy

The LIF of OCP,) atoms was observed by em-
ploying 3S; « 3P, transitions in the 130.21-130.60
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Fig. 1. Doppler profiles of O(P;) atoms for: (a) J =2, (b)
J =1 and (¢) J =0 produced in the 248 nm photolysis of ni-
tromethane. Line centers correspond to the 3S; « *P, transi-
tion of the O atom at (a) 76 794.69 cm™', (b) 76 636.19 cm™' and
(c) 76568.19 cm™'.

nm region. O atom Doppler profiles were measured
to obtain the fraction of the average available en-
ergy, (fr), released as translational energy after
photoexcitation of CH3NO, at 248 and 266 nm.
The average translational energy of the product
in a center-of-mass system was calculated from
the FWHM of the profile obtained by fitting a
Gaussian function to the observed O atom Doppler
profile. The average translational energies, Et(c.m),
for the CH3NO + O channel at 248 and 266 nm
were found to be 25.1 1.9 and 13.6 &+ 2.1 kJ/mol,
respectively. The energies available to the products
were obtained from the photon energies used in
photolysis and from available thermochemical data
[20,21]. The (ft) values thus determined were
0.28 £0.02 at 248 nm and 0.23 + 0.04 at 266 nm.
The (fr); value was calculated to be 0.63 using a
soft impulsive model defined in Egs. (1) and (2),
where u is the reduced mass, and E,, is the avail-
able energy.

Erin :NN%O(hv—DO) —_to g (1)
HcHsNo-0 HcnsNo-0
Etm JLINES)
frhm=—F—= (2)
M Eavl ﬂCH;NO—O

Comparison of the experimental values with the
values of (fr);, from the soft impulsive model
indicates that the available energy in the photo-
dissociation process is partitioned in a nearly sta-
tistical fashion (see Table 1).

3.3. Nascent O(°P;) fine-structure state distribu-
tions

The OC’P,) atom quantum yields were obtained
by a calibration method using NO, as a reference.

Table 1
The fraction of available energy released into product transla-
tional energy in the center-of-mass frame of the CH;NO + O
products

PhOtOlySiS EcAm(kJ/mOI) (fT) </(T>lma
wavelength (nm)

248 251+1.9 0.28+0.02 0.63
266 13.6 £2.1 0.23+0.04 0.63

#Calculated employing a soft impulsive model.
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The measured ratio of ®xo,(O(*P)):Pno,(O(Py)):
Pno, (O(PPy)) at 266 nm agreed well with the
literature value [22,23]. Our measured ratio of
(pNoz(O(3P2)):¢N02(O(3Pl)):¢NOZ(O(3P0)) at 248
nm was almost the same as that at 266 nm.

(DCH3N02 (O(%PJ))

o So(CHj,NOz)q)NOZ (O(3PJ))O-N02PNOZ
=% 3)

So(NO2)acn,No,Pcn;No,

Pno,(0) = Pro, (O(P2)) + Pro, (OCPy))
+ ‘I)NOZ(O(3P0)) ~ 1 4)

®Dcuyno, (0) = Penyno, (OCP,)) + @cuyno, (OCP)))
+ ‘I’CH3N02(O(3P0)) (5)

The ratios of ¢CH3NOZ (O(3P2)):¢CH3NOZ (O(}Pl ))
Dcu,no, (O(Py)) in Eq. (3) were found to be 75:19:6
at 248 nm and 73:20:7 at 266 nm (Table 2). The total
quantum yield ®cp,no,(O) for the (CH3;NO + O)
channel was also determined from Egs. (4) and (5)
and was found to be (17.8 + 3.3)% at 248 nm and
(13.1 £+ 3.7)% at 266 nm, where So is the integrated
area under the measured OCP,) atom Doppler
profile. The parameters ono, and ocp,no, are the
absorption cross-sections of NO, and CH;3;NO,,
respectively. Pyo, and Pcy,no, are the pressures of
NO, and CH;NO,. The parameter y, is a constant
obtained experimentally. The values of ocu;no,
measured in this study were (1.17 4 0.05) x 10~ at
248 nm and (1.24 £ 0.05) x 10" cm? at 266 nm.
The values used for ono, were 3.2 x 1072 and
3.0 x 1072 cm?, as obtained from Ref. [24].

Table 2

Primary photolytic oxygen atom quantum yield ®(O) and the
nascent population ratios of the O(*P;) fine-structure states in
the CH3;NO, photolysis

Photolysis P(0) N(OCPy))/
wavelength (nm) N(OCP)))/
N(OCPy))
248 0.18+0.03 0.75/0.19/0.06
266 0.134+0.04 0.73/0.20/0.07

4. Discussion

4.1. Quantum yields of photodissociation channels in
the T «— n transition

Three important channels in R-NO, photolysis
are summarized by [3-9,13]

RNO,; + hv — R + NO, (C-N cleavage) (a)
RNO; + hv — RNO + O (N-O cleavage) (b)

RNO; + hv — RO + NO
(N-O cleavage after isomerization) (c)

The contributions of these reaction channels vary
from reaction to reaction. For instance, all three
channels are involved in the case of C¢HsNO,
photolysis near 248 nm. Our measured quantum
yield is 0.39 4+ 0.08 in channel (b). For CH,NO,,
channels (b) and (c) are the major photolysis
channels in the region of 240-270 nm [11]. In the
case of CH3;NO,, the major contribution in the
" « 7 transition has been found to be channel (a)
with nearly unit quantum yield [3-5], but the de-
tailed mechanism in the n* < n transition has yet
to be studied [8,9]. In the present study, the total
dissociation behavior of CH3;NO, in the n* < n
transition is explored in some detail.

The total quantum yield of the dissociation
channels is assumed to be one, because CH;NO,
gives out negligible fluorescence in the n* «+— n
transition [25]. In 266-nm photolysis, the ground
state NO,(*A|) and a very small amount of the
excited state NO; were formed from the (CH3+
NO,) channel. Ab initio calculation [12] has shown
that the ground state NO,(*A,) is related to the
ground potential energy surface ('A;). These re-
sults imply that the (CH; + NO,(*A;)) channel in
the m* < n transition proceeds by indirect predis-
sociation transferring from the first excited state
('A,) to the ground state ('A;). An infrared mul-
tiphoton dissociation (IRMPD) study has sug-
gested competition between the (CH;O + NO)
channel and the (CH; + NO,(?A;)) channel on the
ground PES of CH3;NO, [15,16]. The A factors of
channels (a) and (c) have been reported, at 10'>
and 10'33, respectively [15,16]. Since nitromethane
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obtains sufficient energy to cross the energy bar-
riers (251.9 kJ/mol for channel (a) and 231.6 kJ/
mol for channel (c)), the relative yield between
channels (a) and (c) can be estimated from the A4
factors of these channels. Given that the 4 factor
of channel (a) is ten times larger than that of
channel (c), it is reasonable to assume that the
yield of channel (a) will be considerably larger
than that of channel (c). Since channel (b) is also
involved in indirect predissociation in the ground
PES, these three channels must compete on the
ground PES of CH;NO, photolysis by ©n* < n
transition.

Although several minor dissociation channels
are also energetically feasible, their contributions
seem to be very small. For instance, the observed
quantum yield of the channel (CH,NO + OH) is
only 0.004 + 0.001 [17]. Another possible channel,
(CH,NO; + H), requires C-H bond fission after
energy transfer from the NO, moiety. It has not
yet been confirmed whether or not another possi-
ble channel, (CH,O + HNO), is a primary reaction
[7]. The (C,H;+ HONO) channel for decom-
position of nitroethane via an intramolecular
rearrangement has been suggested, but HONO
formation has yet to be observed experimentally
[26] (see Table 3).

Accepting @ = 0.13 at 266 nm for channel (b), it
is reasonable to adopt Pcp,ino, =0.7£0.3 for
channel (a) at 266 nm. In order to confirm the
proposed mechanism for the photodissociation of
CH;NO, after m* < n excitation, the quantum
yield for the product channel (c) has to be mea-
sured.

Table 3

4.2. The oxygen atom formation mechanism of
CH;NO;

The LIF profiles of O(*°P,) atoms in Fig. 2 are
well fitted with a Gaussian functions which indi-
cate that O atoms are produced through slow
processes, for example by indirect predissociation
through the internal conversion between an ex-
cited state PES and the ground state PES, followed
by direct predissociation by crossing between two
excited state PESs. The observation of almost
equal ratios of O(’P,) at 248 and 266 nm suggests
that the CH3NO + O reaction occur via very
similar dissociation mechanisms at the two wave-
lengths. The fraction of the average available en-
ergy released as translational energy is much
smaller than the fraction calculated using the soft
impulsive model (see Table 1). This implies that
the dissociation time is long enough for the avail-
able energy to be released into internal energy.

The larger value of (fr) at 248 nm ({fr) = 0.28)
than at 266 nm ({ft) = 0.23) suggests that direct
predissociation participates in the (CH3;NO + O)
channel at 248 nm, because more of the available
energy is released to translational energy than that
would be expected for indirect predissociation.
Although the Doppler profile of O(*P,) at 248 nm
is well fitted by a Gaussian function, the relatively
large laser bandwidth and error range make it
difficult to determine whether one or two dissoci-
ation channels are involved. The origin of the large
value of (ft) at 248 nm can be found in the dy-
namics of the (CHj; + NO,) channel [8,12]. The
ratio of NO;(1°B,) and NO,(1%A,) at 248 nm in

Quantum yields of the primary product channels in the dissociation of CH;NO, after ©* <+ n photoexcitation

Product channel Quantum yield AH, (eV) Mechanism Experimental technique
CH; + NO, 0.70 £ 0.30* 1.87 C-N cleavage LIF [4]
CH; +NO+O 0.13 +0.08° 4.07 N-O cleavage LIF
CH;0 + NO = 1.7 Isomerization + N-O cleavage IRMPD [15,16]
CH, + NO + OH 0.004 £ 0.001 2.61 Isomerization + elimination LIF [17]
CH, + NO, + H —d 3.92 C-H cleavage Flash photolysis [7]
CH, + HONO - 2.78 Isomerization + elimination Flash photolysis [25]
CH,0 + HNO - 0.68 Isomerization + elimination Flash photolysis [7]
#Quantum yield at 266 nm.
® This work.

¢Unknown, but expected to be considerably less than the quantum yield of the CH; + NO, product channel.

4 Unknown, but expected to be very small.
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(b) nitromethane at 266 nm
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Fig. 2. Doppler profiles of O(*P,) atoms produced: (a) at 248 nm and (b) at 266 nm in the photolysis of nitromethane. Line centers
correspond to the 3S; « 3P, transition of the O atom (76 794.69 cm™").

the CH3NO, photolysis was found to be smaller
than that at 266 nm, and considerably larger than
that at 240 nm. NO;(1’°B,) comes from the
'B,(ne*) repulsive PES [12], and only the 'A, ex-
cited state is accessible via a one-photon absorp-
tion transition at 240 and 266 nm [10]. Although
the 'B,(no*) repulsive PES has no correlation with
the 'A, excited state PES in C,, symmetry, the
crossing from the !B, (no*)(A’) PES to the 'A,(A’)
excited state PES is accessible with breaking of the
C,, symmetry by symmetric vibration of CH;NO,.
This may be the origin of the direct predissociation
which produces NO,(1°B,). The crossing point is
located at between 37593 cm~! (266 nm) and
41667 cm™! (240 nm). Assuming an unknown re-
pulsive PES related to (CH;NO(A”) + O(°P))),
the coupling with the 'A, excited state PES by the

C,, symmetry breaking to C; would explain the
larger (fr) at 248 nm than at 266 nm in the
(CH;3NO + O) channel. The crossing point may be
in the range of 37593 cm~! (266 nm) to 40323
cm~! (248 nm). This reasoning, would explain why
O atoms are produced via indirect predissociation
only at 266 nm, and via direct and indirect pre-
dissociation at 248 nm in the " « n transition of
the CH;NO, system.

We have proposed that the CH3NO, dissocia-
tion process at 248 nm involves competition be-
tween an indirect and a direct predissociation.
NO;(1°B,) and O atoms are expected to be the
main products from predissociation. From the
absolute quantum yields for O(’P) at 248 and 266
nm, we have confirmed channel (a) is the main
channel with its quantum yield of about 0.7.
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