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Photodissociation Dynamics of Nitromethane and Nitroethane at 266 nm†
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Measurements of the nascent OH product from photodissociation of gaseous nitromethane and nitroethane
at 266 nm were performed using the single-photon laser induced fluorescence technique. The OH fragment
is found to be vibrationally cold for both systems. The rotational state distribution of nitromethane are
Boltzmann, with rotational temperature of Trot =2045±150 and 1923±150 K for both 2 Π3/2 and 2 Π1/2
states, respectively. For nitroethane, the rotational state distribution shows none Boltzmann and cannot
be well characterized by a rotational temperature, which indicates the different mechanisms in producing
OH radicals from photodissociation of nitromethane and nitroethane. The rotational energy is calculated as
14.36±0.8 and 4.98±0.8 kJ/mol for nitromethane and nitroethane, respectively. A preferential population
of the low spin-orbit component (2 Π3/2 ) is observed for both nitromethane and nitroethane. The dominant
population of Π+ state in two Λ-doublet states is also observed for both nitromethane and nitroethane,
which indicates that the unpaired π lobe of the OH fragment is parallel to the plane of rotation.
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Briefly, the results of these studies are presented as follows. On the second absorption band of π ∗ ←π transition, several groups [14-18] have studied the photodissociation of nitromethane at 193, 200, and 218 nm, respectively. One consistent result was formed from these
investigations that the primary photodissociation pathway is cleavage of the C−N bond to produce CH3 and
e2 B2 ,
NO2 with the first electronically excited state A
some of which with sufficient internal energy could
then dissociate into NO+O. Another minor photolysis
channel to produce CH3 and the ground electronically
e 2 A1 ) has been proposed by Butler et al.
state NO2 (X
with fluorescence emission spectroscopy and photofragment translational spectroscopy technique [15], and
e 2 A1 ) could absorb another 193 nm photon to
NO2 (X
dissociate into NO+O. Further studies by Lao et al.
[16] and Moss et al. [17] have reached the consistent
results with Butler et al. and then confirmed the proposed photodissociation mechanism for the minor channel [15]. Unfortunately, studies of the photodissociation
of CH3 NO2 following excitation of the weak π ∗ ←n transition have produced less consistent results. The ground
and vibrationally excited state of NO2 product were observed in the photodissociation of CH3 NO2 at 252.6 nm
by Spears et al. [19] and 264 nm by Schoen et al. [20].
However, no photodissociation was observed by Kwok
et al. in the photodissociation of CH3 NO2 at 266 nm
under collision-free conditions [21]. A small yield of
OH radicals was observed by Zabarnick et al. in the
266 nm photodissociation of CH3 NO2 under collisionfree conditions [22], but no OH product was observed
by Greenblatt et al. at 282 nm photolysis of CH3 NO2
[23].
In contrast to the number of experimental studies of
CH3 NO2 , theoretical work on this system was rather

I. INTRODUCTION

Nitro-containing compounds play a significant role in
propellant ignition, combustion, and atmosphere pollution [1]. Their physical and chemical properties have
attracted much interest from scientists due to these important aspects. Experimental and theoretical studies
have been extensively performed in the past [2-11].
Nitromethane (CH3 NO2 ), the simplest nitroalkane,
is one of the most prototypical systems for mechanistic
studies because it exhibited complicated multichannel
dissociation processes on both the ground and excited
electronic states. The ultraviolet absorption spectrum
of CH3 NO2 consists of two bands: a weak band centered at 270 nm and a much stronger band centered
at 198 nm. The weak band at 270 nm has long been
assigned as a π ∗ ←n transition, involving promotion of
a nonbonding electron of O [12]. The strong band at
198 nm was first observed by Nagakura and assigned
as a π ∗ ←π transition localized on the NO2 moiety [13].
The photodissociation dynamics of CH3 NO2 have been
extensively investigated on both two absorption bands,
respectively. The observed photoproducts can be attributed to the following four major channels:
CH3 NO2 +hν
CH3 NO2 +hν
CH3 NO2 +hν
CH3 NO2 +hν

→ CH3 +NO2
→ CH2 O + HNO
→ CH3 O + NO
→ CH3 NO + O

(1)
(2)
(3)
(4)
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little. Several groups have calculated the ground state
potential energy surface (PES) and the thermal decomposition of nitromethane [25-28]. Corresponding calculations on the excited state PESs photodissociation
have also been carried out [29-32]. Arenas et al. calculated the excited state PESs and 193 nm photodissociation of CH3 NO2 [31-32], two dissociation channels were
proposed: a major channel consisting of excitation to
the 2A00 state, internal conversion to the 2A0 state, and
e 2 B1 ), and a minor
dissociation to produce CH3 +NO2 (B
channel where the initially excited 2A00 state directly
e 2 A2 ). Their more
dissociates to produce CH3 +NO2 (C
recent work [32] proposes a radiationless decay through
a conical intersection, which deactivates the electronically excited nitromethane and causes it to dissociate
e2 B2 ), which is consistent with
and form CH3 +NO2 (A
the assignments of Butler et al. [15].
Analogous dissociation channels are possible for the
higher alkanes. Howerver, very limited information is
available in literature regarding the photodissociation
of nitroalkanes with two or more carbon atoms. For nitroethane, CH3 CH2 NO2 , its UV absorption spectrum
consists of two smooth, broad bands centered roughly
at 280 and 200 nm [33]. The band at longer wavelength has been assigned to a π ∗ ←n transition that is
located on the NO2 functional group, while the feature
at 200 nm is assigned to a π ∗ ←π transition also located
on the NO2 chromophore [13]. In the first absorption
band, our group studied the photodissociation dynamics of gaseous CH3 CH2 NO2 at 266 nm by monitoring
the NO product using single-photon LIF technique [34].
Greenblatt et al. observed the OH product from the 282
nm photodissociation of CH3 CH2 NO2 under collisionfree conditions. Other UV photodecomposition is less
studied.
For nitroalkanes, the dissociation mechanisms are
quite complicated due to the large number of energetically allowed product decay channels. There is still no
clear picture of the dissociation emerged until now. Further studies on these systems are needed. In this work,
the photodissociation of nitromethane and nitroethane
at 266 nm was investigated with focus on the detection of nascent OH product from the photolysis. A detailed analysis of the quantum state distributions of the
nascent OH fragments were presented.
II. EXPERIMENTS

The experimental apparatus used in the present
study has been described in detail elsewhere [35,36].
Briefly, the second-harmonic output of a Nd:YAG laser
(Spectra-Physics, GCR-170, 10 Hz) was used to pump a
dye laser (Lumonics, HD-500), which generate the tunable laser pulses. The output of the dye laser was then
introduced into a Harmonic Generator (Lumonics, HT1000) to produce the frequency-doubled laser pulses,
and which was used for the probe laser pulses. The
DOI:10.1088/1674-0068/20/04/401-406
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residual part of the 1064 nm output of the Nd:YAG
laser was converted into 266 nm (3-4 ns duration) by
a KD*P crystal and provided the photolysis pulses.
Both the photolysis and probe beams were counterpropagated and softly focused on the center of the photolysis
cell. The probe pulse was optically delayed with respect
to the photolysis pulse by ∼15 ns. This delay period
was sufficient to separate the two laser pulses, and was
short enough to make collision effects negligible under
the pressure (typically 26 Pa) used in the experiments.
The fluorescence was collected by a photomultiplier
tube (PMT) (Hamamatsu, CR161). A suitable band
pass filter was placed in front of the PMT to cut off scattering from the photolysis-laser and probe-laser. The
signal was gate-integrated by a Boxcar (SRS, SR250),
A/D converted by a homemade interface, and stored in
a personal computer using a data-taking program. The
linearity of the LIF signal with the pressure of the sample, the probe laser intensity, and the photolysis laser
intensity were carefully checked. The LIF spectra were
recorded at least three times to ensure a proper signal
was obtained.
Nitromethane (Aldrich, ≥99%) and Nitroethane
(Aldrich, ≥99%) were purchased in commerce and used
without further purification. Helium carrier gas was
bubbled through the sample and the gas mixture was
expanded into the photolysis cell.
III. RESULTS AND DISCUSSION

The photodissociation of gaseous nitromethane and
nitroethane has been carried out using the singlephoton laser induced fluorescence technique under bulk
conditions at room temperature at 266 nm. The OH
photoproducts were unambiguously identified by their
characteristic LIF spectrum in the 306-316 nm region due to the X 2 Π (v 00 =0)→A2 Σ+ (v 0 =0) transition.
Figure 1 (a) and (c) display a typical experimental spectrum of this band for CH3 NO2 and CH3 CH2 NO2 , respectively. The internal state distributions are not accurately deducible directly from the raw experimental
line intensities due to the problem of overlapping finestructure doublets. The effective method to solve this
problem is to compare the experimental spectra with
the simulated ones calculated from the known spectroscopic constants [37]. The intensities of the fluorescence
signal (IF ) are related to the populations of a ground
rovibrational state N (J 00 ,v 00 ) by the expression:
IF ∝

N (J 00 , v 00 )qv0 v00 SJ 0 J 00 f (ν, ν0 )
(2J 00 + 1)

(5)

where qv0 v00 are the known Franck-Condon factors for
the OH A-X transition [37], SJ 0 J 00 are the line strengths
for the OH A-X one-photon rotational transitions [38],
and f (ν, ν0 )=ρ(ν0 )exp[−a(ν −ν0 )2 ] is the laser intensity
function. For comparison, Figure 1 (b) and (d) display
the simulated spectrum of OH(0,0) band.
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FIG. 1 A portion of the A2 Σ+ (v 0 =0)←X 2 Π (v 00 =0) band of the single-photon LIF spectrum of the nascent OH fragment
from the photodissociation of nitromethane and nitroethane at 266 nm. (a) experimental spectrum for CH3 NO2 , (b)
simulation spectrum for CH3 NO2 , (c) experimental spectra for CH3 CH2 NO2 , (d) simulation spectrum for CH3 CH2 NO2 .

The OH transitions are labeled following Hund’s case
(a). The P, Q, or R branches are for the cases of ∆J
or ∆N =−1, 0, or 1, respectively. The subscript 1 or 2
represent 2 Π3/2 or 2 Π1/2 states, respectively. According
to the parity selection rule (+↔−), the Q branches only
correspond to the Π− state, while the P and R branches
are attributed to the Π+ state.
In order to measure the various distributions (rotational, fine structure, and Λ-doublets), the data collection and its subsequent normalization have to be carefully performed. Here, we normalize intensities of the
observed LIF rotational lines with respect to the pressure of the sample in the photolysis cell, both the probe
and photolysis laser intensities, respectively. The rotational state populations of nascent OH radicals are determined by analyzing the P, Q, and R branches from
the 2 Π3/2 and 2 Π1/2 states. The P and R branches
probe the same Λ-doublet level (Π+ , A0 ), and the population obtained from P and R are given for the OH
fragment in the Π+ state. Meanwhile, the Q branch
probes the other Λ-doublet level (Π− , A00 ), and is used
to give the OH population in the Π− state. From the
normalized signals, it is found that the rotational state
distributions of the OH fragments (v 00 =0) are peaked
at N =4 and has a long tail up to the highest N =15
for CH3 NO2 , and that the populations can be approximately characterized by “rotational temperature”. The
equation of the Boltzmann population distribution is
DOI:10.1088/1674-0068/20/04/401-406

expressed as follows:
ln

N (J 00 )
−ε(J 00 )hc
=
+ contant
00
(2J + 1)
kTR

(6)

Figure 2 (a) and (b) show “Boltzmann” plot for the
X 2 Π3/2 and X 2 Π1/2 sets of levels from the best linear
fit to the experimental data, respectively. The data of
the X 2 Π3/2 state was obtained from the sum of distributions from Q1 , P1 , and R1 branches. Correspondingly, the data of the X 2 Π1/2 state was obtained from
the sum of distributions from Q2 , P2 , and R2 branches.
The rotational temperatures calculated from the line
slope are 2045±150 and 1923±150 K for the X 2 Π3/2
and X 2 Π1/2 states, respectively. The rotational energy ofPthe ground state X 2 Π (v 00 =0) was calculated by
Evrot
N (J 00 )ε(J 00 ), where N (J 00 ) is the state distri00 =
J 00

bution and ε(J 00 ) the energy of a given rotational state,
and is found to be 14.36±0.8 kJ/mol.
Correspondingly, the rotational distribution of
X 2 Π3/2 and X 2 Π1/2 states of the nascent OH products from photolysis of CH3 CH2 NO2 at 266 nm is also
depicted in Fig.3 (a) and (b). It can be seen obviously
from Fig.3 that the OH produced from CH3 CH2 NO2
is rotationally much “colder” than that produced from
CH3 NO2 . Its highest distribution only attains to N =9.
Complicatedly relative to nitromethane, the rotational
state distributions can not be characterized by a simc
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FIG. 2 Boltzmann plots for populations in OH produced
from nitromethane photolysis at 266 nm. The solid lines
were the best linear fit for the above distributions at rotational temperatures 2045 and 1923 K for (a) and (b), respectively.

ple Boltzmann temperature. This result is in consistent
with Radhakrishnan’s conclusion [39], who studied the
photodissociation of 2-nitropropane using one-photon
LIF technique at 222, 249, and 355 nm, respectively.
The OH and HONO were detected at the same time,
and the production of HONO increased with the longer
wavelength of the photolysis laser. A number of the
nascent HONO will dissociate to NO+OH when their
internal energy exceeds 201 kJ/mol [39]. The relative
complicated rotational state distribution gives an evidence that the origin of the nascent OH production
should come from both the direct and indirect pathway
from the photolysis of nitroethane at 266 nm. The rotational energy of ground vibrationally OH product is
4.98±0.8 kJ/mol. On both photodissociation processes
of CH3 NO2 and CH3 CH2 NO2 , no OH (v 00 =1) could be
observed, even when using higher photolysis laser power
and increasing the probe laser intensity.
The 2 Π3/2 /2 Π1/2 ratios are plotted against the rotational quantum number J in Fig.4 (a) and (b) for
both CH3 NO2 and CH3 CH2 NO2 , respectively. As can
be seen from the plot, 2 Π3/2 level seems to be slightly
preferential populated. It is interesting to note that the
2
Π3/2 state lies at lower energies due to the inverted
spin-orbit coupling of OH radical, the available energy
for the OH fragment in the 2 Π3/2 state is lower. Therefore, the rotational state distribution are expected to
be slightly shifted to the low J’s for the OH fragment
in the 2 Π3/2 state compared to that the higher energy
spin-orbit state of 2 Π1/2 state. This energetic difference of two spin states could be partly responsible for
DOI:10.1088/1674-0068/20/04/401-406
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FIG. 3 Plots for populations in OH produced from
CH3 CH2 NO2 photolysis at 266 nm.

FIG. 4 The ratios of rotational state distributions in the
2
Π3/2 state and 2 Π1/2 state of OH (X 2 Π, v 00 =0) fragments
from the photodissociation at 266 nm.

the ratios of 2 Π3/2 /2 Π1/2 in Fig.4 (a) and (b).
The Λ-doublet arises from the orientation of pπ lobes
of OH with respect to the plane of rotation. In the
Π+ (A0 ) state, the pπ lobe lies in the plane of rotation,
while in the Π− (A00 ) state the pπ lobe is perpendicular to the plane of rotation. As mentioned earlier, the
Q branches are for the detecting of the OH fragment
in the Π− state, while the R (and P) branches are due
to the Π+ state [40]. The R/Q (or P/Q) intensity ratios represent the ratios of the Λ-doublet, which can
c
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FIG. 5 Ratios of the 2 Π3/2 and 2 Π1/2 states of Λ-doublet
populations versus rotational quantum number J for nascent
OH (X 2 Π, v 00 =0) from the photodissociation of CH3 NO2 at
266 nm.

FIG. 6 Ratios of the 2 Π3/2 and 2 Π1/2 states of Λdoublet populations versus rotational quantum number J
for nascent OH (X 2 Π, v 00 =0) from the photodissociation of
CH3 CH2 NO2 at 266 nm.

give information about the relative population of the
OH fragment in the Π+ and Π− states [36,40]. The
ratios of P1 /Q1 and R2 /Q2 versus the rotational quantum number J for the Π3/2 + /Π3/2 − and Π1/2 + /Π1/2 −
state are depicted in Fig.5 and Fig.6 for CH3 NO2 and
CH3 CH2 NO2 , respectively. The distribution of the Π+
state is slightly preferential than that of the Π− state in
both of the Π3/2 and Π1/2 states, which suggests that
the pπ electronic orbital of the OH radical is predominantly parallel to its plane of rotation.
Different rotational state distributions of the nascent
OH product from photodissociation of nitromethane
and nitroethane imply that different dissociation mechanisms are existed in the two photolysis processes. For
CH3 CH2 NO2 , a five-membered ring transition sate existed in producing OH product has been proposed by
Greenblatt et al. [23] with their isotopic substitution
photolysis studies. For CH3 NO2 , a four-membered ring
transition state is inevitably proposed to produce OH
fragments in photodissociation process, just like the calculated transition state by He’s group in the ground
electronically state [28]. It is obviously that OH products from photodissociation of CH3 NO2 possess more
internal energy and higher rotational state distributions
than that from photolysis of CH3 CH2 NO2 . The results
is in good agreement with the experiments of Zabarnick
et al., in which a small yield of OH radicals was observed
with 266 nm photolysis of nitromethane [22]. But it is
contradictory with the results of Greenblatt et al., that
no OH products was observed from nitromethane photolysis at 282 nm [23]. Combining previous studies and
our observations, we proposed that there possibly ex-

isted a threshold to produce the OH radical from the
photolysis of CH3 NO2 between 266 and 282 nm, and
such detailed postulation will be dealt with in future
experiments.
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IV. CONCLUSION

The photodissociation dynamics of gaseous nitromethane and nitroethane was investigated at 266
nm under bulk conditions at room temperature. The
OH production from photolysis of nitromethane and
nitroethane was confirmed. The quantum state distributions of the nascent OH fragment was measured
using the single-photon LIF technique.
Different
photodissociation mechanisms of nitromethane and
nitroethane was observed indirectly. The OH fragment
is found to be vibrationally cold for both systems.
The rotational state distribution of OH fragment
of nitromethane shows a Boltzmann behavior with
Trot =2045 ±150 and 1923±150 K for 2 Π3/2 and 2 Π1/2
states, respectively. The relative complicated rotational
state distribution of the OH production of nitroethane
suggests different dissociation mechanism in contrast
to CH3 NO2 . The 2 Π3/2 state is slightly preferential
populated than the 2 Π1/2 state of the OH fragment for
both nitromethane and nitroethane. The population
in the Π+ state was predominant for two Λ-doublet
states for both nitromethane and nitroethane systems.
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