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Nitrogen dioxide fluorescence from N,Os photolysis

Daniel Oh, Wade Sisk, Anthony Young, and Harold Johnston
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The products of ultraviolet photolysis of N,O5 are NO; and a wavelength dependent mixture
of NO,, NO%, and NO + O, where NO¥ represents one or more excited electronic states of
nitrogen dioxide. This NO¥ emits the visible fluorescence spectrum of nitrogen dioxide
(photolysis induced fluorescence, PIF), and this spectrum was compared with
monochromatically excited NO, fluorescence spectra (laser induced fluorescence, LIF). In a
series of experiments, dispersed PIF and LIF spectra were measured where reactant pressure
was 200 mTorr, delay time was 30 ns, and observation time was 600 ns. According to results
obtained by Sugimoto and co-workers, under these conditions the continuous spectrum, which
reflects the overall internal energy of NO¥, had been little modified by collision, although there
was degradation of fine structure. The continuous LIF spectra were fit to an empirical
function, and the PIF spectra were shown to be well represented by a linear combination of
these mono-energetic excitation spectra, The coefficients of this linear combination plus other
considerations were interpreted to give the almost nascent internal energy distribution of the
electronically excited nitrogen dioxide molecules produced by N,O; photolysis. This non-
Boltzmann internal energy distribution indicates that electronically excited nitrogen dioxide is

produced in the 2B, state when N,Oj is photolyzed.

INTRODUCTION

Prior to direct observations of the products of N,Os
photolysis, it was presumed that the products would be one
of three channels:

N,O; + Av = NO, + NO, (1)
=NO, + NO, + O (2)
=NO, + NO + O,. (3)

Using a relatively slow (600 ns) flash-lamp pumped dye la-
ser (doubled) to photolyze N,Os and resonance fluores-
cence detection, Magnotta' obtained 0.3 + 0.1 for atomic
oxygen quantum Yyield between 290 and 300 nm. Photolyz-
ing N,O; with a fast (10 ns) excimer laser pulse and observ-
ing NO, with coaxial laser resonance absorption spectrosco-
py, Swanson et al.? directly observed the formation of NO,
and obtained a quantum yield of 0.90 + 0.14 at 248 nm. At
low reactant pressure the quantum yield approached
1.0 + 0.1. Using YAG laser photolysis at 266 nm and reso-
nance fluorescence, Margitan® found an atomic oxygen
quantum yield of 0.35 + 0.15. At 290 nm, Barker et al.*
found the quantum yield of NO; production to be 0.8 4- 0.2
and that for atomic oxygen production to be less than 0.1.
Although these studies were not carried out at identical
wavelengths, they appear to be contradictory in terms of
channels (1 to 3). To resolve this apparent contradiction,
Ravishankara et al’ photolyzed N,Os at wavelengths
between 248 and 355 nm, measuring both the atomic oxygen
quantum yield and the quantum yield of NO,. They found
the quantum yield of NO, at 248 and 355 nm to be 0.96 (in
agreement with Swanson et al.), and the quantum yield of
atomic oxygen to be wavelength dependent: 0.72 at 248 nm,
0.38 at 266 nm (in agreement with Margitan), 0.21 at 287
nm, 0.15 at 289 nm, and zero above 307 nm. To explain these
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results Ravishankara proposed an additional channel for
N, O, photolysis

N,O; + hv = NO, + NO + O. (4)

According to Ravishankara, the photolysis of N,O; occurs
via channels (1) and (4), with a wavelength dependent par-
titioning between these two channels.

Whereas this mechanism resolves the apparent contra-
diction between the experimental studies, it raises an even
more serious problem in terms of molecular dynamics.
When the photo-excited N,O5 molecule falls apart partition-
ing its excess energy between translational energy and inter-
nal energy of the products, why does it systematically break
the strong (72 kcal) N-O bond in NO, rather than the weak
(49 kcal) N-O bond in NO,? The structure of the N,O,
molecule is symmetrical about a central N-O-N linkage,
and there is no structural feature that favors channel (4)
over (2).% If an outer N-O bond broke to give atomic oxygen
and unsymmetrical N,O,, the secondary products would be
expected to be two molecules of NO, in view of the very fast
reaction between NO, and NO to give the same products.’
The idea that as the central N-O bond broke the triatomic
NO, group would have a large excess of rovibrational energy
over the four-atomic NO, group would constitute a major
breakdown of statistical reaction rate theories, and this pos-
sibility should not be considered until other mechanisms are
thoroughly examined. There are hints of another mecha-
nism in the literature. Nelson et al.® detected NO, fluores-
cence following N, O, photolysis, but did not pursue the phe-
nomenon. Upon photolysis, N,O, is known® to give NO,
fluorescence, and photolysis of nitromethane gives NO, flu-
orescence.'® These studies suggest that as a central N-O
bond of photoexcited N,O, breaks, the excess energy is par-
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titioned between NO, and electronically excited nitrogen
dioxide, NO%:

N,Os + hv = NO,(v,J) + NO# (v,J) + E(trans). (5)

As the electronic energy internally converts to internal exci-
tation, the bond breaks if the total internal energy exceeds
the bond energy. If the sum of electronic, vibrational, and
rotational internal energy does not exceed the bond energy,
the excited molecule exists as a linear combination of elec-
tronically excited (2B, and *B, ) states plus highly vibration-
ally excited ground electronic state (?4,), the “Douglas ef-
fect”.!! Such a state eventually fluoresces or it is deactivated
by collision.'?*?

At sufficiently low pressures and for sufficiently early
times of observation the N,Os photolysis induced fluores-
cence (PIF) of nitrogen dioxide should give information
about the “nascent” internal energy distribution of the NO¥
product, if one had a sufficiently detailed set of laser induced
fluorescence (LIF) spectra of NO, to act as a “basis set” for
the PIF spectra. This article involves an attempt to carry out
this method of interpreting PIF data, and it includes new
PIF and LIF data. Although recent studies of nitrogen diox-
ide fluorescence have emphasized high resolution spectral
features,'* this investigation gets its information about the
broad aspects of the internal energy distribution of the pho-
tolysis product from the shape of the continuum spectrum of
NO, fluorescence.

During the course of this study, it was found that other
molecules, CINO, and HNO,, give visible NO, fluorescence
upon ultraviolet photolysis, and further work is underway
on these molecules.

EXPERIMENTAL

The experimental arrangement is shown in the schemat-
ic diagram, Fig. 1. The photolysis source was a Quanta-Ray
DCL-II Nd:YAG pumped dye laser (PDL-I) output, which
was frequency doubled through an Inrad doubling crystal/
auto tracking unit. This system was obtained on loan from
the San Francisco Laser Center. The pulse duration was 9 ns,
and the pulse energy width was 1.0 cm ™" for second, third,
and fourth harmonic output and 0.5 cm ™! for the dye laser
output. The UV laser output was separated from the visible
output by a Pellin Brocca prism, and was further collimated
with an iris in front of the photolysis cell. The collimated
beam was about 4 mm in diameter, and was guided through
three more apertures before the Scientech power meter.
These apertures were kept in place throughout the experi-
ment in order to reproduce the beam path and the beam size.

The reactant gas flowed through the photolysis cell, and
its concentration was monitored by the pressure measured
with MKS Baratron Model 220-2A6-100 capacitance ma-
nometer and by UV absorption spectroscopy. The UV ab-
sorption monitoring system consisted of a deuterium lamp,
whose output was chopped at 400 Hz, collimated by a 10 cm
focallength quartz lens, propagated through a Pyrex absorp-
tion cell (2.3 cm diameter, 100 cm length) equipped with
Suprasil windows, dispersed by a Bausch & Lomb Model
ND 45 monochromator with a 2700 lines/mm grating
blazed at 200 nm, and focused on an RCA 1P28 photomulti-

Photodiode
(oo {Tom Hrep—p O
0.3m -
Monochromator |-
PMT
AC Amp
Power Meter
A 8
X-¥ Trigger
Chart 8
Recorder oxcar
or
Biomation
Computer —J Transient
Digitizer

FIG. 1. Schematic diagram of the experimental apparatus.

plier tube. The signai from the PMT was amplified and sent
to a home-built lock-in amplifier.

The fluorescence signal was collected with an f/1.5
lens, and was focused on the slit of a 0.3 m McPherson mono-
chromator (model 218) which had a 1200 lines/mm grating
blazed at 5000 A. For the total fluorescence intensity mea-
surement, the grating was positioned at the zeroth order re-
flection angle while the slits were opened to the maximum
width (2 mm). For the dispersion of the fluorescence, the
slits were typically set at 500 #m resulting in a full width at
half maximum of about 3 mm.

The fluorescence was detected at the exit of the mono-
chromator with an RCA C31034 photomultiplier. It has a
flat, highly sensitive response from 300 to 850 nm. The signal
from the PMT was terminated with a 50 ohm resistor for fast
response, and was amplified with an Avantech three-stage
AC amplifier (model GPD 461, 462, and 463). This home-
assembled amplifier had a fairly flat 35 dB gain from 100 Hz
to 160 MHz.

The signal from the amplifier was processed by an SRS
gated integrator/boxcar averager for either the total fluores-
cence measurement or the dispersed emission spectrum.
Typically, the boxcar gates had a 0—38 ns delay and a 600 ns
width. These signal processors were triggered by pulses com-
ing from a photodiode detector observing the scattered laser
output.

The laser energy was monitored with a Scientech power
meter (model 360001 ), which had been calibrated against a
factory calibrated power meter. Output from the Scientech
was fed to a second gated integrator/boxcar averager and
was DC coupled for the voltage measurement.

J. Chem. Phvs., Vol. 85, No. 12, 15 December 1986
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The N,O; was prepared by the method of Schott and
Davidson."” The O, was passed through a heated copper
tube and a P,0O; drying column to remove moisture and hy-
drocarbon impurities before it entered the ozonizer (Ozone
Research & Equipment Corporation). A small portion of
purified O, was bubbled through a Pyrex bubbler containing
NO,, and the NO, was reacted with the O, from the ozonizer
at the T-joint. The N,O; was collected in a trap held at — 77
C with an isopropanol/dry ice slush bath. Each batch of
N,O; was pumped on while held in CCl, slush bath ( — 29
C) before each experiment. The purity of the sample was
checked by monitoring the UV absorption profile'® while a
known pressure of sample was flowing. The main impurity
was thought to be HNO; formed from the reaction between
N, O, and the residual moisture on the wall of the trap. There
appeared to be about 10%-15% HNO; in the N,O5 sample,
but no further attempts were made to purify the sample since
the photolysis wavelengths were in the range where N,O;
absorption cross sections were large compared to that of
HNO,. NO, was not a detectable impurity since it reacted in
the presence of excess Oj.

The NO,, used for the LIF experiments, was taken out
of the tank. Then, the freeze-pump~thaw procedure was
performed in order to remove mainly NO impurities. The
purified NO, was stored in a darkened Pyrex bulb until
ready to use.

The wavelengths used for N,O; photolysis and for NO,
laser induced fluorescence are given in Table I, including the
configuration of the YAG laser and the dye used.

RESULTS

There were two main types of results in this study: (i)
Laser induced fluorescence (LIF) of nitrogen dioxide excit-
ed by a pulse of radiation of about 10 ns duration and at
wavelengths between 460 and 640 nm. (ii) Photolysis in-
duced fluorescence (PIF), that is, fluorescence of NO, in the
visible spectral region by pulsed photolysis of nitrogen pent-
oxide in the ultraviolet region at wavelengths between 266
and 304.5 nm. For each of these two types of study, two
kinds of experimental data were taken: (a) The fluorescence
was dispersed through a 0.3 m monochromator and sampled
for 600 ns after a 30 ns delay time. (b) The monochromator
was set to zero order and total fluorescence was observed
after a delay of 30 ns and for a sampling period of 600 ns.

Oh et al.: Fluorescence from N,O, photolysis

The raw data of the dispersed NO, LIF excited at 460,
532, 560, 584 (duplicate runs), and 640 nm are shown in
Figs. 2 and 3. The total pressure was 200 mTorr, and the data
were taken during the first 600 ns after a 30 ns delay time,
which included the 10 ns time width of the photolysis beam.
In all cases there was a broad fluorescence band, which ori-
ginated at energies about 600 cm ™' above the exciting light
and extends across the rest of the visible spectrum. There are
some variations above the continuous background. Some
variations are real, reproducible structure, and some are ex-
perimental noise as can be seen by comparison of duplicate
runs, which were taken in every case. One pair of duplicate
runs is shown in Fig. 3 for data excited at 584 nm, and it can
be seen that many of the features are duplicated. In the spec-
trum taken at 640 nm, the tall sharp spikes are reproducible
spectral features, but most of the variation is noise. At this
wavelength the NO, optical absorption cross section is very
small, and the data are especially noisy. At 532 nm the spec-
tral features are much stronger than those at 460 or 560 nm.
The points circled in Figs. 2 and 3 are calculated, as dis-
cussed in a later section. The short-time narrow-band LIF of
NO, is known to be very complicated'>~**!” with sharp spec-
tral features rising out of the broad continuous background.
The object of this investigation is not to study the spectral
fine structure, but rather to characterize the initial broad
continuous fluorescence and to use this information to ana-
lyze the energy distribution of NO, produced by photolysis
of N,Os.

One example of dispersed photolysis induced fluores-
cence (PIF) is shown in Fig. 4, where NO, visible fluores-
cence produced by N,Os photolysis is presented. The pres-
sure of N,O; was 200 mTorr, the temporal observation
window was 600 ns, and the photolysis wavelength was 266
nm. The fluorescence spectrum is a broad feature stretching
from about 420 to 800 nm. In particular, this spectrum is
broader than any of the monochromatically excited LIF
spectra. The “‘structure” shown by this spectrum is almost
entirely noise. In the upper left-hand corner of Fig. 4, there
are three duplicate sweeps between 350 and 500 nm with
much larger number of shots averaged per unit wavelength
than was used for the full spectrum. These data were taken to
characterize the wavelength threshold of the PIF. Data anal-
ogous to these were taken also at 280, 292, and 304.5 nm.

The quantum yield for NO, fluorescence upon N,O;
photolysis can be estimated by comparing the fluorescence

TABLE I. Wavelengths used for N,O; photolysis and for NO, laser induced fluorescence.

Type Wavelength/nm YAG configuration  Dye used Doubled
PIF 266 4th harmonic None No
280 2nd harmonic R6G Yes
292 2nd harmonic Kiton red Yes
304.5 2nd harmonic SR 640 Yes
LIF 460 3rd harmonic Coumarine 460 No
532 2nd harmonic None No
560 2nd harmonic R6G No
584 2nd harmonic Kiton red No
640 2nd harmonic DCM No

J. Ghern. Phys., Vol. 85, No. 12, 15 RDecember 1886
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FIG. 2. Raw experimental data for the laser induced fluorescence of nitro-
gen dioxide where the pressure of NO, is 200 mTorr, the delay time between
laser pulse and start of observations was 30 ns, and the window of observa-
tion was 600 ns. Running average fluorescence spectra were recorded as the
0.3 m monochromator was slowly scanned. The circled points were calcu-
lated according to the empirical fitting function, Egs. (6) and (9), for
which the only difference between one curve and another is the wavelength
of the excitation. Under these conditions there is calculated to be about one
hard spheres collision between laser excitation and the end of the observa-
tion period. However, it is known that there is substantial rotational energy
redistribution and some vibrational energy loss under these conditions
(Refs. 1214, 17).

intensity in arbitrary units between LIF and PIF experi-
ments. Corrections had to be made for different amplifier
settings, optical absorption cross sections, and laser energy.
Table II presents the intensity of total fluorescence when
NO, is excited at various visible wavelengths; the units are
volts of signal times 10" divided by photons absorbed cm ™
with a delay of 30 ns after the laser flash and for a duration of
600 ns. Table III gives similar results when NO, fluores-
cence was caused by N,O; photolysis.

DISCUSSION

The goal of this experiment was to detect the “nascent”
internal energy distribution of NO¥ as it was produced from
N,O; photolysis. The first question to consider is how many
collisions the product molecules underwent up to the com-

el — -V 1 S|
400 500 600 700 800

Wavelength of Dispersed Fluorescence, nm

FIG. 3. Same as Fig. 2 with different excitation wavelengths.

pletion of the observation period, 600 ns. With nitrogen
dioxide excitation at 463 nm, Sugimoto et al.!? observed flu-
orescence as a function of wavelength (475-720 nm), pres-
sure (1-150 mTorr), and at times from 130 to 4000 ns. With
NO, as energy transfer gas, they obtained three different
quenching rate constants (in multiples of 10™'° cm?s™!):
16 for quenching high resolution rotational features, 5.3 for
quenching high resolution vibrational features, and 1.1 for
quenching total energy of the excited electronic state. At the
standard experimental conditions used in the present study,
200 mTorr and 600 ns observation period, there would be 6.3
collisions degrading the rotational distribution, 2.1 colli-
sions degrading the vibrational distribution, and about 0.4
collisions removing total energy from the excited electronic
manifold in the LIF experiments. On the basis of experi-
ments done here with N,O, and with NO, as energy transfer
gases (unpublished data), these numbers of collisions
should be approximately doubled in the PIF experiments,
where N,O; is the energy transfer gas. Sugimoto et al.!®
showed one figure where the NO, pressure was 150 mTorr
and the observation period extended from 130 to 4000 ns.
Between 130 and 1000 ns their dispersed fluorescence spec-
trum showed a detectable degradation of structured fea-

A Chem. Phys., Vol 85, No. 12, 15 December 1986
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NO, FLUORESCENCE UPON PHOTOLYSIS OF N,O5 AT 266 nm

Wavelength/nm
350

400 450 500
T T T

FIG. 4. Raw experimental data for the flu-
orescence of nitrogen dioxide upon ultraviolet
(266 nm) photolysis of N,O; where the pres-
sure of N,O; was 200 mTorr, observation de-
lay time was 30 ns, and window of observation
was 600 ns (the same as that for Figs. 2and 3).
The inset figures at the upper left-hand side of
the figure were slow-scan repeat runs over the
threshold region, involving longer averaging
times than the complete wavelength scan and
different amplifier settings. A smooth curve
was drawn through the spectrum, which is
given at regular wavelength intervals by the
circles shown on the figure.

L
600
Wavelength/nm

400 500

tures, but there was no noticeable alteration of the overall
envelope of the spectrum. It is concluded that in the experi-
ments reported here, collisions modified somewhat the true
nascent distribution of internal energy states of the electroni-
cally excited product molecules and modified the distribu-
tion of the laser induced NO, fluorescence, but these modifi-
cations were small enough that this study detected
fluorescence from very nearly the nascent energy distribu-
tion of the product molecules.

The PIF spectrum observed here came from NO,, and
no contribution from NO, fluorescence® could be detected.
The origin of the PIF spectrum was 400 nm, the same as that
for NO,. The origin of the NO; fluorescence spectrum is 580
nm. None of the PIF spectra showed enhancement at 662
nm, where the NO; spectrum shows its strongest feature.

PIF data were observed with N,Os photolysis at 266,
280, 292, and 304.5 nm. In each case a smooth curve was
drawn through the experimental PIF data, and special em-
phasis was given to the threshold region illustrated by the
three curves inset in Fig. 4. Points were selected every 20 nm

TABLE II. Total undispersed NO, fluorescence when excited by YAG-dye
laser at various wavelengths (nm) and for various pressures (mTorr) of
pure NO,. The units are arbitrary (volts of signal at fixed amplification
factors per 10! photons absorbed by NO,). The signal was collected in a
boxcar integrator with 30 ns delay time after laser flash and with 600 ns
observation window. The grating in the monochromator was set at zero
order to collect all wavelengths of fluorescence.

nm mTorr 20 40 60 90
640 130 107 96 64
609 103 81 63 63
585 139 151 131 113

Average 124 113 97 80

!
700

800

between 400 and 800 nm (compare the circles in Fig. 4).
These curves were normalized by the maximum intensity to
give relative PIF intensity as a function of fluorescence
wavelength. Such curves for photolysis at 266 and 304.5 nm
are shown in Fig, §.

By simple inspection of the data, two interpretations of
the PIF spectra can be given. In Fig. 5 the distribution of PIF
lies at higher energy (shorter wavelength) when photolysis
occurred at the higher energy (266 vs 304.5 nm), giving the
nonsurprising interpretation that the higher the energy of
photolysis the higher the energy of the product NO¥ mole-
cule. The PIF curve at 266 nm is compared with two LIF
curves taken at 460 and 532 nm in Fig. 6, and it can be seen
that the energy spread in the PIF curve is broader than the
mono-energetically excited LIF curves. The threshold of the
PIF curve is slightly on the blue side of the 460 nm LIF
curve, and the long-wavelength portion of the PIF curve is
close to that of the 532 nm LIF curve. A single LIF curve
corresponds to a delta function of excitation energy, but this
narrow excitation energy projects to the excited state the
Boltzmann distribution of rotational-vibrational energy of
the room temperature nitrogen dioxide molecule. Figure 6
shows that the internal energy distribution of photolysis pro-

TABLE III. Same as Table II, except the reactant is pure N,Os and the
observations are of undispersed NO, emission.

nm mTorr 20 40 60 100 150 200
266 28 24 23 20 17 16
280 28 26 28 16 11 10
292 26 26 10 17 13 9
304.5 33 2.8 2.7 2.0 1.5 1.2
320 3.0 32 2.7 2.2 2.1 1.5

J. Chem. Phys., Vel. 85, No. 12, 15 December 1986
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N,Os _PHOTOLYSIS INDUCED FLUORESCENCE OF NO,

Il T T T T T — 1

0.9F

..>_'~ .
2
® 07K
=
o R
Q
[ =4
S 051
(7]
(<]
§ -
L o3k

1 L ]

FIG. 5. Smoothed relative dispersed
_ NO, fluorescence spectra following pho-
tolysis of N,Os at two different wave-
_J lengths. The red shift of the observed
spectrum excited at the longer ultravio-
let wavelength qualitatively implies a
lower and different internal energy dis-
tribution.

600
Wavelength/nm

duced NO¥ is broader than that of ground-state room tem-
perature NO,. By use of the LIF observed data (Figs. 2 and
3), these obvious qualitative interpretations of Figs. 5 and 6
are turned into an estimate of the excited NO, internal ener-
gy distribution in the PIF experiments in the paragraphs
below.

A simple empirical expression was found for the average
observed LIF curves, Figs. 2 and 3:

L(X,)Y) =AZ%exp(1 —2Z?), (6)
where X is the fluorescence energy in cm ™", Y is the thresh-
old energy of the fluorescence spectrum, X, is the energy at
the fluorescence maximum intensity, 4 is the amplitude at

the maximum intensity, Z is the quantity defined by Eq. (7),
and L(X,Y) is the fluorescence intensity dispersed over X

Fraction

400 480 560 640 720 800
Wavelength/nm

FIG. 6. Comparison of nitrogen dioxide LIF at 460 and at 532 nm with the
nitrogen dioxide luminescence produced from N,O; photolysis at 266 nm.
This figure directly shows that the PIF spectrum is broader in energy than
the mono-energetically excited LIF spectra.

680

760

and with origin at Y. Furthermore, it was found that as an
average

Y/X,, = 1.31. (8
With this empirical value the term Z is simply
Z=[(Y-X)/(0235Y)]. 9

For each fluorescence curve normalized to maximum inten-
sity, the only adjustable parameter is the threshold frequen-
cy Y, but even this can be estimated by adding 600 cm ™! to
the laser excitation frequency. The circles shown in all the
curves of Figs. 2 and 3 were calculated according to the
above expressions. In the continuum, the average relative
fluorescence intensity at all wavelengths of LIF is well given
by Eqgs. (6) and (9).

The empirical LIF spectra are normalized to unit area
under the curves by dividing Eq. (6) by

L= — L(X,Y)dX

25000

Y/Y = Xpp)
= —Ae(Y—XM)J Z?exp( — Z*)dZ.
0

(10)
Using Eq. (9), one sees that the upper limit in the integral is
1/0.235 or 4.255. When Z is equal to 4.255, the value of
Z?exp( — Z?)is 2.5 1077, so that the upper limit of the
integral is effectively infinity. With this upper limit, Eq. (10)
is a standard definite integral of value {/7/4. To this approxi-
mation, the value of L is 0.104 13 AeY. The normalized LIF
spectra are

LydX = L(X,Y)dX /L = (9.603/Y)Z? exp( — Z*)dX.
(11)
P(X) is defined as the normalized intensity of a PIF

curve, such as those illustrated by Fig. 5, after conversion
from wavelength to photon energy units. A systematic pro-

4. Cham. Phys. Yol 88, Ne. 12, 15 Decsmbsr 1986
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cedure was worked out to fit the P(X) curves with a linear
superposition of LIF curves:
X

PX) = — Ly (X, Y)F(Y)dY,

25000
where F(Y) is the fraction of a LIF curve [ Eq. (11)] excited
with a threshold energy of Y. The first method used is illus-
trated with the aid of Fig. 7, where the PIF threshold energy
(LIF energy plus 600 cm ') is the Y axis and a finite set of
LIF spectra generated by 7 values of Y are along the X axis.
For some energy X, of the PIF dispersed spectrum, its com-
ponents are, in this simplified case, the sum of the weighted
LIF curves arising to the left
i—1

P(X,) =3 L,(X,Y,)F(Y))AY,
j=o0

(12)

(13)

where F(Y,) is the weighting factor. To obtain the weighting
factors, one starts with a point on the PIF curve close to the
threshold. With the grid shown in Fig. 4, the first nonzero
value is at 440 nm, and this would be taken as X,. With the
grid illustrated by Fig. 7, the PIF spectra at energy X, has
only one term contributing to it, and the first term of F can be
evaluated directly from the data

F, = P(X,)obs/[ Ly (X,,Y,)AY,]. (14)

At all values of X, the contribution of the first term in Eq.
(13) is F,L, (X,Y,)AY,, and this is subtracted from the ob-
served PIF spectrum. The residue has a unique value of F
arising from Y. The operation is repeated on the next higher
panel of the triangular structure of Fig. 7, and it is repeated
term by term until the full PIF spectrum is accurately repro-
duced by the weighted LIF spectra.

This procedure was carried out with a set of 21 equally

12500

wayK6iauz uolo4IOXT

| '\\
25000

12500

Dispersed LIF/cm”'

FIG. 7. A simplified diagram showing how the observed PIF spectrum (at
X, in this example) may be regarded as a linear superposition of LIF spectra
that have excitation energies to the left of X, and are independent of LIF
spectra with excitation energies to the right of X,. Also, this diagram when
referred to X, shows how the weighting factors F( ¥; ) may be evaluated one
term at a time.
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spaced wavelengths between 400 to 800 nm, which were con-
verted to energy (wave number) units and used in Eq. (13).
Starting at the highest observed energy of PIF, the coeffi-
cients F(Y) are evaluated one at a time. The first set of coeffi-
cients found in this way was smoothed, and the procedure
was repeated. An example of this procedure is given by the
step function in Fig. 8, and the 11 values of F(Y) found in
this way give a good representation of the observed PIF spec-
trum. However, when this step function was summed and
plotted on probability paper, it was seen to be a Gaussian
function, which is also given in Fig. 8:

F(Y) =exp[ — (Y —p)*/20°]/ 2mo?) V2 (15)

The step functions of F(Y) found from the PIF spectra at
280, 292, and 304.5 nm also gave good Gaussian functions.
From a set of noisy experimental data, it is much easier to fit
the two parameters of the Gaussian function (u, mean; o,
standard deviation) than the ten or so individual values of F.

For the second method of evaluating the weighting
function F(X), it is assumed to be a Gaussian function. The
observed PIF spectrum P(X) was represented by the inte-
gral

9.603B (Y—,u)z] (Y~X)2
PX)= — 22— —
b (2mo?)/? J;soooexp[ 207 aY

[ ( Y—-X )2] dYy
xexp| — _
aY Y
where B is the amplitude factor and a = 0.235. The energy
range 25 000 to 12 500 was divided into 125 equally spaced
intervals, and the integral (16) was evaluated as a sum over
this energy grid. For each PIF curve, values of 4 and o were
estimated and used in Eq. (16), and these quantities were
varied until the calculated (16) curve agreed with the ex-
perimental spectrum. The inferred threshold energy distri-
butions and a comparison between observed and calculated
PIF spectra are given by Figs. 8-11. The method is sensitive
to about 100 cm ™! both in the value of 1 and o. The fitted
values of 4 and o are given in Table IV for each of four
wavelengths of N,O; photolysis. At high photolysis ener-
gies, the standard deviation of the distribution of threshold
energies is somewhat larger than it is at low photolysis ener-
gies.

The curves F(Y) give the distribution of threshold ener-
gies that reproduce the PIF spectrum; they do not give the
population of excited molecules produced by photolysis. To
get an estimate of this populations, two additional factors
must be considered: (1) Each mono-energetic excitation en-
ergy projects into the excited state the ground-state rota-
tional-vibrational energy distribution and (2) the lifetime of
electronically excited nitrogen dioxide varies with excitation
energy.

Using the method of Pitts, Sharp, and Chan,'® the rota-
tional-vibrational energy of nitrogen dioxide at 300 K was
calculated, including rotational quantum number X from 1
to 12. The superposition of the various rotational K curves
confers some irregularity to the distribution function, which
is given for a number of energies as circles on Fig. 12. The
excited vibrational states give a very small contribution
above 800 cm !, but the curve in Fig. 12 is almost entirely

(16)

J. Chem. Phys., Vo!. 85, No. 12, 15 Recember 1386



Oh et al. : Fluoregscence from N,O, photolysis

7153

T T TTTd

T

T

0.1

T TTTTY

Relative Values
T 1

0.0l

| il

0.001

FIG. 8. Observed relative NO, fluores-
cence (PIF) as function of wavenumber
following photolysis of N,O5 at 266 nm,
circles. Weighting factors F(X,) based on
term by term solution of triangular matrix
as indicated by Fig. 7 and Egs. (13) and
(14), step function. The smooth curve
through the step function is a Gaussian
function (15). The smooth curve through
the experimental points is the calculated
PIF spectrum based on the Gaussian func-
tion and Eq. (16).

i

the room temperature rotational energy distribution. The
smooth curve in Fig. 12 is

D(E) =C(E/kT)exp[l — (E/kT)],
1

where C is the maximum amplitude, E is energy in cm ™',
and kT is 208 cm ™. The experiments were carried out at
about 293 K, and kT was taken to be 200 cm ' in applying
Eq. (17) to this problem.

17

21 19 17
Energy /1000 cm”~

Donnelly and Kaufman'? measured the radiative life-
time of nitrogen dioxide as a function of laser excitation
wavelength, which they extrapolated to zero pressure. The
excitation energies covered the range 15 000-22 000 cm ™,
and they gave an empirical function that covered this range.
By extrapolation beyond their range of observations, values
of fluorescence lifetime were obtained between 12 500 and
25000 cm ™!, as listed in Table V. To correspond to thresh-

1.0 T

FIG. 9. Same as Fig. 8, except for omission
of step function; photolysis occurred at
280 nm.

T T T - T
t 280 nm i
- o -
0.1} i
(%] [~ ]
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2 ]
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2 ] 1
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&
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-?_ L FIG. 10. Same as Fig. 9; photolysis oc-
o T curred at 292 nm.
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old energies Y, 600 cm~' is added to the laser excitation . (F
energies. The ratio of lifetime at any threshold energy to that POP(E) = 5 000 FINT(ND(Y ~ E)dY
at 25 000 cm ™! is defined as T'(E). For a given fluorescence E 5
intensity, the population is directly proportional to the life- = —4 f expl — (¥ — /f /)2 /20°]
time. 25 000 (2mo?)
From these considerations, the population of the photo- X T(Y) Y—-E exol — (Y—E) } 4y
lysis produced excited nitrogen dioxide molecules as a func- 200 P 200 ’

tion of energy E is given by

(18)

I O = T T T T il T
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'E k FIG. 11. Same as Fig. 9; photolysis oc-
5 o curred at 304.5 nm.
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TABLE IV. Mean value and standard deviation of the distribution of
threshold energies Y in the photolysis of N,Os, Eq. (15).

Photolysis Mean Standard
wavelength energy deviation
nm cm~? em™!
266 21000 2000
280 20 100 2000
292 20 000 1900
304.5 19 700 1800

where A4 is an indeterminate amplitude factor. The values of
4 and o obtained in fitting the observed P(X) spectrum to
Eq. (16) were substituted into Eq. (18), and the upper limit
of the integral E was varied from 24 900 to 12 500 in steps of
100 cm !, which gave 125 values of the population POP (E)
for each wavelength of photolysis.

As evaluated by Eq. (18), the relative populations of
photolysis produced nitrogen dioxide as a function of energy
(internal plus electronic) are given by Fig. 13, where N,O;s is
photolyzed at 266, 280, 292, and 304.5 nm. These popula-
tions are red shifted by about 1000 cm ™" relative to the dis-
tributions of threshold energies, Figs. 8-11. The populations
at 266 and 304.5 nm are separated less at low energies than at
high energies. The three populations produced at 280, 292,
and 304.5 nm show some separation at high energies, but
they are almost the same at low energies. One notes an inter-
esting aspect of Fig. 13: the four curves that represent a
spread of 4750 cm ™! in photolysis energy all approach zero
at low energy with no spread for three out of four cases and
with the fourth case not far removed. The low energy end of
the population appears to be running up against a physical
limit. The nature of this physical limit is discussed below.

A partial energy level diagram of N,O5 and some of its
photolysis products are given by Fig. 14. The energies (wave
numbers) on the left-hand side of the figure are based on

7165

spectroscopic observations and thermochemistry. With the
ground state of N, O, taken as origin of energy, the energy of
ground state NO, + NO, is 7458, ground state NO, plus 2B,
NO, is 17 258, ground state NO, plus B, NO, is 22 206,%
and ground state NO; + NO + O is 32 573. When N,O; is
excited by radiation at 266 nm, the energy is 37 594, which is
higher than all sets of products on the left of the figure. The
maximum of the population of NO? energy (compare Fig.
13) is 19900 above ground state NO, + NO; or 27 358
cm ™! above the origin. At this maximum, the sum of the
translational energy of the products and the rovibrational
energy of the NO, fragment is found by difference to be
10236 cm™".

The fluorescence energy is the sum of the ground state
energy of the excited electronic state of NO, plus the internal
energy of the (almost nascent) NO, photolysis product. The
internal energy distribution in the photolysis product NO,
inferred from these experiments depends on what electronic
state NO, is formed in, that is, whether it is ?B, or
2B,.192° The state B, is linear, and the ?B, is bent with a
more acute angle than the bent ground 24, state. There is
some uncertainty about the energy origin of these two excit-
ed electronic states; the values used in this article are those .
proposed by Refs. 21 and 22. The most probable value of the
internal energy is 10 100if the NO? state is 2B,, and it is 5152
if the NO¥ state is B,. The inferred population of internal
energy falls to zero at about the origin of the ?B, state, Fig.
14. (The origin of *B, is 14 748 cm ™!, compare Fig. 13.) If
the excited molecule is formed in the *B, state, then the inter-
nal energy of the initially produced NO¥ is zero from the
origin up to almost 5000 cm !, and the population given by
the cross-hatched region of Fig. 14 rises above the large ener-
gy gap below. The inferred populations from experiments at
280, 292, and 304.5 nm, Fig. 13, all fell to zero at an energy
close to the origin of 2B, state. The crowding together of the
low energy population distributions in Fig. 13 suggests that
upon photolysis of N,O5 the NO, molecule is formed in the

80 T T T T T T
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Relative Populgtion

20

0 1 1 ] 1 1 1 |

FIG. 12. Rotational-vibrational popula-
tion of NO, at 300 K as a function of inter-
nal energy: as evaluated by the method of
Ref. 18 and using rotational quantum
number X from 1 to 12, circles; as approxi-
mated by Eq. (17), smooth curve.
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TABLE V. Low-pressure fluorescence lifetimes of NO, as a function of la-
ser excitation frequency, based on data in Ref. 12. Cases in parentheses were
extrapolated beyond the range of observations of Ref. 12. Threshold ener-
gies Y are the laser excitation energies plus 600 cm™".

v/cm™! /18 T/TReF
25 000 (60.0) 1.000
24 000 (61.0) 1.017
23 000 (62.5) 1.042
22 000 65.6 1.093
21 000 70.4 1.173
20 000 80.0 1.333
19 000 94.4 1.573
18 000 113.6 1.893
17 000 137.6 2.293
16 000 166.4 2.773
15 000 200. 3.333
14 000 (230) 3.833
13000 (249) 4.140
12 500 (250) 4.167

2B, electronic state. Shortly after NO, is formed, there
would be the usual strong interactions between *B,, °B,, and
24, states, but the nascent internal energy distribution in
NO, is presumably given by Fig. 13 after the origin of the °B,
state is subtracted off.

There is another line of evidence that indicates NO¥ is
formed in the 2B, state rather than in the *B, state. If it was
formed in the *B, state, then the translational energy of prod-
ucts plus the internal energy of the four-atomic NO; radical
would be 10 236 cm ! while the internal energy of the triato-
mic NO, molecule would average 10 100 cm ~ ', and this sit-
uation would imply a strongly nonstatistical partitioning of
rovibrational energy between the two products. If NO, is
produced in the B, electronic state, it would have an aver-
age internal energy of 5152 cm ™' and NO, could have up to
10 236 cm ! of internal energy, which does not imply a non-
statistical partitioning of internal energy.

.0

O o o
» o ®

Relative Population

O
N

24 22 20 18 16 14
Energy /1000 cm”!

FIG. 13. Relative population of photolysis-produced nitrogen dioxide as a
function of internal energy (unresolved rotational, vibrational, and elec-
tronic) as deduced from the data using Eq. (18) for photolysis at 266, 280,
292, and 304.5 nm. The complete curve at 292 nm is not shown because it
overlaps low energy branch of the curves at 280 and 304.5 nm.
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For the case of photolysis of N,O; at 304.5 nm, the ener-
gy of the electronic state *B, (14 748 cm—!) was subtracted
from the energy distribution, Fig. 13, presumably to give the
internal energy distribution relative to zero. The relative po-
pulation scale is in arbitrary units. At a series of tempera-
tures between 3000 and 4500 K, the equilibrium rotational-
vibrational energies of ground-state NO, were calculated,
and the curve at 3500 K was found to have a maximum
probability at about the same energy as the internal energy of
the PIF curve; this comparison is plotted on Fig. 15. The
curves in Fig. 15 are normalized to the same area. The spread
of the high temperature equilibrium curve is much larger
than that for the nascent NO, molecules. The internal ener-
gy distribution shown in Fig. 15 is not a Boltzmann distribu-
tion. The high, narrow distribution of internal energy in the
photolysis product can be rationalized to some extent. 2B,
NO, is linear, and the NO, group in N,Os is bent. The bent
structure of the reactant group would contribute a high de-
gree of excited bending vibrational energy to the newly
formed B, molecule, which would require a number of colli-
sions to be redistributed into a Boltzmann distribution.

At 266 nm Ravishankara® found a 38% yield of atomic
oxygen. If atomic oxygen and fluorescence are, respectively,
the high and low energy extremes of the same nascent prod-
uct quantum state, one might expect in Fig. 13 a large finite
intercept of the population distribution at the 25 000 cm ™'
axis, which is close to the threshold for atomic oxygen pro-
duction. Figure 8 shows a small finite intercept in the distri-
bution of threshold energies on the 25 000 cm ! axis, but the
population distribution of Fig. 13 does not show such an
intercept. In these experiments the NO, product molecule
has undergone a collision or two during its period of observa-
tion, and about 2000 cm ™' of energy is removed per colli-
sion.'? Some collisional degradation of the high internal en-
ergies of the product molecule is indicated.

Information can be obtained about the quantum yield of
NO, fluorescence from N,O; photolysis from the data in
Table II and III, which gives relative fluorescence intensities
(arbitrary units) per photon absorbed. Table II gives the
total undispersed NO, fluorescence under standard condi-
tions (30 ns delay time, 600 ns observation time) for three
wavelengths of excitation and for four pressures of NO,
between 20 and 90 mTorr. The data show substantial scatter,
which can be explained. At very high resolution the NO,
absorption spectra between 553 and 648 nm shows over
18 000 peaks rising out of the continuum NO, spectra.”* The
data in Table III are based on low resolution (1 nm) cross
section spectra.’* Within the range of this low resolution
cross section the narrow laser lines used in these experiments
could be in some peak or valley of the high resolution spec-
tra, which could cause the scatter in the results of Tables I1-
III. On this basis the data taken at three different wave-
lengths are averaged in Table II. The broad features of Ta-
bles IT-III are: (i) The intensity of the LIF of NO, decreased
by about 35% between pressures of 20 and 90 mTorr, and
the intensity of the PIF showed a similar decrease with in-
creasing pressure. (ii) In undispersed ultraviolet PIF experi-
ments (Table III), the intensities induced by radiation at
266, 280, and 292 nm are about the same, but the intensities

.88, No. 12, 1§ December 1986
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upon photolysis at 304.5 and 320 nm are substantially lower,
by about a factor of 8. If the average of PIF data at the three
shortest wavelengths at 20 to 60 mTorr are compared with
the average of the three LIF data over the same pressure
range, the quantum yield for PIF is about 0.22 + 0.1. At the
two longest ultraviolet wavelengths the quantum yield for
PIF is about 0.03 + 0.01.

The wavelength threshold for Eq. (19) is 307 nm. It is
agreed,”* that the quantum yield for production of NOj is
about one at all wavelengths. It is interesting to look at the
sum of the quantum yields for Eq. (19)° plus Eq. (20) from
this study:

Wavelength Quantum yield Eq. (19) Eq. (20) Sum

Since the quantum yield of PIF is much less than one, ggg g;é 025 > 83
is of N,O t involve all of the followin, . - J
:1:: :hotolysm of N,O; must inv g 289 015 ol oot
ps: 305 0.0 003 003
N,O; + hv =NO; + NO¥ = NO; + NO + O (19) 320 0.03 0.03
These results indicate that Eq. (21) occurs in parallel with
= NO NO¥ = NO, + NO, + hv 20) . . .
3+ 2 ? z ( Eq. (20) at all wavelengths of this study, that is, some NO, is
= NO; + NO,. (21)  produced in the 24, ground electronic state and some is pro-
25 T T | T T T T ]
20 ]
iy ~ 1 FIG. 15. The internal energy distribution
g t 3500 K ] of photolytically produced nitrogen diox-
o 15 _ ide obtained by subtracting the energy of
S - . the electronic state 2B, from the distribu-
(@] = . tion function including unresolved elec-
; : N tronic, rotational, and vibrational energies
> 0 ] (Fig. 13) for N,O, photolysis at 304.5 nm.
qc.) S ~ _ This energy distribution is compared with
w - ~— 204.5 nm . a calculated Boltzmann distribution at
. —_— —_— I' B 3500 K, which gives a most probable value
5 - T — 1F N at about the same energy, and the two
f T )_ curves enclose the same area.
0 i L ! ! ! ! ! !
0] 0l 02 03 04 05 06 07 08 09 10

Relative Population
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duced in excited electronic state or states. The sum of the
quantum yield for the two processes, Egs. (19) and (20),
that go by way of NO¥ increases with photolysis energy from
the threshold for Eq. (19) up to 248 nm. The sharp decrease
of PIF quantum yield between 292 and 304 nm is probably of
significance in discussing the mechanism of N,Os photoly-
sis, but the reason for it is not apparent.

CONCLUSIONS

Visible fluorescence from electronically excited NO,
was observed upon the ultraviolet photolysis of N,O; at four
wavelengths between 266 and 304.5 nm. Two lines of evi-
dence indicate that initially NO, is produced in the >B, excit-
ed electronic state. By a comparison of the emission spec-
trum of the photolysis induced fluorescence (PIF) with the
laser induced spectra (LIF) of NO,, the internal (undiffer-
entiated rovibrational) energy distribution of the electroni-
cally excited product was inferred. This internal energy dis-
tribution is highly excited and non-Boltzmann, which may
be explained by the large change in geometry of the 2B, state
of NO, and the equilibrium geometry of the NO, segment of
N,Os.
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