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Abstract

Non-resonant femtosecond time-resolved four-wave mixing (FWM) data on gas phase NO, and N,0, are presented.
The initial rotational dephasing is observed during the first picosecond after excitation. Fast vibrational dynamics
(average value 133 £ 1 fs beats) are observed for dinitrogen tetroxide and are assigned to the v; N-N stretching mode in
the ground state ('A,). Rotational revivals on the picosecond time scale are recorded for both samples. No evidence of
a long-lived excited state participation was found using photon echo (PE) or virtual echo (VE) pulse sequences with 800
nm laser pulses, however, NO, photoproducts were observed following N,O, excitation. © 2001 Elsevier Science B.V.

All rights reserved.

1. Introduction

Nitrogen oxides (NO,) have been the subjects
of numerous studies primarily for their role in
both stratospheric and tropospheric chemistry and
in particular, their links to ozone photochemical
cycles and smog formation. These relatively small
molecules are especially interesting due to their
complex spectroscopy as evidenced by theoretical
and experimental studies of their ground and ex-
cited states [1-13]. All except NO have multidi-
mensional potential energy surfaces and numerous
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curve crossings that result in vibronic chaos mak-
ing these molecules very interesting to dynami-
cists.

The nitrogen dioxide/dinitrogen tetroxide
monomer/dimer pair has received particular at-
tention. The dimer is favored at higher pressures
and lower temperatures. At 1 atm and room
temperature the equilibrium concentration of NO,
is about 16% [6,14]. Dinitrogen tetroxide is par-
ticularly intriguing because of its unusually long
N-N bond (1.776 A, gas phase) [15,16] and the
fact that the ONO bond length and angle are
identical to those of the monomer (see Fig. 1).
Because of its (D,,) symmetry, N,O, does not
have a permanent electric dipole moment. The
dissociation energy of the N-N bond is 0.59 eV
and its first electronic resonance is at 340 nm [1]. It
has been proposed [6] that the use of off-resonance
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Fig. 1. Sketch of the N,O, molecule: (a) the N-O distance is
1.19 A; (b) the N-N bond is 1.776 A, and the angle « is 134.6°,
from [15].

excitation should make it possible to directly probe
the dimer at room temperature. Most of the vib-
rational frequencies for these molecules are es-
tablished and assigned [3-6], but there is still some
disagreement between experiment and theory on
several modes. Time-resolved rotational dynamics
of NO, were measured by Sarkisov et al. [17] using
femtosecond Raman-induced polarization spec-
troscopy. The photodissociation dynamics of NO,
were recently studied using ultrafast methods
[18,19]. Here we exploit the ability to detect low
frequency Raman modes of short-lived species and
to measure high accuracy rotational constants by
femtosecond time-resolved four wave mixing
(FWM) to study the ground state dynamics of
N204/N02.

2. Experimental

The experiments were performed using a rege-
neratively amplified femtosecond titanium-sap-
phire laser system (Fig. 2). The output from a
continuous wave Nd:YVO, laser (Millennia —
Spectra Physics Laser) pumps the femtosecond
titanium-sapphire oscillator (KM Labs), capable
of producing <15 fs pulses at 90 MHz. This output
was amplified by a regenerative amplifier (Spitfire —
Spectra Physics Lasers) pumped by 1 kHz
Nd:YLF laser (Evolution-X — Spectra Physics
Lasers). Amplified pulses centered at 805 nm were
close to transform limited and had a maximum
energy of 0.8 mJ/pulse and time duration of 50 fs.
Characterization of the pulses was performed both
with non-collinear autocorrelation and frequency
resolved optical grating [20]. Both methods con-
firmed that the pulses were shorter than 50 fs
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Fig. 2. Setup used for the femtosecond FWM experiments.
HCC are hollow corner cube retro-reflectors and BS are beam
splitters.

measured at full-width half-maximum and had no
residual chirp. The output was split into three
beams using dielectric beam splitters and recom-
bined in a forward-box geometry (see Fig. 2). In all
experiments the output beam was attenuated to
~60 uJ per pulse measured before splitting. Two
beams were overlapped in time and space to form
a transient grating in the sample while the third
one was time delayed with a computer controlled
actuator. This configuration allows transient
grating (TG) and reverse transient grating (RTG)
experiments. When the initial two pulses are not
overlapped in time, other types of FWM experi-
ments (photon echo (PE) and virtual echo (VE))
are possible [21].

The event when all three pulses overlap in time
is referred to as time zero. The three 10 mm di-
ameter beams were focused into a 6 in. long cus-
tom-designed quartz cell containing the gaseous
sample by a 2 in. diameter lens with focal length of
50 cm. The temperature was controlled with
heating tape surroundings the entire cell. The
FWM signal beam was spatially filtered by a set of
irises, collimated and sent into a spectrometer
(Triax 320, JobinYvon). Before reaching the en-
trance slit of the spectrometer, the signal was at-
tenuated by a neutral density filter of OD = 1-2.
The signal was then dispersed by the spectrome-
ter’s grating, and was registered by a 2000 x 800
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pixel liquid nitrogen cooled CCD. The entrance
slit of the spectrometer was 100 pm (0.8 nm reso-
lution). The wavelength range on the CCD in this
setup (grating dictated) was about 60 nm. In order
to preserve disk space, every 20 pixels were binned
together. For the shorter scans (~1-2 ps duration)
the frequency-dispersed signal was recorded every
10 fs, while for the longer scans the time-steps were
20 fs. Signal was registered for each time delay
with an integration time of 100 ms. Each data set is
the average of several such scans.

The sample (99.1% N,04) was obtained from
Sigma-Aldrich and used without further purifica-
tion. The sample cell was pumped out to 10~> Torr
on the vacuum line and filled directly from the
lecture bottle. There was no experimental evidence
of contamination. Experiments were performed at
different sample pressures. All the data presented
here were obtained with a cell that was loaded to
an initial pressure of 400 Torr at room tempera-
ture.

3. Results

In the gaseous state, the N,O4, and NO, mol-
ecules are in thermodynamic equilibrium (at
room temperature K = 8.8 atm™') [22]. We con-
trolled the temperature and pressure of the sam-
ple cell from 294 K (80% N,0,) to 363 K (94%
NO,), values from [14]. A change in optical
density of the sample at 805 nm from 0.045 (294
K) to 0.071 (363 K) was observed and was not
considered substantial to qualitatively affect the
measurements. Some experiments were carried
out with a cell filled to 760 Torr. The overall
signal level was somewhat smaller due to the in-
creased OD leading to absorption of the excita-
tion photons. The transients yielded qualitatively
identical results, but required a higher tempera-
ture to obtain good NO, signal (383 K), probably
due to a change in the equilibrium conditions and
some re-absorption of the signal. It is necessary
to note that it is impossible to have 100% pure
gaseous N,O, in the cell because of the afore-
mentioned equilibrium.

In Fig. 3 we present frequency-dispersed
transients obtained as a function of time delay

between the two time-overlapped pulses and the
third pulse for NO, (3a) and N,O4 (3c¢). In
the two-dimensional contour plots (a and ¢) the
spectrum of the signal in the region from 780 to
830 nm is registered versus delay time every 10 fs.
The dark current level of the CCD was sub-
tracted from these data. The intensity scale is
logarithmic to highlight the weaker features. In
the case of NO, (Fig. 3a) there is a broad, fea-
tureless peak 160 fs after time zero [17] as well as
another at 500 fs. Fig. 3b shows the frequency-
integrated (780-830 nm) transient signal. These
features (Fig. 3a,b) can be assigned to the initial
rotational dephasing in the sample and are con-
sistent with results for off-resonance FWM signal
[23,24]. Measurements for N,O4 were collected in
the same manner as described for NO, and are
presented in Fig. 3c,d. These results show, in
addition to a broad rotational dephasing enve-
lope, a series of beats with an average period of
133 fs. The beats are detectable up to 3 ps after
time zero but with much lower intensity.

Long time scans were performed at 363 K
(NO,) or 294 K (N,0,4). We present data in the
time delay range from 9 to 42 ps in Fig. 4. The
transients show the frequency-integrated intensity
recorded in the 785-825 nm range as a function of
time delay. Note that the vertical axis (intensity) is
logarithmic. The NO, data presented in Fig. 4a
show rotational recurrences every 19.680 ps with
half recurrences in between (9.840 ps). The tran-
sient in Fig. 4b, taken at 294 K, exhibits similar
features with the same periodicity. The recurrences
observed at 294 K are about six times lower in
intensity than those observed for NO, at 363 K
taking into account the attenuation filter used for
the higher temperature transients. The transients
for both temperatures were taken under identical
laser conditions except for attenuation. This re-
sults in slightly different background and noise
levels between the two transients. In this range of
time delays both data sets exhibit rotational re-
currences that can be assigned to NO,. Under
close examination some differences are observed in
the shape of the rotational recurrences obtained in
the two transients. The differences are especially
clear at the half recurrence observed in both
transients near 29.5 ps (see Fig. 4).
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Fig. 3. Experimental time-resolved FWM signal obtained during the first 2 ps: (a) frequency dispersed signal obtained as a function of
time delay for NO,; (b) frequency integrated NO, data as a function of time delay; (c) frequency dispersed signal as a function of time
delay for N,Oy; (d) frequency integrated N,O,4 data as a function of time delay. For all scans, the signal intensity is plotted on a

logarithmic scale.

Nitrogen dioxide is an asymmetric top mole-
cule, but the similarity of the B and C constants
allows us to view it as a symmetric top with
B.we = (B+ C)/2. From the observed rotational
recurrences of 19.680 ps (9.840 ps half recurrences)
in the long time delay transient of NO, (Fig. 4a)
we can calculate the average rotational constant as
Buve = 1/4c 1., where ¢ is the speed of light and
T« 18 the time between rotational recurrences
[23,24]. The obtained value is 0.42343 +
0.00007 cm~'. This value compares favorably to
the reported experimental (0.42202 cm™!) [25] and
theoretical (0.423325 cm™!) [7] values calculated
for B,., respectively. Simulations based on the
semiclassical formalism outlined in [23,24] and the
average rotational constant for NO, using the lit-
erature values are in general agreement with the
observed data (see vertical lines in Fig. 4). The

rotational recurrences obtained at longer time de-
lays (7 > 40 ps) exhibit a more complex modula-
tion that cannot be simulated with a symmetric top
approximation, even though their positions can be
exactly reproduced.

In the case of N,Oy,, the signal obtained at long
time delays is more complex. The small features at
9.840 and 19.680 ps (Fig. 4b) could be assigned to
rotational recurrences originating from the 16%
NO, molecules present at room temperature. The
positions of these features coincide precisely with
the rotational recurrences of NO,, however, the
signal intensity is about one order of magnitude
stronger than expected based on the observed
intensity at 363 K and because of the square
dependence on number density for these mea-
surements [23,24]. Furthermore, there are some
subtle differences in the shape of the recurrences;
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Fig. 4. Experimental time-resolved and frequency-integrated FWM signal (a) NO, and (b) N,O, taken at 363 and 294 K, respectively.
Note the subtle differences in the shape of the rotational recurrences obtained for both cases. The signal intensity is plotted on a
logarithmic scale. The vertical lines indicate the position of the rotational recurrences obtained from a simulation using

Bue = (B+C)/2.

for example the half recurrence at 29.5 ps in Fig. 4,
leading us to consider assigning a significant con-
tribution of these features to photoproducts that
result from excitation by the first two pulses. The
N-N bond dissociation energy is only 0.59 eV
while the photon energy of each pulse is 1.54 eV.
The principal axis of the NO, moieties is aligned
with the N-N bond of N,0,, therefore, the initial
rotational alignment would be preserved in the
photodissociation process. The product NO,
molecules formed by photodissociation would re-
align and become ‘visible’ to the third pulse at the
same time delays as the thermal NO, molecules
originally in the sample, but would have a different
rotational temperature. There is a possibility that
multiphoton excitation yields NO, molecules in
the ’B, excited state, which has slightly different
(and still not exactly determined) rotational con-
stants.

The initial rotational dephasing observed dur-
ing the first picosecond is vibrationally modulated.
The time between first five beats is 158, 125, 131
and 135 fs. Fourier transform of the signal results

in a single broad feature centered at 234 cm™'. The
experimentally obtained value for the N-N
stretching mode from gas-phase Raman spectros-
copy is 254 cm~! [6], and from high resolution
FTIR [26] and Raman [27] spectra on solid N,O,
is 281.3 cm~!. The only other frequency that could
be implicated is the NO, rocking mode vy =
265.5 cm™! [26]; however, this mode is not Raman
active and therefore not observed in our mea-
surements. Applying the maximum entropy
method (MEM) of analysis [28] on the same set of
data yielded two frequencies; 238.5 and 251.8
cm~!. These two values were consistently obtained
following analysis of different data sets (not
shown). The observed wave packet motion in-
volves at least three vibrational levels in the
ground state. The difference between the two fre-
quencies obtained by MEM gives the anharmo-
nicity of this vibrational mode. Presumably, the
251.8 ecm™! value corresponds to the lowest le-
vel(s), consistent with the reported gas phase va-
lue, and the 238.5 cm™! value to the higher levels.
Our findings are consistent with the extremely
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Fig. 5. Experimental time-resolved and frequency-integrated signal obtained at 363 K (a) and 294 K (b). The main difference between
the two transients, after the first two picoseconds occurs, at 76.265 ps and is indicated by an arrow. Both intensity axes are plotted on a
logarithmic scale. Some fine differences are observed in the modulation of the rotational recurrences but not in their position.

large anharmonicity of N,O, [29]. We leave a more
detailed analysis for future work where we hope to
get even higher quality data.

Only one rotational recurrence feature was ob-
served after the first picosecond that can be as-
signed to N,O4. At 76.265 ps (Fig. 5) a small
feature is present in the room temperature sample
that is clearly absent at higher temperatures. This
feature gains in intensity compared to the one at
78.540 ps (NO, recurrence) if the temperature of
the sample is lowered to 0 °C (data not shown).
The lower temperature drop shifts the equilibrium
further towards the dimer. If a semiclassical model
and available rotational constants [4,9] are used, it
is possible to simulate this recurrence. The exper-
imental data showed no evidence of a half recur-
rence at 38 ps. Scans taken for time delays of up to
160 ps showed no other feature that could be
distinctly assigned to N,O,4. One possible reason
for the absence of N,O, rotational recurrences at
long time delays (>100 ps) is the rapid thermo-
dynamic exchange 2NO, = N,Oy4; which we esti-
mate to be t < 0.1 ns at 300 K.

4. Discussion

The signal observed for both molecules is pri-
marily non-resonant and therefore depicts ground
state dynamics. Experiments were carried out at
both temperatures: PE and VE pulse sequences
[30,31], were performed but yielded no significant
feature other than the time zero signal. If the ex-
periments shown here had involved a resonant
one-photon transition to the B, state of NO,, the
PE and VE signals would have revealed it.

The absorption cross-section of NO, at 800 nm
is very small [32,33]. The reported and calculated
values of the B and C rotational constants for the
’B, state are very dissonant [32], and fall in the
range from 0.458 to 0.548 cm™! and 0.38 to
0.449 cm™!, respectively. If these transitions were
involved additional rotational recurrences corre-
sponding to these values would have been ob-
served in the time-resolved FWM transients. Close
examination of the data did not reveal any other
features except for the aforementioned recurrences
every 19.680 ps. Given that homodyne detected
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FWM signal depends on the transition dipole
moment to the eighth power [23,24] this process is
not likely to be detected by our setup.

In conclusion, the average rotational constant
measured from our experiments of 0.42343 cm™'
reflects the average (B + C)/2 rotational constant
of NO, in the ground state. The experiments at
room temperature (N,O4) allowed us to measure
the frequency of the N-N stretch of 234 cm~! and
perhaps the anharmonicity of this unusual bond.
The next electronic state known is the Bs, which is
reached with photon energies >3 eV [13] and
would require two photon transitions. There is no
evidence in our data of single or multiphoton
transitions to a long-lived excited state. However,
excitation to a dissociative state would be difficult
to rule out. Perhaps the negative time delay
shoulder in the N,0O, transient in Fig. 3d and not
found in the NO, transient in Fig. 3b is the evi-
dence of this dissociative pathway.

A new set of experiments is planned with
shorter (~20 fs) and tunable pulses from an op-
tical parametric oscillator source (NOPA -
ClarkMXR). The goals are to explore the dy-
namics of the 2B, excited state of NO, and its
curve-crossing dynamics with the ground state.
We will revisit the evidence for photodissociation
and the dissociation dynamics in N,O4. We will
adapt the available methods and programs [34,35]
used in the analysis of rotational coherence spec-
troscopy to fit our data and determine differences
between room temperature and photoproduced
NO,. We will re-examine the rotational recurrence
for N,Oy, in order to refine the degree of planarity.
At present the effective angle of torsion has been
determined to be 5° 4 7° by electron diffraction
[15].
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