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The bimolecular reaction O('D)+N,0—NO+NO was photoinitiated in the (N,O), dimer at a
wavelength of 193 nm and was investigated by three-dimensional (3D) velocity map imaging. State
selective 3D momentum vector distributions were monitored and analyzed. For the first time, kinetic
energy resolution and stereodynamic information about the reaction under constrained geometry
conditions is available. Directly observable NO products exhibit moderate vibrational excitation and
are rotationally and translationally cold. Speed and spatial distributions suggest a pronounced
backward scattering of the observed products with respect to the direction of motion of the O('D)
atom. Forward scattered partner products, which are not directly detectable are also translationally
cold, but carry very large internal energy as vibration or rotation. The results confirm and extend
previous studies on the complex initiated reaction system. The restricted geometry of the van der
Waals complex seems to favor an abstraction reaction of the terminal nitrogen atom by the O('D)
atom, which is in striking contrast to the behavior observed for the unrestricted gas phase reaction

under bulk conditions. © 2009 American Institute of Physics. [DOI: 10.1063/1.3194292]

I. INTRODUCTION

Three-dimensional (3D) velocity map imaging is a pow-
erful tool for the complete characterization of the dynamics
of chemical elementary processes such as photodissociations
or bimolecular reactions." It relies on the simultaneous deter-
mination of the full 3D momentum vector distribution of
reaction products and has successfully been applied to a
number of  photodissociation and  photoionization
processes.%11 In this work we report the first application of
this technique for the complete characterization of a bimo-
lecular reaction.

The reaction

O('D) + N,0(X '3*) — NO(X °II) + NO(X *11) (1)

has extensively been studied in the gas phase and initiated
from the (N,0), dimer. It is of utmost importance for atmo-
spheric chemistry since it is the main source of stratospheric
nitric oxide (NO), which reacts very efficiently with ozone."?

There are numerous gas phase studies of reaction (1)
performed under bulk conditions at room temperature. Gold-
stein e al."> observed vibrational excitation of NO until v
=11 employing (1+1) resonance enhanced multiphoton
ionization (REMPI) for the detection of NO. Later, the vi-
brational population of NO was determined to decrease
monotonically from v=0 to v= 14.17'®  Simons and
co-workers'"™" studied the stereodynamics of the reaction
by laser induced fluorescence (LIF) and observed vibrational
excitation of NO up to v=18. Kajimoto and co-workers' >
performed LIF studies with isotopically labeled precursor
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molecules to distinguish between the newly formed and the
old NO bonds. Although the vibrational distribution of the
new NO was found to be more excited than that of the old
NO, their vibrational populations are not significantly differ-
ent. Rotational and translational temperatures are large
(10 000 and 13 000 K) and agree with statistical models.?""?
Reports on an inverted vibrational distribution and a low
rotational temperature for v=0 are likely to be
erroneous. '*1%%

Earlier, Kajimoto and co-workers”*** had initiated reac-
tion (1) in the (N,0), dimer by 193 nm photolysis of isoto-
pically labeled N,O and detected the NO reaction product by
LIF in order to characterize its vibrational and rotational
populations. Results differ significantly from those of the
bulk reaction. Excitation of NO up to v=7 was monitored,
which was characterized by a bimodal distribution and very
low rotational temperatures between 60 and 100 K, from
which it was concluded that the reaction proceeds by abstrac-
tion of the terminal nitrogen by the oxygen atom.

The 'A’ ground state potential energy surface of the
O('D)+N,O('S*) system was studied by several
groups.z&34 The difference in the outcomes of the bulk reac-
tion and of the dimer initiated reaction is striking. The bulk
reaction produces fast and highly rotationally excited NO
products, and no significant difference between old and new
NO products is observed. For the dimer initiated reaction,
there exists only one detailed study, which was performed
two decades ago, in which moderate vibrational excitation
was reported, whereas rotational excitation was very small.
Translational excitation and stereodynamics of the dimer ini-
tiated reaction have not yet been studied.

© 2009 American Institute of Physics
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Therefore the goal of this work is to completely charac-
terize the mechanism of reaction (1) initiated in the van der
Waals complex (N,0),. To this end one needs to simulta-
neously determine the quantum state population, the kinetic
energy, and the angular distribution of the NO reaction prod-
ucts, a task which is ideally suited for our newly developed
3D velocity map imaging machine.' The partitioning of the
reaction energy onto the products together with the knowl-
edge of the angular momentum distribution allows one to
draw conclusions on the reaction mechanism accounting for
the restrained geometry of the system.

Il. EXPERIMENTAL

Detailed descriptions of the experimental setup have pre-
viously been published.l’3 37 Briefly, it consists of a combi-
nation of a home-built single-field time-of-flight (TOF) mass
spectrometer and a position sensitive detector (PSD) based
on a delay line (Roentdek).%f40 The spectrometer was evacu-
ated to a base pressure of about 10~/ mbar by a turbo mo-
lecular pump system. Pure N,O or N,O seeded in helium or
in argon was expanded into the TOF region of the vacuum
chamber in a supersonic jet produced by a pulsed nozzle
(General Valve Series 9). Typically, molecules are cooled to
temperatures of 6 K, as was determined in independent mea-
surements of NO samples.

The dissociation of N,O was performed by 193 nm ra-
diation of an ArF excimer laser (Coherent Optex 3) with
pulse duration of typically 10 ns and pulse energy that could
be varied between 1 and 5 mJ. The dissociation laser radia-
tion was polarized with more than 95% purity by passing the
laser beam through a 10 plate stack of CaF, windows tilted
at the Brewster angle. The dissociation laser beam perpen-
dicularly intersected the molecular beam (MB) onto which it
was mildly focused by the action of a 450 mm lens. NO
product molecules in their electronic ground state (X 2l_[Q,
v”, J") were state-selectively detected by (1+1)-REMPI us-
ing the A “S* Rydberg state as resonant intermediate.*' The
detection was performed using the frequency doubled output
of a dye laser (Coherent, Scanmate 2), which counterpropa-
gated the dissociation laser beam. The dye laser was pumped
by a neodymium-doped yttrium aluminum garnet laser (Co-
herent, Infinity 40—-100) and was operated with Coumarin 47
or with Coumarin 102, depending on the desired wavelength
range. The polarization of the detection laser was purified by
a Rochon polarizer, and the plane of polarization could be
rotated by a N\/2 wave plate. The dye laser beam was focused
by a 300 mm lens onto the MB. The overlap of the two laser
foci was optimized by adjusting the position of one of the
lenses, which was mounted to two computer controlled linear
translation stages.

NO* ions were detected by double stage multichannel
plates forming the first part of the PSD. The integration of an
ionic lens into the acceleration region of the TOF spectrom-
eter of the 3D velocity map imaging setup has greatly en-
hanced the spatial resolution of the PSD." The delay-line
anode introduced right behind the multichannel plates al-
lowed us to monitor all three components of the momentum
vector from the measured position of the particle on the de-
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tector and its arrival time. Thus, in our experiments the full
3D velocity distribution was observed and the complete in-
formation about the speed distribution and the spatial aniso-
tropy of the process was obtained."

The pulse energy of the analyzing was typically kept at
50 wJ or below in order to avoid space charge and saturation
effects. Although the delay line PSD is multihit capable, an
average count rate of ca. 1 count per laser shot was aimed for
which guarantees best image quality. Typical acquisition
times at a laser repetition rate of 10 Hz were of the order of
1 h, during which between 10* and 10° events were accumu-
lated in one image.

Polarization effects were carefully studied for both laser
beams. Other than in two-dimensional (2D) imaging experi-
ments, changes are neither expected nor observed for the
simultaneous rotation of the polarization vectors of both la-
ser beams with respect to the spectrometer axis, since this
operation only rotates the 3D momentum vector distribution
in the laboratory coordinates. Therefore, the experimental
confirmation of identical 3D distribution before and after si-
multaneous rotation of polarization vectors proves that ex-
perimental data are reliably measured and that the imaging
machine works well.

lll. RESULTS
A. Reactant preparation

The O('D) reactant is produced by 193 nm photodisso-
ciation of the N,O precursor molecule,

N,OX 'SH1'A"]) + hv — N,O(2 'A'['S*))
—N,+0('D), (2)

with an absorption cross section of 8 X 1072 ¢m? mol™! at
148 K** and a O('D) quantum yield larger than 0.95.4%
The most probable translational energy of O('D) fragments
is approximately 1.2 eV corresponding to a speed of 3800
m/s. The maximum translational energy is 1.8 eV (4670
m/s).*3%5 The bond angle corresponding to 193 nm exci-
tation was calculated to be 160°.%° Thus, those N,O mol-
ecules that have this geometry at the time of photon absorp-
tion will preferentially be dissociated. The anisotropy
parameter B, which describes the angular distribution Py(«)
of the O('D) fragments with respect to the electric field vec-
tor of the dissociation laser according to

Pn(a) ~sin of 1 + B Py(cos a)] (3)

depends on the rotational state of the N, partner fragment
and is 0.96 for N,(J=66) and 0.44 for N,(J=78).”> Here, a
is the angle of the O('D) momentum vector with the electric
field vector of the dissociation laser, P, is the second Leg-
endre polynomial. Accordingly, the momentum vector of the
O('D) fragment forms an angle p of 77.4° with the transition
dipole moment  for N,(J=66) and of 46.1° for N,(J=78).”’
In ab initio calculations it was shown that the transition di-
pole moment for the 2 'A’—1 'A’ transition is oriented along
the NO bond with a deviation of a few degrees only. Thus,
the complementing angles 77— p essentially correspond to the
bond angle of the dissociating N,O molecule, in very good
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FIG. 1. Equilibrium geometry of the most stable, nonpolar antiparallel
slipped (N,0), dimer configuration. Experimental and theoretical param-
eters are listed in Table 1.

agreement with the properties of the potential energy sur-
faces.

The dimer (N,O), as the smallest possible N,O van der
Waals complex is readily formed in three-body collisions in
a supersonic jet expansion,

N20 + N20 +M — (N20); +M — (N20)2 + M‘{< (4)

The dimer formation probability is therefore coupled to the
three body collision probability, which for the pure gas qua-
dratically depends on the total stagnation pressure p, and
linearly on the orifice diameter D. For seeded beams of a few
percent N,O in argon or helium as employed in this work the
three body collision probability depends quadratically on the
N,O partial pressure while the carrier gas is present in
excess. Conditions can be chosen such that the dimer is
the most abundant complex size.”® The dimer configuration
has thoroughly been studied experimentally and
theoretically.sg_65 In the most stable geometry the two N,O
molecules form a nonpolar dimer with the two N,O mol-
ecules aligned antiparallel to each other with the oxygen at-
oms pointing to the inner side of the complex, as shown in
Fig. 1. The corresponding structural parameters are listed in
Table 1. A recently observed polar isomer is thought to be
less stable and is much less likely to lead to a reaction after
dissociation of one of its constituents, which is why it will
not be considered in the analysis section.®

Preparation of the (N,0), dimer and initiation of reac-
tion (1) in the dimer is evidenced by several facts. A thresh-
old behavior is observed for the onset of the signal. With
nozzle stagnation pressures below 2 bar, no signal can be
detected at mass 30 (NO). For stagnation pressures of 2 bars
and above, a quadratic dependence of the signal on the stag-
nation pressure is observed. For a bulk reaction the signal
intensity should gradually go to zero, and a correspondingly
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(small) signal should be observable for pressures below 2
bar. To further investigate this effect we have reduced the
distance between the nozzle and the detection volume by a
factor of 5, thereby increasing the density by a factor of 25.
Again, the threshold was found at a stagnation pressure of 2
bar, which is conceivable only if a van der Waals complex is
responsible for generating the signal.

Unfortunately, under our experimental conditions a di-
rect mass spectroscopic detection of this complex is not pos-
sible since it undergoes fragmentation to monomers or their
fragments prior to detection.® Alternatively, the nature of the
complex can be investigated by changing the expansion con-
ditions. Experiments were performed at varied stagnation
pressures for the neat sample and for seeded beams of dif-
ferent concentrations in helium and in argon carrier gas. The
threshold value and the shape of the signal were found to be
independent of these variations. Therefore we conclude that
the species responsible for generating our signal must be the
same in all experimental runs, with the only species common
to all experiments performed being (N,O), van der Waals
complexes. If the stagnation pressure is now chosen to be
close to the threshold for signal appearance, then experimen-
tal conditions are similar to those of Miller ef al.”® who re-
ported a prevailing production of dimers compared to higher
order complexes.

Last, our experimental observations of a cold rotational
distribution for all observed vibrational levels and a mono-
tonically decreasing vibrational distribution are in very good
agreement with the observations of Honma et al.”® who ini-
tiated reaction (1) in the dimer, but contradict to the experi-
mental findings for the bulk initiated reaction.*~1¢ Therefore,
the reaction products monitored in the measurements pre-
sented in this work must essentially have been produced by
photoinitiating reaction (1) in the (N,0), dimer.

B. Product quantum state population

In Figs. 2 and 3 rotationally resolved spectra of several
vibrational bands of the A S*-X ZHQ electronic transitions
for nascent NO are presented. The spectra were obtained by
plotting the integrated ion signal over the wavelength. All
lines were observed only for larger stagnation pressures than
2 bar, with both dissociation and analyzing laser operating
and carefully brought to spatial and temporal overlap. Line
positions were calculated with the LIFBASE (V2.0.55)
software.®’

Figure 2 shows the experimental and simulated spectra
for the A Z3*(v'=0,J")-X l(v"=0,J") transition to-
gether with the assignment of individual lines and rotational
branches.

TABLE I. Structural parameters of the most stable, nonpolar antiparallel slipped (N,O), dimer configuration.
Experimental data are taken from Ref. 65. Theoretical values were calculated with the Gaussian program
package using MP2 perturbation theory with the aug-cc-pVTZ basis set (Ref. 66). Parameters are defined in Fig.

1. Distances are given in picometers.

®Cm RCITI A ch V L
Theoretical values 119.6° 336.3 292.4 166.1 169.3 233.7
Experimental values 119° 3423 299.4 165.9
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FIG. 2. Experimental and simulated spectra for the A *3*(v'=0,J')
—X M (v"=0,J") transition and assignment of individual lines and rota-
tional branches. Upper trace: experimental spectrum. Lower trace: simulated
spectrum for 7=150 K.

The rotational temperature 7 was determined from in-
tegrated line intensities. As can be seen from Fig. 2, a suffi-
cient number of nonoverlapping lines exist only for P, and
R, branches. Taking into account the Honl-London factors
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FIG. 3. Experimental and simulated spectra for three vibrational (v',v")
bands of the A >3*—X Tl transition: (2,3) (upper panel), (3,4) (middle
panel), and (5,7) (lower panel). For short wavelengths, the (5,7) band is
accompanied by a minor contribution of the C *TI(v'=0)—X Tly(v"=5)
transition. Upper traces: experimental spectra. Lower traces: simulated spec-
tra for 7=150 K. All spectra are equally well described by the same rota-
tional temperature of 150 K.
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for these two branches®™® we calculated temperatures of
Tr(P,)=(147=28)K and Tg(R,)=(133+10)K, respec-
tively, resulting in a mean value of Tp=137 K. This value is
an additional proof that the observed NO was produced in
reaction (1) and was not initially present in the vacuum
chamber as thermal background or in the sample as impurity.
In the first case the rotational temperature should approxi-
mately be 300 K, in the latter 6 K.

In the top panel of Fig. 3, the rotationally resolved vi-
brational band of the A *3*(v'=2,J")-X *M(v"=3,J")
transition is presented together with a simulated spectrum
assuming a rotational temperature of 150 K. Only a qualita-
tive analysis of the relative integrated intensities for different
vibrational bands can be performed because several experi-
mental parameters (laser intensity, stagnation pressure, laser-
valve delay time, etc.) had to be optimized for monitoring
the spectra.

The signal intensity is affected by the population of the
lower vibrational state of a given transition and by the cor-
responding Franck—Condon factor. Experimentally, the best
qualitative criterion for the signal intensity is the signal to
noise ratio. Taking into account the well-known Franck—
Condon factors for the different vibrational bands,70 one can
induce qualitative information on the relative populations of
the lower vibrational states.

The Franck—Condon factors g, for the transition from
the X(v"=0) state to the A(v'=0) state and for the transition
from the X(v"=3) state to the A(v’=2) state are of the same
order of magnitude (gp=1.7X 107" and g,3=7.4 X 1072),™
but signal to noise for the (0,0) transition is much larger than
for the (2,3) transition. Therefore, the population of the
X(v"=3) state is considerably smaller than that of the X(v"
=0) state. The rotational temperature, however, is virtually
unchanged as is demonstrated by the very good agreement
between the 150 K simulation and the experimental spectrum
in the top panel of Fig. 3.

The spectra of the A 2S*(v'=3,J')-X Hl(v"=4,J")
and the A S*(v'=5,J")-X lo(v"=7,J") transitions
shown in the middle and the lower panels of Fig. 3 allow to
draw similar conclusions. The signal to noise ratio reflects
the slightly smaller Franck—Condon factors gs,=1.1X 107!
and ¢5;=6.6X 1072 together with a significantly smaller
population of the corresponding lower vibrational levels.”
Again, the rotational temperature appears to be essentially
unchanged, and both bands can very well be simulated using
a rotational temperature of 150 K.

All spectra shown in Figs. 2 and 3 result from A *3*
—X 1y, excitation. Attempts to employ the D(>S*) state as
resonant intermediate state in the ionization of NO were un-
successful. Only at the high energy side of the A *S*(v’
=5)—X 2I1,(v"=7) band some weak lines could be observed
that result from the C *II(v’=0)—X *I14(v"=5) transition.
While the small signal to noise ratio does not allow a quan-
titative analysis of signal intensities, the good agreement be-
tween experimentally observed and simulated line positions
prove the existence of nascent NO reaction products in the

X’y (v"=5) state.
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C. 3D product momentum distributions

3D velocity map imaging allows the complete determi-
nation of the momentum vector for each detected particle.
Since ionization has a negligible effect on the particle mo-
mentum, the measured momentum is a result of the forces
acting during the bimolecular reaction in which the particle
was generated. “Complete determination” in this context
means the simultaneous measurement of all three momentum
components. Since the ionization occurs quantum state selec-
tively via a resonant intermediate state, in addition to the full
3D momentum vector the quantum state of the particle is
also known. Thus, by selecting an appropriate detection laser
wavelength a quantum state specific 3D momentum vector
distribution for every rovibronic quantum state is obtained
upon collection of sufficiently many individual events.

This quantum state specific 3D momentum vector distri-
bution contains the complete information about the product
formed in the bimolecular reaction. In particular, suitable
projection procedures allow to obtain quantities commonly
referred to in the investigation of reaction dynamics, e.g., the
one-dimensional speed distribution P(v), the speed-
dependent anisotropy parameter 8(v), and the like. Note, that
the 3D distribution always contains the complete informa-
tion. Hence, every quantity obtained by some projection of
the 3D distribution did not require any mathematical recon-
struction and contains less information than the original dis-
tribution due to the projection procedure. For details the
reader is referred to Ref. 1.

For the NO products observed in this work, no signifi-
cant differences between different rotational transitions of
the same vibrational bands were expected due to the very
small energy differences associated with different NO rota-
tional quantum states. This expectation was verified for a set
of selected rovibrational transitions. As a consequence, for
the data analysis presented below, only the strongest rovibra-
tional transition of each vibrational band was thoroughly
analyzed in detail. Results obtained in this way are charac-
teristic for all members of a vibrational band.

Any 2D image of a 3D distribution requires a certain
projection as well. The chosen projection procedure can in
principle arbitrarily be defined. Here, for reasons outlined in
Refs. 1 and 10 the so-called meridian projection was chosen
for generating the images shown in Figs. 4 and 5.

In meridian projection a projection plane is chosen by
the definition of a spherical coordinate system. The end point
of each individual single particle momentum vector p;
=(R;,9;, ¢;) is projected onto the corresponding meridian by
replacing the polar angle J; by the value /2 while azimuth
angle ¢; and radius R; remain unchanged, p;=(R;,9;, ;)
—>p7?[ =(R;,m/2,¢;). Depending on the orientation of the
spherical coordinate system there are three such meridian
projections which use the xy, xz, and yz plane as plane of
projection, respectively. The three projections together con-
tain the same information as the original 3D distribution
whereas the information loss in the polar angle coordinate
associated with the projection procedure is obvious. Note
that here 2D images are constructed from the measured 3D
distribution under loss of information while the standard im-
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FIG. 4. The three possible meridian projections for the A *3*(v'=3,J')
—X M (v"=4,J") transition. All three projections are nearly identical to
each other.

aging analysis relies on the reconstruction of the 3D distri-
bution from measured 2D projections under the assumption
of certain symmetry properties.

Figure 4 shows all three possible meridian projections
for the A 23*(v'=3,J")-X 2Io(v"=4,J") transition. All
three projections are nearly identical to each other. The 2D
distributions are radially symmetric, with a single maximum
at a relatively small speed of ca. 300 m/s. Identical distribu-
tions for all three projections are evidence of an almost iso-
tropic momentum distribution. The same behavior is ob-
served for the (0,0) and (5,7) transitions, which are not
shown in detail.

Figure 5 shows the xy meridian projection for the vibra-
tional bands (0,0), (3,4), and (5,7). Again, apart from a varia-
tion in the signal to noise level the projections are nearly
identical to each other for all three vibrational bands. This
unexpected and surprising result will in detail be discussed in
Sec. IV.

IV. DISCUSSION
A. Densities and number distributions

Traditionally, normalized angular distributions are ex-
pressed as densities.”' If angular distributions are to be de-
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-600 0

FIG. 5. xy meridian projections for the vibrational bands (0,0), (3,4), and
(5,7) of the A 23*—X I, transition. The projections are nearly identical to
each other for all three vibrational bands.

termined from experimental data involving integration over
one or more variables, it is more convenient to express an-
gular distributions in terms of number distributions than in
terms of densities, the reason being that the division by small
numbers for very slow particles (v—0) or in the vicinity of
the pole (99— 0) can be avoided in data analysis.

In order to avoid confusion with respect to the actual
nature of the distributions dealt with later on in this work,
below we discuss the differences between densities P, and
number distributions Py. A velocity vector density
Pp(v, ¥, ¢) e.g., specifies the density of particles with a ve-
locity vector end point for a given point (v, ¥, ¢) in 3D space
and is normalized by

Jffvz sin Ydvddde{Pp(v, 3, ¢)} = 1. (5)

The velocity vector distribution Py(v, ¥, ¢) specifies the ac-
tual number of particles with a velocity vector end point for
a given point (v, 9, ¢) in 3D space. Accordingly, Py(v, 9, )
is normalized by

J. Chem. Phys. 131, 054307 (2009)

fffdvdﬂdqv{PN(v,ﬁ,cp)}:l. (6)

Consequently, the velocity vector density Pp(v,J, ¢) and the
velocity vector distribution Py(v,®,¢) are related to each
other by

Py(v, 8, ¢) =v? sin 9P,(v, 9, ¢). (7)

The same holds for any projections. For example, the speed
dependent angular density Pp(v,d) and the speed density
Pp(v) are obtained from the 3D velocity vector density
Pp(v, 9, ¢) by performing the integrations

PD(U"'S) = f d¢{PD(vs19’ (P)}s (Sa)

Pp(v) =f f sin dYde{Pp(v, D, )}, (8b)

and the speed dependent angular distribution Py(v,) and
the speed distribution Py(v) are obtained from the 3D veloc-
ity vector distribution Py(v, 9, ¢) by performing the integra-
tions,

Py(v,9) = f de{Py(v, 9, )}, (9a)
Thus, densities and distributions are related to each other by
Py(v, ) =v? sin 9Pp(v, D), (10a)
Py(v) =vPp(v). (10b)

If not otherwise stated, throughout this work we will use
distributions P, instead of densities Pp. Note that for the
speed dependent angular distribution v is not a variable, so
the scaling factor between angular density and angular dis-
tribution is given by sin 1, and v? plays the role of a nor-
malization constant only.

B. Product anisotropy and polarization effects

Generally, a bimolecular reaction involving one aligned
reactant and a polarized detection laser, like the reaction
studied in this work, can give rise to product alignment or
orientation, which can in extension of Eq. (3) be described
by an expansion to a series of Legendre polynomials includ-
ing higher orders. In view of the apparent spatial product
isotropy visible in Figs. 4 and 5, the analysis of the angular
dependence of the product density can be limited to employ-
ing Eq. (3) to investigate to what degree the anisotropy of the
O('D) precursor is carried on the observed NO reaction
product. The speed-dependent B parameter is obtained by
fitting the angular distribution Py(a) [Eq. (3)] to the azimuth
angle integrated 3D distribution: [de(Py(v,a,¢)) for a
given value of v. The results of this analysis are shown in
Fig. 6
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FIG. 6. Speed dependent anisotropy parameters B(v"”) for different vibra-
tional states [circles: NO(v”=0), expansion in light carrier gas; downward
triangles: NO(v”=4), expansion in light carrier gas; squares: NO(v"=4),
neat gas expansion; upward triangles: NO(v"=7), neat gas expansion]. For
light carrier gases isotropic product distributions are correctly observed,
independent of the vibrational state. For the neat gas expansion artifacts
from background gas contributions are introduced, which cannot be re-
moved from the data. However, the similarity of the distorted anisotropy
behavior observed for NO(v”=4) and for NO(v”=7) suggests that the reac-
tion process itself is essentially isotropic for NO(v"=7) as well.

When helium is used as a carrier gas the [ parameter
vanishes for all speeds v, independent of the NO vibrational
level, as anticipated from the data shown in Figs. 4 and 5.
However, when neat N,O is expanded, the behavior is dif-
ferent. This is clearly an experimental artifact, as becomes
clear from NO(v"=4) for which both behaviors can be ob-
served depending on the choice of the carrier gas. It can be
explained by contributions from background that cannot be
removed and affect the determination of B when neat
beams of reactants are used. For high vibrational states as
NO(v"=7) where only neat beams of reactants provided
enough signal for products to be detected, this artifact could
not be removed from the measured data. However, the simi-
lar behavior of NO(v”=4) and NO(v"”=7) when expended in
a neat beam let us conclude that also for NO(v”=7) no pro-
nounced anisotropy is induced in the reaction itself.

The rotation of only the polarization vector of the ana-
lyzing laser with respect to the polarization vector of the
dissociation laser will result in different 3D distributions if
alignment effects are important. The failure to observe any
such changes proves that alignment effects are absent or too
small to be detectable with our experimental sensitivity.

C. Speed distributions

Speed distributions were calculated according to Eq.
(9b) for the vibrational states v”=0, v”"=4, and v”=7. They
are obtained by angular integration of the meridian projec-
tions. In Fig. 7, the speed distribution belonging to the top
panel (v”"=0) of Fig. 5 is displayed. The speed distribution is
singly peaked, with a maximum occurring at 290 m/s and a
low amplitude tail well extending to speeds up to 2500 m/s.
The shape of the speed distribution is essentially independent
of the quantum state of the observed NO product as is sug-
gested by the meridian projections shown in Fig. 5.

If the intensity of the dissociation laser is increased, a
nonresonant NO signal starts to appear, which has a signifi-
cantly different speed distribution. The additional signal per-
sists if the dye laser is switched off. Therefore this signal
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A’s"(v'=0) ~— X’T1,(v"=0)
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—— —
1000 1500 2000

NO speed v/ms”

FIG. 7. MB frame speed distribution obtained for resonant detection of
NO(X *I1g,v"=0).

must be due to a process induced by 193 nm radiation ex-
clusively. Only the amplitude of the speed distribution asso-
ciated with the nonresonant signal is intensity dependent, not
its shape. Thus, any explanation employing space charge ar-
guments due to a large ion density in the focal volume can-
not explain the observed effect. The speed distribution asso-
ciated with the nonresonant signal is shown in Fig. 8.

The nonresonant speed distribution consists of two
maxima. One is essentially identical to the observed resonant
speed distributions. The second maximum occurs at larger
speeds and is centered near 1700 m/s, extending well up to
2800 m/s.

Since NO has a relatively low ionization potential of
9.2639 eV, above an internal excitation of 2.83 eV one-
photon ionization of NO by 193 nm radiation becomes ener-
getically possible. This excitation energy corresponds to v”
>13.”° We believe that the nonresonant distribution of Fig. 8
is significantly contributed to by highly vibrationally excited
NO products with vibrational excitation with v”>13. This
interpretation agrees very well with the product velocity and
angular scattering distributions for products formed in v”
=16 and 17 reported for the nonconstrained gas-phase
reaction.'’ Implications of this observation will in detail be
discussed in Sec. IV D.

non-resonant NO detection
[e]
&
- | &%
2 ooc%
o il
>
g | &
o
o § &
o o
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E o 62 8.8
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0 500 1000 1500 2000 2500 3000 3500

NO speed v/ ms”

FIG. 8. MB frame speed distribution obtained with the dissociation laser
alone. The low speed peak resembles the resonantly observed distribution of
Fig. 7 and is due to an accidental resonance of the 193 nm dissociation laser
with D(>3*,0'=1)-X(*I1,v"=2) transition. The high speed peak results
from one-photon ionization of highly vibrationally exited NO(v" = 13).
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Direct production of NO from photodissociation of N,O
at 193 nm as alternative explanations can be ruled out. Al-
though the photodissociation of N,O at 193 nm,

N,O + 193 nm — N(*S) + NO, (11)

is energetically possible, several arguments prove that this
reaction cannot be the origin of the observed nonresonant
signal. First, the quantum yield for this spin-forbidden pro-
cess was found to be negligibly small.*”** Second, its disso-
ciation energy is 4.92 eV, resulting in an available energy of
1.47 eV at a dissociation wavelength of 193 nm. The corre-
sponding maximum speed for the NO fragment is 1740 m/s,
significantly smaller than the observed maximum speed.
Third, the available energy of 1.47 eV would allow to only
populate the vibrational levels 0 to 5 of the NO molecule.
Therefore the high speed NO fragments should also be ob-
served by the resonant detection scheme of Figs. 1 and 2.

D. Energy partitioning

For the analysis of the energy partitioning it is necessary
to distinguish between two reference systems, the first being
the MB frame and the second being the center of mass frame
(CM) of the O('D)+N,O reaction system. The latter is of
course identical to the CM frame of the NO(s)+NO(f) prod-
ucts. Letters in parentheses (s: Slow, f: Fast) are given to
distinguish between the two chemically identical NO mol-
ecules generated in the same elementary process, one con-
taining the newly formed bond and the other containing the
NO bond already existent in the N,O molecule. They possess
different kinetic energies as will be outlined below. All speed
distributions shown in this work are referenced to the MB
system. Just for the sake of completeness it should be men-
tioned that in principle a third reference system exists, which
is the laboratory frame. Although it might seem to be the
most natural reference frame for the performed measure-
ments, it is not suitable and never used for the analysis of the
experimental results and hence will not be discussed further.

Let us first consider the CM energies of the reaction
system on the basis of thermochemical data and the energy
partitioning in the N,O photodissociation. The CM available
energy in reaction (1) is given by the sum of the reaction
enthalpy AxH, the CM collision energy E.;, and the internal
energy E;, of the reactants. The latter is taken to be O be-
cause N,O is efficiently cooled in the MB. The CM collision
energy amounts to m(N,0)/[m(N,0)+m(0)]=44/60
(73.3%) of the MB kinetic energy of the O('D) atom with
the remaining m(O)/[m(N,O)+m(0)]=16/60 (26.7%) ap-
pearing as MB kinetic energy of the CM of the reaction
system. The most probable MB kinetic energy of O('D) pro-
duced by 193 nm photolysis of N,O is 1.2 eV, correspond-
ing to a most probable CM collision energy of 0.88 eV and a
most probable MB kinetic energy of the CM of 0.32 eV. With
a 0 K reaction enthalpy of 3.55 eV for reaction (1) (Ref. 72)
the most probable value for the CM available energy to be
distributed between the two NO products is calculated to be
4.43 eV.

Now consider a NO(s) product the MB speed distribu-
tion of which is shown in Fig. 7 for the case v”"=0 and which
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TABLE II. Most frequent kinetic energies Ey;, and speeds v of the reactants
of the reaction O('D)+N,0 —NO(s)+NO(f) in MB and CM frames. Ener-
gies are given in eV, speeds in m/s. The experimentally determined MB
values for NO(s) are given in italics. They refer to NO in its vibrational
ground state (cf. Fig. 7).

Reference frame

MB CM MB CM
(Exin/eV)  (Egn/eV)  [vi(m/s)]  [v/(m/s)]
o('D) 1.2 0.65 3800 2785
N,O 0 0.23 0 1015
CM [0('D)+N,0] 032 0 1015 0
NO(s) 0.01 0.08 290 =725
NO(f) 0.47 0.08 1740 725

peaks at a MB speed of 290 m/s. The most probable MB
kinetic energy of the CM of 0.32 eV corresponds to a MB
speed of the CM of 1015 m/s. The CM speed of the NO(s)
product is given by the difference of its MB speed and the
MB speed of the CM. The most probable CM speed of the
NO(s) product in v”=0 is therefore calculated to be —725
m/s, the negative sign indicating a backward scattering of the
NO(s) product with respect to the movement of the CM.
Since by definition the momenta of both NO(s) and NO(f)
products in the CM frame must cancel each other, the most
probable CM speed of the NO(f) partner product must be
+725 m/s, resulting in a most probable MB speed of the
NO(f) partner product of 1740 m/s. All values are summa-
rized in Table II. Although NO products with MB speeds of
1740 m/s have been observed in our experiments employing
resonant detection of NO by (1+1)-REMPI, they are by far
outnumbered by much slower products with speeds around
the most probable MB speed of 290 m/s. This imbalance
indicates that we have not been able to observe all NO prod-
ucts generated in reaction (1) with the same sensitivity. Note
however, that the nonresonant MB speed distribution shown
in Fig. 8 does exhibit a second maximum exactly centered at
the calculated value of 1740 m/s.

The imbalance mentioned in the preceding paragraph be-
comes even more pronounced when the total energy balance
is considered. The most probable CM speed of 725 m/s cor-
responds to a most probable CM kinetic energy of only 80
meV per NO product, or to a total CM kinetic energy of 0.16
eV. This value for the most probable total CM kinetic energy
leaves the very large amount of 4.43-0.16 eV=4.27 eV,
which must appear as total internal energy of both products
NO(s)+NO(f). Considering the low rotational temperature
of the resonantly observed NO products of only 150 K and
the decreasing population for increasing vibrational quantum
numbers, it is evident that NO products with very large in-
ternal energy must be generated in reaction (1), which escape
observation by our (1+1)-REMPI detection scheme. In par-
ticular, NO(s) products in v”=0, which are the most abun-
dant products observed in our experiment should have NO(f)
partner products with internal energies of more than 4 eV.
Whether this internal energy occurs as rotation or vibration
cannot directly be determined from our experimental results.

In this context, the nonresonant MB speed distribution
presented in Fig. 8 deserves special attention. The low en-
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FIG. 9. Visualization of the dimer rearrangement (a). After absorption of the
193 nm photon, O('D) moves at a small angle to the axis of the N,O
molecule. (b) O('D) hits the N,O molecule, which starts to rotate. (c) The
O-N-N-O complex takes on its trans-shaped minimum (Ref. 32). (d) Fi-
nally, NO products fly along the initial velocity vector of O('D).

ergy peak has a maximum at the same speeds as the reso-
nantly observed distributions. It is due to the accidental reso-
nance of the 193 nm radiation of the dissociation laser with
the D(*3*,v'=1)-X(*II,v"=2) transition in NO. Since the
MB speed distribution of the X(*IT,v"=2) state of NO(s) is
known to be singly peaked at low MB speeds, the high MB
speed peak in Fig. 8 must be due to another ionization pro-
cess. Single photon ionization of highly internally excited
NO with 193 nm photons becomes possible for vibrational
excitation of v” =13, which is why we believe that the high
energy peak of the nonresonantly observed MB speed distri-
bution of Fig. 8 results from this process. Unfortunately, no
REMPI excitation scheme exists for these highly vibra-
tionally excited levels, so that the only experimental evi-
dence for the existence of such highly excited NO(f) prod-
ucts is the speed distribution shown in Fig. 8.

E. Mechanism

From the observed 3D distribution, the extracted spatial
and speed distributions, we have clearly identified the exis-
tence of NO products with very different physical properties.
NO(s) products accessible to resonant detection by
(1+1)-REMPI are generated with low vibrational, rotational,
and translational excitation, and are preferentially backward
scattered with respect to the direction of motion of the CM of
the reaction system, i.e., also with respect to the direction of
motion of the O('D) photofragment fragment. The corre-
sponding NO(f) product must consequently be forward scat-
tered and contain very large internal energies of up to 4 eV
and more, which is most likely released as vibrational exci-
tation. A portion of these NO(f) products was observed by
nonresonant one-photon ionization with 193 nm light.

A simplified visualization of the proposed mechanism is
shown in Fig. 9. The slipped antiparallel geometry of the
(N,0), dimer restricts the angle of attack of the O('D) atom
with respect to the N,O internuclear axis to small values
[Fig. 9(a)]. Conservation of angular momentum requires the
resulting O-N-N-O moiety to rotate [Fig. 9(b)]. At the same
time it will try to reach its minimum energy transconforma-
tion [Fig. 9(c)].** The torque resulting from N-N bond fis-
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sion will compensate the oppositely directed torque resulting
from O('D) impact on the N,O molecule and the two NO
products will be formed rotationally cold [Fig. 9(d)]. More-
over, abstraction of the terminal N by O('D) will leave the
“old” NO in a spectator role with only little vibrational en-
ergy transfer whereas the “new” NO should be formed with a
significant amount of vibrational energy. Since the direction
of motion of O('D) and the breaking N-N bond are oriented
essentially parallel to each other, the abstraction process will
result in a pronounced forward scattering of the newly
formed, highly vibrationally excited NO. Its counterpart, the
old NO in the spectator role, will remain rotationally and
vibrationally cold and consequently undergo backward
scattering.

We are led to identify the old backward scattered and
internally cold NO with those slow products that have reso-
nantly been observed by (1+1)-REMPI excitation, whereas
the corresponding fast, forward scattered, internally hot NO
products could only be observed by nonresonant 193 nm
one-photon ionization. The proposed mechanism must be re-
garded to be a consequence of the restricted slipped antipar-
allel geometry of the (N,0), dimer. The part of the potential
energy surface sampled by the incoming O('D) atom is a
strongly restricted subset of the potential energy surface
available to O(lD) atoms produced under bulk conditions.
Trajectory calculations on the O('D)+N,O potential energy
surface accounting for the geometrical restriction of the
dimer configuration should help to corroborate the suggested
mechanism.

V. CONCLUSION

The reaction O('D)+N,0—NO+NO has been initiated
in a (N,0), van der Waals complex. NO products have been
state-selectively analyzed by the 3D velocity map imaging
technique. The dimer was produced by a supersonic MB ex-
pansion. Product properties are strikingly different from
products generated in the bulk reaction. Previous results on
vibrational and rotational excitation were confirmed.”

* Vibrational excitation of NO was detected from v”=0 to
v"=7. Higher vibrational states are less populated than
lower ones. Vibrational states with v”>7 are likely to
be populated, but are not detectable by the employed
(1+1)-REMPI scheme.

* Rotational excitation in all studied vibrational bands is
very low and can well be described by a rotational tem-
perature of ca. 150 K.

e Translational excitation has been determined for the
first time. In the MB frame products are very slow, i.e.,
the speed of NO in the O('D)+N,0 CM frame must be
of similar absolute value, but of opposite sign than the
speed of the CM in the MB frame. In other words, all
observed NO products are pronouncedly backward scat-
tered.

» The spatial distribution of the backward scattered prod-
ucts has been determined with unprecedented accuracy.
In the MB frame it was found to be isotropic. Ironically,
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the observed isotropy is evidence of a highly aniso-
tropic reactive collision.

* Nonresonantly ionized NO products were observed with
kinetic energies matching the forward scattered partners
of the resonantly ionized, backward scattered products.
The lack of resonant detection proves these products
must be generated in v>7.

e Forward scattered NO products must carry very large
rovibrational excitation in the order of 4 eV.

The pronounced difference between products generated from
the bulk reaction and from the reaction initiated in the dimer
is due to a restrained reaction geometry, which allows to
sample only a small part of the potential energy surface con-
trolling the O('D)+N,O system.
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