Lawrence Berkeley National Laboratory
Recent Work

Title
Reactions of Barium Atoms with Triatomic Oxidants. I. Ba + NO(2)(1)

Permalink
https://escholarship.org/uc/item/0tz7{5rm

Journal
Journal of Chemical Physics, 96(9)

Authors

Davis, H.F.
Suits, Arthur G.
Lee, Yuan T.

Publication Date
1991-11-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0tz7j5rm
https://escholarship.org
http://www.cdlib.org/

LBL-31492 -
Preprint :

E Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

J Materials & Chemical
% Sciences Division

Submitted to Journal of Chemical Physics

Reactions of Barium Atoms with Triatomic Oxidants
1: Ba + N021

H.F. Davis, A.G. Suits, and Y.T. Lee

November 1991

(" . U.C. Lawrence Berkeley Laboratory
Library, Berkeley

FOR REFERENCE

Not to be taken from this room

‘Axsxq¥1 05 "BpTd

T Ado)
z6vTE-141

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098



DISCLAIMER

This document was prepared as an account of work sponsored by the
United States Government. Neither the United States Government
nor any agency thereof, nor The Regents of the University of Califor-
nia, nor any of their employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific commerdial
product, process, or service by its trade name, trademark, manufac-
turer, or otherwise, does not necessarily constitute or imply its en-
dorsement, recommendation, or favoring by the United States Gov-
ernment or any agency thereof, or The Regents of the University of
California. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government
or any agency thereof or The Regents of the University of California
and shall not be used for advertising or product endorsement pur-
poses.

Lawrence Berkeley Laboratory is an equal opportunity employer.



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-31492

REACTIONS OF BARIUM ATOMS WITH TRIATOMIC OXIDANTS. 1: Ba + NO,'

H. Floyd Davis, Arthur G. Suits, and Yuan T. Lee

Chemical Sciences Division
Lawrence Berkeley Laboratory and
Department of Chemistry
University of California
Berkeley CA 94720

November 1991

P

This work was supported by the Director, Office of Energy Research, Office of Basic Energy
Sciences, Chemical Sciences Division, of the U.S. Department of Energy under Contract No.
DE-AC03-76SF00098.



REACTIONS OF BARIUM ATOMS WITH TRIATOMIC OXIDANTS. 1: Ba + NO,’

ABSTRACT

Angular and velocity distributions of the neutral products resulting from the reaction Ba + NO,
were measured using the crossed molecular beams method. Despite a large reaction exoergicity
(AH=-61 kcal/mole), formation of the dominant ground state BaO('Y) + NO products results
primarily from decay of long-lived Ba*NO, collision complexes, even at incident collision
energies as high as 59 kcal/mole or with electronic excitation of the Ba atom. A large fraction
of the reaction exoergicity is channeled into product translational energy. This rather unusual
behavior results from a large exit potential energy barrier for decay of the initially formed singly
ionic Ba*NQ, intermediate to ground state doubly ionic Ba®*O”. A secondary source of forward
scattered, internally excited BaO results from a direct reaction without the involvement of long-
lived intermediates. An additional minor channel, formation of BaNO + O is observed from
ground state Ba + NO, at high collision energies by a direct reaction mechanism. Unlike the
dominant BaO + NO channel which involves harpooning at the first ionic-covalent curve
crossing, formation of BaNO from reaction of ground state Ba likely results from the small range
of collision geometries which are able to avoid long range electron transfer. The BaNO + O
channel was enhanced substantially by electronic excitation of the incident barium atom.
However, BaNO from reactions of electronically excited Ba primarily resulted from decay of

collision complexes, rather than from a direct mechanism.
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I. INTRODUCTION

The early studies by Michael Polanyi and coworkers’ on the reactions of alkali metal atoms with
halogen containing molecules in diffusion flames initiated a field of research that has led to
profound insight into the reactions of monovalent species. The early observation that reaction

rates were larger than those expected by gas kinetic theory led to the now famous "harpoon

mechanism">?

used to describe the general class of reactions initiated by long range electron
transfer.* In the 60’s the advancement of crossed molecular beams techniques confirmed these
early ideas and led to a detailed understanding of the reaction dynamics of monovalent atoms.>°
In the reaction K + Br, — KBr + Br, the facile dissociation of newly formed diatomic halogen
anions’ under the influence of alkali cations led to the "spectator stripping" mechanism with the
product salt molecule forward scattered with respect to the incoming alkali atom. On the other
hand, the pronounced backscattering of the KI product from the reaction K + CH,I® resulted from
the need for approach of the alkali atom towards the halogen end of the molecule, followed by
strong repulsive forces in the exit channel. These two prototype reactions illustrated two

extremes in chemical dynamics.

Although most early studies were restricted to alkali atoms due to the ease of product detection
using surface ionization,” the development of the "universal" crossed molecular beams
apparatus'® and optical techniques such as laser induced fluorescence'' and chemiluminescence
detection'? permitted studies of a variety of other neutral atom-molecule reactions. More than
two decades ago, BaO chemiluminescence was first observed from single collisions between Ba
atoms and oxygen- containing triatomic molecules.'>" Due to the potential applications of these
systems in the development of electronic transition chemical lasers, these and many subsequent
studies focussed on the identification and relative yields of nascent chemiluminescent species.
Although hopes for practical laser applications soon faded, fascination with the reactions
continued primarily because the origin of the BaO emission spectrum was not well
understood.'®"” In most cases, the chemiluminescence yield was found to be pressure dependent:

increasing pressure led to increased chemiluminescence. More than 50 papers'® were devoted to
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these studies but most focussed on Ba + N,O since the effect in that case was particularly
dramatic--the chemiluminescence yield increased from 2.5% to 20% upon increasing the pressure

from 1x10™ Torr to 10 Torr.

There has been considerably less work devoted to the reaction Ba + NO,, primarily because of
the small photon yield. It was found that more than 98% of all BaO was formed in non-
chemiluminescent states.'>"” Careful measurements by several groups showed that the collision
free yield of chemiluminescent BaO(A'Z") molecules was only 0.2%, with the value reaching a
maximum of <2% at high pressure. According to Hsu and Pruett'’, the very low high pressure
yield could be attributed to the fact that the nascent BaO from Ba + NO, are almost all formed
in the X'Y ground state with only a small amount of vibrational energy. This dominant

ground state BaO possessed insufficient internal energy for electronic excitation by secondary

collisions.

Angular distributions of the BaO resulting from Ba + NO, were measured by Haberman, et al.'
These experiments were rather primitive by present standards, employing effusive beams with
broad beam velocity distributions, and no product velocity distributions could be obtained. They
concluded that the BaO product was forward scattered with respect to the Ba beam with only a
small fraction of the available energy appearing in BaO-NO translational recoil. Herm and
coworkers,'” using a similar apparatus studied the reactions of Sr and Ca (but not Ba) with NO,.
Their results on the lighter alkaline earth species were consistent with the results of Haberman
on Ba + NO,. Based on the work from these two laboratories, it was concluded that the reactions
of alkaline earth atoms with NO, were analogous to the well-studied alkali-halogen systems.”*
Due to the low ionization potential of Ba (5.2eV)* and large electron affinity of NO, (2.3e V)%,

41315 consistent with a very large

the reaction is initiated by long range electron transfer,
experimentally determined reaction cross section (>150A%).2 By analogy with the alkali-halogen
systems, it was argued that after long range electron transfer, the strong field of the approaching
Ba* led to immediate dissociation of NO,. The incoming Ba* "picked up" the O ion with the
newly formed BaO molecule continuing in nearly the same center-of-mass (CM) direction as the

incident Ba atom'®*°,
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This direct reaction mechanism contrasted the general behavior seen earlier by Ham and Kinsey®
in scattering of alkali atoms such as Cs with SO,, CO, and NO,. Angular distributions measured
using a surface ionization detector provided good evidence that collisions between alkali atoms
and these triatomic oxidants led to formation of strongly bound ionic collision complexes (e.g.
Cs'SO,). The center-of-mass angular distributions of the nonreactively scattered Cs showed
forward-backward symmetry, indicating that the lifetime of the ionic intermediate exceeded
several rotational periods.?* Decay of a long-lived prolate collision complex is expected to result
in a center-of-mass product angular distribution peaking at 6, = 0° and 180°; this often leads
to a characteristic laboratory angular distribution exhibiting two peaks. In the case of SO, and
CO,, chemical reaction was too endoergic to be possible; the observed Cs signal could only result
from decay of complexes back to reactants. Although the reaction Cs + NO, — CsO + NO was
thought to be slightly exoergic, it was not clear from that work whether or not a reaction actually
occurred. Subsequently, Herm and Herschbach® observed formation of CsO with a large cross
section from Cs + NO, The bimodal character of the observed CsO laboratory angular
distribution was again strongly suggestive of the participation of long-lived Cs*NO, reaction
intermediates. However, they resisted drawing any definite conclusions because uncertainties
remained in the analysis of the data for the reactive channel since the product translational energy
distributions were not recorded. We have recently measured angular and velocity distributions
for the reaction Na + NO, — NaO + NO using supersonic beams in our apparatus.”’ We observe
strong NaQ signal from decay of long-lived Na'NO, intermediates. Based on this and the past
nonreactive and reactive scattering results, there is little doubt that reaction of the heavier alkalis

including Cs + NO, involve long-lived reaction intermediates.”®

That alkalis react with NO, by formation of long-lived complexes is not surprising since the
reactions are nearly thermoneutral, NO, is a stable ion, and the ion pair Cs*NO, has a deep
potential well. The conclusion that alkaline earth atoms react by a direct stripping mechanism,
however, also seems very reasonable. The Ba*NO, and Cs*NO, singly charged ionic
intermediates are expected to be similar; both should be bound by about 65 kcal/mole with
respect to reactants.”>*® However, the reaction exoergicities are widely different: Ba+ NO, — BaO
+ NO is highly exoergic- AH = -61 kcal/mole® (Table I), whereas Cs + NO, — CsO + NO is
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). The large difference is due to the

now known to be slightly endoergic (AH=+2 kcal/mole
divalent nature of barium: the ground state BaO molecule, best described as Ba?*O* *' is bound
by 133 kcal/mole, whereas the Cs*O" binding energy is about half this value (70 kcal/mole).*
Based on thermodynamics alone, the large exoergicity of the Ba reaction is expected to lead to
subpicosecond lifetimes for Ba*™NO, ** with the BaO forward scattered; whereas the slight
endoergicity of the reaction of cesium allows the Cs*NO, reaction intermediate to survive many

rotational periods before decaying to products or back to reactants.

Although velocity distributions were not measured in the previous alkaline earth + NO, crossed
beams experiments, based on the product angular distributions it was concluded that the nascent
products were formed with relatively low translational energy.'®'* The more recent laser induced
fluorescence work'’ indicated that the dominant ground state BaO was vibrationally cold. The
following question arises: Where has the 61 kcal/mole reaction exoergicity been disposed? For
a reaction apparently involving long range electron transfer with immediate dissociation of NO,,
there is no obvious reason why the reaction exoergicity should be exclusively channeled into
vibrational excitation of the NO product. Although it is known that the products are rotationally
hot, it seems impossible to believe that so much energy could be preferentially funneled into

rotation without the accompanying release of some of the excess energy into translation.

The goal of the present work is to probe the dynamics of the reactions of a divalent metal atom
with oxygen containing molecules under single collision conditions. Barium was deemed to be
the most suitable alkaline earth atom for several reasons. Owing to its relatively low second
ionization potential (10ev)* it is most likely to exhibit dynamical effects resulting from its
divalency. Also, the first optically allowed electronic transition from the ground state (‘P <1S)
is at a wavelength convenient to Ar* laser pumped ring dye lasers whereas transitions for the
lighter alkaline earths are at less accessible, shorter wavelengths.® Here we report on the
reaction Ba + NO,, and a second paper will focus on Ba + ClO, and 0,.>** Although all three
triatomic molecules are closely related, the behavior of each provides considerable insight into
the reaction dynamics of divalent systems. Unlike all experiments undertaken to date, both the

angular and velocity distributions of the products have been measured. Both beams are much
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better defined than in the past work from other laboratories, having a narrow velocity distribution
characteristic of a supersonic expansion. Qur results indicate that previous conclusions, that the
Ba + NO, reaction is analogous to alkali atoms + halogéns is not quite correct. We have found

that the divalent nature of barium leads to rather interesting and unexpected reaction dynamics.

The primary advantage of the mass spectrometric detection method over chemiluminescence is
that all chemical products, including those in the ground electronic states are detected
simultaneously. In addition to BaO + NO, a number of other chemical channels are
thermodynamically possible from Ba + NO, (Table I). Mass detection provides the opportunity
to observe such products that cannot éasily be detected by optical techniques either because of
experimental complexities or because their electronic spectrum is unknown. We illustrate this by
the observation of BaNO in the preseht experiment. As far as we know, this is the first direct

observation of a metal mononitroxide in the gas phase:
II. EXPERIMENTAL

The universal crossed moleculzir beams apparatus is shown in Figure 1. - A continuous, seeded
supersonic beam of barium atoms was formed in a molybdenum oven source with separately
heated barium reservoir and nozzle. Details of this source will be published elsewhere.>*® The
barium reservoir was heated to 1050 °C, corresponding to a barium pressure of 10 Torr, and
pressurized with 250-700 Torr of an inert gas. The mixture was expanded through a 0.008"
diameter nozzle heated to 1350 °C to minimize the formation of clusters. The beam was
skimmed by a heated (1000°C) molybdenum skimmer located in the differential pumping region

and then collimated to 2° full width by a set of defining slits.

The electronically excited barium atomic beam was produced 'by optically pumping the Ba('P<1S)
resonance either at or upstream of the interaction_fegion using a Coherent 699-21 ring dye laser
operating single frequency at 553nm with Rhodé_mine 560 dye. The fluorescence intensity was
continuously monitored during the experiment by imaging the light from the pumped region onto

a photomultiplier tube using a commercial telephoto lens. Once the oven was stabilized, the
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fluorescence intensity remained constant to within a few percent over a period of several hours.

The metastable Ba(**’D) population resulted from radiative decay from the 'P state (t~8.4ns).
By pumping a Icm length of the beam upstream of the collision zone at 100mW, it was found
that 60% of the ground state **Ba population was depleted. This measurement was accomplished
by splitting off a small portion (10mW) of the laser beam, passing it through an acoustoptic
modulator and using the resulting beam to probe the ground state Ba population downstream of
the primary pumping region. The 60% fluorescence depletion represents the fractional decrease
in ground state population in the beam due to optical pumping to the long lived (~Isec)
metastable (°D) states. This fraction was relatively insensitive to laser power, indicating that the
transition was strongly saturated, as was expected at powers above S0mW. Our experiment,
together with published® Ba('P) branching ratios indicates that by pumping upstream of the
crossing region the ®Ba in the beam consisted of 45% Ba('D), 15% Ba(’D) and 40% Ba('S),
with all other isotopes in the ground (*S) state. The reaction of Ba('P) was studied by focussing
the laser to 3mm diameter and pumping at the interaction region. Under these conditions, the
13¥Ba consisted of 30% Ba('’D), 35%Ba('P) and 35%Ba('S). Although the Ba('P) atoms are well
aligned, we have found no orbital alignment dependence for the neutral product channels from

Ba + NO,.*

The NO, beam was formed by passing a noble gas through liquid or solid NO, cooled in a
thermostatted temperature bath. The seeded molecular beams were typically 5-10% NO, in He;
the lowest collision energy was obtained using neat NO, vapor. In each case, the NO, beam
nozzle was heated to 200-250°C to minimize the formation of N,0O, and larger clusters. Mass
scans with the detector looking directly into the molecular beam indicated that the concentration
of such species were negligible. To be certain, parallel experiments were run using 100°C and
250°C nozzle temperatures in He carrier gas. The same beam velocity was attained in each
experiment by addition of Ne to the He in the higher temperature experiment. The BaO product
angular distributions were found to be the same, indicating negligible contribution from reaction

of N,O,. If there was substantial contribution from reaction of N,Q,, its higher concentration in
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the lower temperature experiment should have led to an increase of product at larger scattering
angles since the center-of-mass angle associated with Ba + N,O, scattering is substantially greater

than that for Ba + NO,.”

For each species (Ba, BaO or BaNO), the data was recorded with the mass spectrometer tuned
to the parent ion mass. The dominant (71%) **Ba isotope-containing species was monitored in
each case. Product angular and velocity distributions were obtained by running parallel
experiments at various detector angles with the laser on and off. In all cases, tuning the laser well

away from the barium atomic resonance had the same effect as blocking the laser beam.

Angular distributions for Ba and BaO were obtained by modulating the NO, beam using a 150
Hz tuning tuning fork chopper. Time of flight spectra were obtained using the cross correlation
method.*® The BaNO angular distributions were obtained by integrating the area under the peak

in the time of ﬂight‘spectra obtained at appropriate detector angles.
III. RESULTS AND ANALYSIS
A. Ba('S) + NO, = BaO + NO

Product angular distributions and time-of-flight data were recorded with the mass spectrometer
set at Ba* (m/e=138) and BaO' (m/e=154) for the above reaction at 4 collision energies in the
range 5-59 kcal/mole. The angular distributions of BaO exhibited two distinct peaks; at all
collision energies the peak near 0° was larger than the wide angle peak (Fig. 2). The observed
signzﬂ was very strong; typically only 10 mins. of averaging was required at each angle for each
time-of-flight spectrum. The Ba* data at all angles wider than 10° was very similar to the BaO
data, indicating that the signal obtained for Ba* primarily results from fragmentation of BaO in
the ionizer with a small contribution from nonreactive scattering. Our observations are consistent

with a large reaction cross section and the previous conclusions of "reactions at every collision.""?
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In the analysis of the BaO data, an important concern is the internal energy dependence of the
fragmentation pattern of BaO upon 200V electron impact ionization. This turned out to be an
important factor for NaO in our recent study™ of the reaction Na + O, = NaO + O,. In that case,
the fragmentation ratio Na*/NaO" increased substantially with internal excitation of NaQ, and we
included the dependence in the analysis. We recorded the Ba* and BaO* time-of-flight data from
Ba + NO, at the center-of-mass angle, where products with the full range of internal energies
contribute to the TOF spectrum. The shape of both spectra were identical, indicating that internal
energy of the precursor BaO is not high enough in the present case to noticeably affect the
fragmentation pattern. Similar conclusions have been made by others in the past.’** It is
important to note that our detector is not state specific; we have no way to unambiguously
distinguish between different nascent electronic states of BaO unless their times of arrival are
well separated. However, excited states are known to be a minor contribution to the total
reaction cross section. They will radiate® during their flight to the ionizer (T>100pusec), and will
be detected with the same efficiency as nascent ground state products. Formation of
electronically excited NO(A’X") is not thermodynamically possible at the collision energies

- employed in this experiment.*

We now consider possible explanatiohs for the observed product angular distribution. Most
commonly, the characteristic forward-backward peaking observed here results from decay of
long-lived collision intermediates. As was discussed by Miller, et. al.,* decay of a prolate
complex with a lifetime greater than a few rotational periods (>1-2psec) is expected to lead to
a forward-backward symmetric center-of-mass product angular distribution. The degree of
peaking at the poles (8.,=0° and 180°) with respect to 6,,=90° provides information about the
disposal of the total angular momentum into product rotation. Upon examining the laboratory
angular distributions, one might anticipate that the CM angular distribution was completely
forward-backward symmetric with the measured angular distribution distorted in favor of the
forward peak due to the transformation Jacobian relating the product intensities in the laboratory

to that in the center-of-mass coordinate system:?
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B. Ba(*’D,'P) + NO, — BaO + NO

The BaO angular distributions shown in Fig. 10 show the effect of electronic excitation of the
Ba atoms at the interaction region. The beam contained 30% Ba (*°D), 35% (‘P) and 35% ('S).
Although'the -effect . was rather small, the BaO intensity was: found to,increase at lab-angles
smaller than 25° and greater than 50°. The signal decreased slightly between 25° and 50°. The
Newton:diagram (Fig. 10) shows circles for the maximum BaO CM .velocities from reaction of
Ba('P) (solid) and Ba('S) (dotted). Based on the increased BaO signal observed near the-edges
of the Newton 'sphere, we conclude that electronic excitation of the incident Ba leads to formation
of BaO with slightly greater average translational energy than reaction of the ground state atom.
Because the signal increased. the same amount in. the forward -and backward hemispheres,
formation.of ‘ground state BaO from electronically excited Ba primarily results from decay of
long-lived collision.complexes, as in the ground state reaction. Excitation of the barium atoms
upstream-of the collision -zone results in 60% Ba (’D), and 40%.'S. The BaO angular
distribution from Ba (*°D) was very similar; however, there was a smaller,increase at,wide lab
angles since-less energy. was available from reaction of Ba(*’D) than Ba('P).  , =,
C. Ba + NO, - BaNO+ O - S, o
R — g O { ] . ) Ty

The occuirence.of a chemically distinct second channel, BaNO + O was observed from Ba('S)
+ NO, at collision -energies above 40 kcal/mole. The observed threshold collision energy from
reaction: of electronically excited Ba (*’D) was below 25 kcal/mole.. Unlike BaO, the energy
dependence of the BaNO fragmentation pattern cannot be easily obtained. Although this species
is considerably‘more weakly bound than-BaQ, ionization of this radical likely involves removal
of a nonbonding electron. This suggests that the internal energy dependence of the BaNO
fragmentation pattern is probably not a major concern. Indeed, the product time-of-flight for the
NO* daughter ion from BaNO could be observed and appeared to be the same as BaNO". From
the observation of the NO* daughter ion, the location of the mass peak, and observation that the
signal disappeared upon turning off the ionizer, we were able to rule out the possibilities that the

signal resulted from BaO,'** leakage through the mass spectrometer, electronically excited or
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Rydberg Ba atoms®, or nascent ions.*

In the Ba('S) + NO, reaction, the BaNO product intensity was found to be rather weak,
increasing.with increasing collision energy. Unlike the dominant BaO + NO channel, BaNO
from reaction of ground state Ba was only observed over a narrow range of laboratory angles,
peaking away from the relative velocity vector. (Fig. 11, filled circles). The BaNO + O channel
from Ba('S) + NO, appears to be completely independent of the BaO + NO channel. The BaNO
time-of-flight spectra for reaction of Ba('S) are shown in Fig. 12. The slower broad peak in the
time of flight spectrum remained even when the electron bombardment ionizer was turned off.
It results from surface ionization of barium atoms at the back wall of the detector. The product
angular and time-of-flight distributions were fit using a single uncoupled T(8) and P(E), (Fig.

14). The BaNO product flux contour map from reaction of ground state Ba is shown in Fig. 15.

At a collision energy of 59 kcal/mole, electronic excitation of the Ba atom to the D states
resulted in a twofold increase in BaNO signal, and a larger increase was seen from the 'P state.
Unlike the ground state reaction, the best fit of the BaNO angular and velocity distribution from
reaction of electronically excited Ba('P,"”’D) (Fig. 11- hollow squares, Fig. 13) resulted in a
forward-backward symmetric center-of-mass angular distribution (Fig. 14). The angular
distribution obtained by pumping the Ba atoms upstream of the collision zone to the metastable
D states was weaker, but qualitatively similar. The forward-backward symmetric angular
distributions indicate that unlike the BaNO resulting from reaction of ground state Ba('S),
formation of BaNQO from excited state Ba primarily results from decay of long- lived collision

complexes.



16

IV. DISCUSSION

A. Ba + NO, —» BaO + NO

i. Comparison to Past Work

Perhaps the most surprising result of our study is that the reaction Ba + NO, —» BaO + NO
primarily involves long-lived collision complexes with large releases of translational energy.

18,19 we

Since both of these primary conclusions disagree with those from the past work of others,
first address this discrepancy. The most obvious difference between this experiment and previous
work is the higher collision energy in the present work. The past experiments were conducted
using a single mean collision energy of ~2-3 kcal/mole whereas we studied the reaction at four
energies with the lowest at 5 kcal/mole. An explanation for the discrepancy could be that a
direct reaction mechanism with forward scattering occurs at the low collision energy of the
previous work with the mechanism evolving into one with collision complexes at the higher
energies employed here. This appears to be unlikely since the best fit to our data obtained at the
lowest collision energy showed no enhancement of the forward scattering component. Moreover,

d:** a decreased statistical

such behavior would be exactly opposite of what is usually observe
lifetime of the complex is normally expected with increasing energy, leading to direct reaction

at higher energy.

Another possible explanation for our result is Lhat‘ at higher collision energies, the divalent barium
atom preferentially inserts into a covalent bond with formation of O'Ba**NO". This would be
somewhat analogous to the behavior we have recently observed in the reaction Ba('D) + H,0 —
HBaOH™ — BaOH + H.*’ In such systems, a forward-backward angular distribution does not
necessarily imply that the intermediates survive longer than one rotational period. Since insertion
(or more likely, H-atom migration) could involve either of two identical O-H bonds, the
symmetric BaOH angular distribution might simply reflect the C,, symmetry of H,O. Although
it might seem that an analogous situation could exist here, we believe that such a situation is
unlikely for two reasons.  First, symmetry arguments indicate that insertion will be very

unfavorable for Ba('S) + NO,. More importantly, insertion of ground state Ba('S) into NO, is
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likely to involve a large potential energy barrier since the process involves a nearly simultaneous
transition from a covalent to a doubly ionic surface. This suggests that a potential energy barrier
will exist in the entrance channel. There should be a negligible barrier in the exit channel,
however, since decay of the vibrationally activated insertion intermediate to BaO + NO should
only involve simple bond rupture. Thus, we expect that the products from an insertion
mechanism Should be vibrationally excited with small translational energy. This is not consistent
with the low vibrational excitation measured in the LIF experiments'’ and large translational
energy release that we observe. It appears that an OBaNO insertion intermediate does not play

an important role in the reaction.

We believe that the conclusions based on the previous crossed beams experiments were incorrect.
The danger of making conclusions based on angular distributions alone has been addressed
previously.*® Without velocity analysis, the transformation from the laboratory to center-of-mass
angular distribution is not unique, especially when effusive beams are employed having broad
velocity distributions. In particular, for a reaction of fast Ba atoms + slow NO, the transformation
Jacobian will strongly enhance the forward peak, and the angular distribution alone will be rather
insensitive to the actual T(8) P(E) combination. Since the metal-oxide bond energies decrease
for the lighter alkaline earth atoms,” reactions of those species with NO, will be less exoergic.
It is very likely that reaction of the other alkaline earths (Be is a possible exception) with NO,

will also involve complex intermediates.*

1i. Mechanism for Ba + NO, — BaO + NO

"23 used

There is no question that this reaction is initizited by the well known "harpoon mechanism
to describe reactions such as K + Br, — KBr + Br. The energies of the lowest electronic states
of NO, * are summarized in Table II together with the calculated ionic-covalent curve crossing
radii and estineated reaction cross sections. The very large experimental reaction cross section
can only be consistent with long range transfer into the half filled 6a, orbital (Fig. 16),

corresponding to formation of ground state NO, ('A,)®. The analogy between the present reaction
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and the alkali-halogen reaction extends no further, however. In the case of bromine, not only is
the process Br, + 6 — Br,’ — Br + Br exoergic,” but vertical electron attachment to Br, results
in formation of Br,” on the inner repulsive wall of the Br-Br interaction potential at an energy
near the threshold for dissociation.® Electron attachment to NO,, however, results in formation
of a strongly bound anion; in fact D (O-NO) actually exceeds D (O-NO).2** In low energy
electron scattering, it is not surprising that the process Br, + ¢ — Br + Br is observed at electron
energies down to O V.>' The energy threshold for NO, + e — O + NO, however, is equal to its

endoergicity, 1.61eV.*

Although there is no information available as to the structure of gaseous BaNO,, it was noted
previously that considerable similarity is expected to the analogous alkali nitrites which are
known to be stable molecules, even in the gas phase.” We have also noted that an OBaNO
structure is unlikely. There appears to be no question that the alkali nitrites are ring shaped C,,
molecules with the metal cation symmetrically located in the plane of NO,. This structure is
supported by spectroscopic measurements both in matrix isolation experiments™ and in the gas
phase.”® Ab initio calculations also indicate that a ring shaped structure is of lowest energy.*
Experimental results on the alkaline earth nitrites® in rare gas matrices suggest the same structure
or possibly a nonplanar structure with a poorly defined position of the M* above the plane of the

anion.

Orbital symmetry considerations (Fig. 16) indicate that interaction of Ba* with NO, 6a, (*A))
should be particularly favorable in the planar configuration in which the Ba* lies on the C,, axis
between the two oxygen atoms. This will maximize the ionic attraction since the electron density
on NO, can be delocalized over the oxygen atoms and at the same time interact strongly with
Ba*. In addition, a net covalent interaction can be achieved by favorable overlap of the Ba*(6s)
orbital and the NO, 6a, orbital. Other planar geometries (such as C;) should be less stable due
to poor orbital overlap. The two higher lying excited states of NO, result from transfer of an
electron into the unfilled 2b, orbital leading to the 'B, and *B, states.™® Not only does this orbital
lie ~3eV higher than the 6a, (Table II), but based on orbital symmetry it appears that interaction

of the excited states of NO, with Ba* will be weaker than for the ground state since overlap of
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the orbitals lead to no net covalent attraction.

For nearly all trajectories, long range electron transfer into the 6a, orbital should be very
| favbrable at r=4.9A. Based on the geometries for NO, and NO, (Table III), and the O-O
bonding character of the 6a, orbital, electron transfer will result in symmetric bending of NO,
with only a small amount of NO vibrational excitation.” We note that the asymmetric stretching
mode (formally corresponding to the reaction coordinate) is not expected to be appreciably
excited. Approach of Ba directly towards N along the C,, axis is also expected to lead to
efficient electron transfer but the resulting C,, BaNO, molecule is probably less stable than the
bidentate C,, structure. However, such a species is still likely to survive for at least several
vibrational periods since the departing O ion will be initially moving along one N-O" bond axis.
For a monodentate C,, Ba*-NO, molecule, this motion will oppose the Ba*-O" coulombic

attraction, leading to a longer lifetime for decay of the ionic intermediate.

This reaction is very unusual since it is dominated by a mechanism involving collision complexes
despite the fact that a very highly exoergic decay channel (BaO + NO) is known to be accessed
with a probability of nearly 100%. Since it is known that the slightly endoergic reaction Cs +
NO, — CsO + NO proceeds readily at a.collision energy of 3 kcal/mole,” the potential energy
barrier for decay of Cs*NO, to products must be nearly zero. If the barrier for decay of Ba*NO,
to Ba>*O> + NO was also negligible, survival of long-lived complexes for t= 1psec would
require a Ba-NO, binding energy of >250 kcal/mole.”® This is far larger than is reasonable. We
attribute the existence of complexes and the large amount of :product translational energy from
their decay to a large exit potential energy barrier for formation of products. This barrier in the
~exit channel appears to be a consequence of the divalent character of Ba. Decay of the complex
to ground state molecules requires a substantial rearrangement of electronic structure,
corresponding to transfer of the second valence electron necessary for formation of Ba**O*. The
large exit barrier for decay of the complex apparently results from séveral factors. One factor
is related to the most stable geometry for Ba*NO, likely being planar. Although the NO, energy
levels will be shifted significantly by the presence of Ba', it appears that the electronic

rearrangement necessary for decay to products requires transfer of electron density into the 2b,
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lowest unoccupied molecular orbital of NO,. As can be seen from Fig. 14, this is forbidden by

orbital symmetry constraints for planar Ba"NO, complexes.

The height of the exit barrier for electronic rearrangement can be estimated from this work. It
must lie below the energy of the reactants since we know that most complexes decay to products
rather than back to reactants. Simple RRKM calculations™ using D (Ba-NO,)=65 kcal/mole and
reasonable estimates of BaNQO, vibrational frequencies suggest that at collision energies above
30 kcal/mole, complex lifetimes of > 1psec will result only if the barrier for decay of BaNQO, is
greater than ~45 kcal/mole. Using a 65 kcal/mole well depth, this implies that the barrier is not
lower than 20 kcal/mole below the energy of separated Ba + NO,. Based on our observation that
the observed Ba® signal primarily results from fragmentation of BaO in the ionizer, (rather than
from decay of BaNO, back to Ba + NQO,), we believe that our lower limit of 45 kcal/mole is
likely to be close to the true value. If the barrier were much nearer to the energy of separated
Ba+ NO,, nonreactive scattering from decay of BaNQO, back to reactants should lead to an
additional component in the Ba time-of-flight spectrum with relatively low translational energy
release. Figure 17 shows the energy levels of all relevant chemical species involving ground

state Ba-- solid lines denote reaction pathways.
B. Source of the Forward Scattered BaO Channel

Our experimental data indicates the existence of a second reaction channel leading to forward
scattered BaO with smaller translational energy release than from the dominant channel. This
channel results from a direct reaction mechanism; based on the observed product translational
energy distribution, by conservation of energy the reaction exoergicity must be primarily
channeled into product internal excitation. It might seem plausible that this direct reaction

channel corresponds to formation of electronically excited BaO, best described as Ba*O".>** This

explanation would appear to be particularly appealing since second electron transfer is not

required for this product. However, our measurements indicate that the forward scattered channel
represents 20+5% of the total reaction cross section whereas the single collision

chemiluminescence yield is known to be less than 0.2%."*'" Since there is no reason to believe

AL
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that electronically excited products should be preferentially formed in dark states, assuming that
the chemiluminescence yield is correct, a large fraction of the forward scattered BaO products

must be vibrationally excited ground state molecules.

Since a direct reaction mechanism implies a short lifetime for the ionic intermediate, it might
seem at first surprising that the direct reaction mechanism is relatively minor. This indicates that
the forward scattered BaO does not result from kinetic competition with the dominant channel
involving collision complexes. Instead, the relatively small yield of direct, forward scattered
products must reflect a small probability for avoiding the deep Ba"NO, well. There are two
possible mechanisms whereby this may be achieved. Some trajectories can remain on the
covalent surface by avoiding electron transfer at the first crossing. In this case, electron transfer
at the second crossing is nearly certain and the reaction intermediate can be considered to be an
excited state of Ba'NO, which will have a shorter lifetime due to its weaker bond. This
mechanism appears to be dominant in the reaction Li + NO, — LiO + NO, which was found to
be direct without the involvement of long-lived collision complexes.*®* “This model appears
unlikely in the present case, however, since the relative yield of forward scattered products is not
very sensitive to collision energy. - Since adiabatic behavior at the outer crossing is expected to
decrease with increasing collision energies,® if this explanation were correct we should have
observed a substantial increase of forward scattering with increasing collision energy. Moreover,
correlations® between curve crossing distance and electron transfer probability in atom-atom and
atom-diatom systems indicate that at 4.9A, the electron transfer probability will be nearly 100%.
The alternative explanation is that the direct reaction results from electron transfer into the 6a,
orbital from Ba-NO, geometries which are unfavorable for formation of long- lived complexes.
This situation would be expected to occur in those collisions where the Ba™ can approach very
close to one oxygen atom in NO,. In this case, a very close Ba'-O" interaction would be
favorable for second electron transfer and formation of ground state products. Good coupling
between the incident kinetic energy and the reaction coordinate facilitates second electron transfer

and formation of vibrationally hot, forward scattered BaO.
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C.Ba + NO, - BaNO + O

i) The Ba(’S) Reaction Mechanism

A number of observations allow us to gain considerable insight into the dynamics of this channel.
The angular distribution from reaction of ground state Ba('S) was found to peak over a very
narrow range, well away from the relative velocity vector. Formation of BaNO results from a
direct reaction, unlike the dominant ground state BaO channel. The small cross section and a
narrow angular distribution indicates that successful reaction results from a very restricted range

of collision geometries.

In the next section, we will argue that BaNO is best represented as Ba'NO". An obvious question
is whether long range electron transfer into the 6a, orbital of NO, precedes formation of BaNO
+ 0. We believe that it does not; rather, BaNO likely results from trajectories which are able
to avoid harpooning at the outer crossing point. The probability density maps for electrons in the
6a, and 2b, orbitals (Fig. 16) are useful in determining favorable and unfavorable molecular
orientations for electron transfer. Although the shapes of the orbitals will become distorted upon
close approach of Ba, they should be reasonable approximations outside the first ionic-covalent
curve crossing radius (4.9A). Transfer of an electron from the spherically symmetric Ba 6s
orbital into the NO, 6a, orbital can be best avoided by approach of Ba towards N just off the C,,
axis. This approach geometry will also lead to asymmetric stretching of NO,, an important
requisite for reaction. The substantial threshold and narrow product angular spread is consistent
with a narrow approach geometry and a need to couple translational energy into the asymmetric
stretching of NO,. However, maintaining proper collision geometry alone is not likely to be
sufficient to promote this reaction. Since electron transfer into the 6a, orbital leads to symmetric
bending or symfnetric stretching, only by remaining on the covalent surface at the outer crossing
is it possible to excite the asymmetric NO, motion. The small product yield (<2% that of BaO)
is consistent with a very small probability for avoiding electron transfer at the first ionic-covalent

crossing.
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Based on the translational energy measurements, we calculate D (Ba-NO)>65 kcal/mole (Section
iii). Since D,(0O-NO)=72 kcal/mole®, the reaction is only slightly endoergic. However, the
energy threshold for this reaction from Ba('S) appears to be much greater than the endoergicity.
It appears that the threshold is primarily due to a dynamic rather than thermodynamic
requirement. The dynamic requirement is probably the need for nonadiabatic behavior at the
outer crossing point and good coupling of the incident kinetic energy into the reaction coordinate,
i.e. asymmetric N-O stretching. This is supported by our observation that the reaction is strongly
promoted by very high collision energy. The probability of long range electron transfer depends
on several factors.®¢' These include the difference in the gradients for each potential energy
surface in the vicinity of the cro‘ssing region, impact parameter, orientation of the NO, molecule,
radial velocity, and coupling matrix element. For the reaction of ground state Ba('S), formation
of BaNO requires small impact parameter collisions. For small impact parameters, the relative
velocity is almost entirely radial and an increase in collision energy can lead to substantially
decreased adiabatic behavior and asymmetric motion of the NO, molecule. This should lead to
enhancement of BaNO by decreasing the probability for outer harpooning and permitting good

coupling of the incident kinetic energy into the reaction coordinate.
ii) The Effect of Electronic Excitation

Electronic excitation to the 'P state increases the first ionic-covalent curve crossing radius to ~15
A, leading to a substantially decreased probability for electron transfer into the 6a, orbital.*! The
next crossings correspond to transfer of the Ba 6s electron into the 6a, orbital (retaining the Ba
6p core) or transfer of the 6p electron into the 2b, orbital. Both processes correspond to
formation of excited state Ba*NO,. Based on the BaO angular distributions, a large fraction of
these excited complexes still survive for longer than one rotational period. At least part of this

increased energy appears in relative translational motion of the recoiling BaO/NO products.
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With electronic excitation to the *D states, we observed an approximately twofold enhancement
of formation of BaNO + O. The yield was larger from the ('P) state with an enhancement by a
factor of 3-4. However, the products appear to result from decay long-lived complexes, whereas
the reaction is direct from the ground state. This unusual behavior likely results from a
~substantial increase in the energy of the Ba'NO, complex due to electronic excitation of the
incident Ba atom. In the case of ground state Ba('S), only a very small fraction of collisions
could avoid the first electron transfer. With proper collision geometry and good coupling of
incident collision energy into the reaction coordinate, BaNO + O resulted from a direct reaction
mechanism. In the reaction of electronically excited Ba, decay of internally excited Ba*NO,

complexes leads to the formation of BaNO + O products in addition to the dominant BaO + NO.

iii) The Dissociation Energy of BaNO

The Ba-NO binding energy may be derived from the translational energy distribution for Ba('S)
+ NO, — BaNO + O. The following expression relating the energy of the reactants to that of the

products is based on conservation of energy:

Econ + Einnoz - Do(O-NOy) = Eiypano + Eino + Eiransanoro -Do(Ba-NO).

(2)
By assuming efficient cooling of rotational but not vibrational energy of NO, in the supersonic
expansion, E, o, = 2 kcal/mole. The following equation, derived from (2) is actually an equality
if the fastest BaNO products correspond to formation of BaNO in its ground rovibrational states

and the oxygen atom is OCP):
D,(Ba-NO) 2 E s pavon + Do(O-NO,) - Eqyy - Eqno 3)

Using E ;= 60 kcal/mole and D,(O-NO,)=72 kcal/mole, we calculate D (Ba-NO)> 65 kcal/mole,
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with the uncertainty not greater than 20 kcal/mole. Uncertainties arise in fitting the translational
energy distribution and from the spread of the velocity distribution of the Ba beam.- Since it is
likely that at least some ground state products are formed in the reaction, we conclude that

D (Ba-NO) = 65 + 20 kcal/mole.

There has been no previous direct observation of BaNO in the gas phase. In fact, as far as we
know, this is the first direct observation of an isolated gaseous metal mononitroxide. However,
infrared spectra of alkali® and alkaline earth® nitroxides have been recorded under matrix
isolation conditions. Based .on that work, it was concluded that the molecules are ionic: isotope
shifts in the IR spectra suggested a bent or linear M'NO" molecule (rather than M*ON") in all
cases except Li"ON'. Although no binding energies are-available for other nitroxides, it is
interesting to compare BaNO to known metal-dioxygen compounds. As perhaps one might
expect, D,(Ba-NO) is comparable to singly ionic metal superoxides rather than the alkaline earth-
dioxygen molecule which appears to have substantial doubly ionic character: D (Na-O,) = 48.2
kcal/mole®, D (Ba-0,) = 120£20 kcal/mole'*,

D. The Absence of Ba + NO, - BaO,+ N

Considerable effort was devoted to observing this reaction since there was good reason to believe
that it might occur. Electron transfer into the 6a, orbital strongly enhances bonding between the
oxygen atoms with the O-N-O bond angle decreasing from 134.1° to 115.4° (Table III). The
reaction B + NO, — BO, + N has been observed by Green and Gole* and was attributed to rapid
scissoring of the NO,” molecule after electron transfer. Other triatomic oxidants such as O, and
CIO, did not lead to formation of BO, since the bond angles in those molecules are not

appreciably different from their anions. Dissociative electron attachment to NO, is known to lead
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to formation of O, NO and O, at 1.61 eV, 3.11 eV, and 4.03 eV, respectively.®® Since these

%52 we postulated that with

energies are the thermodynamic thresholds for the processes,
electronic excitation or at high collision energy, nascent BaO, might be formed from reaction of

Ba + NO,.

The BaO, + N channel either does not occur at all, or is below the sensitivity of the experiment.
There was no evidence that electronic excitation promotes this channel. The cross section must
be below 1A? for formation of BaO, + N. It appears that the contrasting behavior between B and
Ba arises primarily due to the ionization potential of B (8.3eV)* being considerably higher than
that of Ba (5.2eV)?.. In the case of Ba, electron transfer occurs at long range (~4.9A) whereas
much closer distance is required for B (~2.4A). This difference appears to be critically important
to the outcome of the chemical reaction. In the case of B, electron transfer and symmetric
bending of NO, will only occur when the B atom is essentially within the attractive well of the
very strongly bound B-O, interaction potential. In the case of Ba, however, the ionic complex
will execute many vibrations before the Ba* can approach within the close range required for
formation of BaQ,.  Intramolecular energy redistribution within the complex leads to
randomization of the initial symmetric bending motion. This results in long-lived complexes
which decay to BaO + NO-- apparently the potential energy barrier for formation of BaO, + N
is large. In those collisions where electron transfer into the 6a, orbital can be avoided, the

dominant chemical product is BaNO + O rather than BaO, + N.
V. CONCLUSIONS

We have found the chemistry of the Ba + NO, reaction to be substantially more complex than

1819 which

previously believed. Our results on Ba + NO, disagree with the earlier conclusions,
were based solely on product angular distributions. We conclude that long-lived Ba*NO,
intermediates are involved in the majority of all reactive trajectories despite reaction exoergicities

that are comparable to complex well depths. This rather unusual behavior appears to be a
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dynamic consequence of the divalent nature of barium: decay of the initially formed complex to
ground state molecules involves a substantial potential energy barrier. This barrier is associated
with the electronic rearrangement necessary for the initially formed singly ionic Ba"NO, complex
to decay to ground state dbubly ionic Ba**O*+ NO. A very large release of translational energy,
the magnitude of which is perhaps unprecedented from decay of collision complexes, results from
a barrier to second electron transfer followed by strong repulsion of the stable BaO + NO

products.

Two additional direct reaction channels were observed. A minor BaO + NO channel led to
forward scattering of the metal oxide with a relatively small release of translational energy. Our
observation that the yield of forward scattered products is larger than the known
chemiluminescent yield indicates that this chat{nel corresponds primarily to formation of
vibrationally hot ground state BaO from direct reaction involving small impact parameter
collisions. A previously unknown molecule, BaNO, was observed as a nasceﬁt minor pfoduct
from Ba + NO,. Unlike the dominant BaO channels that involve outer harpooning, formation
of BaNO from Ba('S) likely results from the small fraction of collision geometries that avoid

long range electron transfer.

Even with electronic excitation of the incident barium atom, reactions involving long-lived
collision complexes continued to dominate the neutral product channels.*® Electronic excitation
results in increased internal excitation of the Ba*NO,, leading to a larger average translational
energy release in the BaO + NO products. Whereas complexes resulting from collisions of
ground state Ba only decayed to BaO + NO, a small fraction of those from electronically excited

Ba also decayed to BaNO + O.
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TABLE 1. Thermodynamics of Possible Ba(*S) + NO, Reactions

Reaction

AH (kcal/mole)

Ref

BaO(X'T") + NO
BaO(A'Z") + NO
BaO(A'I1,a°T) + NO
'BaNO + O

BaO, + N

-61
-11
-11
+7

-12

30
30
30

1, This Work

"1, 34a

TABLE II. States of NO,

State E(eV)* R (A" o, (A%
1A, ..6a° -2.27¢ 4.9 75
B, ...6a,'2b'  +0.57° 2.5 20
B, ...6a'2b'  +1.23° 2.2 15

a. Energy relative to NO, + é.

b. Ionic covalent curve crossing radius calculated using RX(A)= 14.4/(1.P.5,-E)(eV).

c. Estimated harpooning cross section based on o, = nR >

d. Electron affinity of NO, from Ref 22.

33

e. Energies relative to NO, + € based on NO, electron affinity and excited state energies tabulated

in Ref 50.
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TABLE III: Molecular Parameters

Species Ryo(A) o (degrees)
NO,(X?A)) 1.19389(4)* 133.857(3)
NOZ'(XIAI) 1.25(2)* 117.5+2°
NO(X*I) 1.1508° -

a. Ref 22, and referenc_es therein. b. Ref 65

VIH. FIGURE CAPTIONS

1. Top view of the crossed molecular beams apparatus.

2. BaO laboratory angular distribution for Ba + NO, — BaO + NO at collision energy of
12.5 kcal/mole. o Experimental points. — Total fit to data. Contribution from
channel 1. ----- Contribution from channel 2. The nominal Newton diagram is shown

with a limiting circle indicating the maximum center-of-mass velocity for BaO based on
the known reaction exoergicity for formation of ground state products.

3. BaO product time-of-flight spectra at indicated laboratory angles for Ba + NO, — BaO +
NO at collision energy of 12.5 kcal/mole. o Experimental data. Total fit to data.
"""" Contribution from channel 1. ------- Contribution from channel 2.

4. Best fit translational energy P(E) and center-of-mass angular distribution T(6) for the BaO

+ NO products. Collision energy was 12.5 kcal/mole. Channel 1 represents the channel
involving long-lived BaNO, collision complexes and channel 2 is the direct forward
scattered channel.

5. BaO product angular distributions obtained at mean collision energies of 31 and 59
kcal/mole.
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Same as Fig. 3 but E_ ;= 59%cal/mole.
Same as Fig. 4 but E_ ;= 59 kcal/mole.

BaO product flux contour map at E_; = 12.5 kcal/mole. A- Newton diagram' B-
Contribution from channel 1. C- Contribution from channel 2. C- Total BaO product flux
(Channel 1 + Channel 2).

BaO product flux contour map for channel 1 + channel 2 supenmposed on the nominal
Newton diagram. E_, = 12.5 kcal/mole.

BaO product angular distribution at collision energy of 12.5 kcal/mole showing effect of
electronic excitation of the incident Ba atoms. Laser excitation was at the collision zone.
Beam consists of approx. 30% ’D, 35% 'P, 35% 'S. Nominal Newton diagram showing
circles representing maximum BaO velocities from reaction of ground state Ba(*S)(dotted
line) and electronically excited Ba(*P) (solid line).

BaNO product angular distribution at collision energy of 59 kcal/mole. Laser off: @-
Experimental points, --- Fit to data. Laser focussed at interaction region: [0-Experimental
points, — Fit to data. Newton diagram is also shown.

BaNO product time-of-flight data from reaction of Ba('S) at indicated laboratory angles
for Ba + NO, — BaNO + O. Collision energy was 59 kcal/mole. o- Experimental points.
— Fit to data.

Same as Fig. 12 but with laser excitation at interaction region.
Best fit translational energy P(E) and center-of-mass angular distribution T(6) for the
BaNO + O products. Collision energy was 59 kcal/mole. --- Laser off. — Laser

excitation at interaction region.

Center-of-mass product flux contour map in velocity space for the BaNO product from
the Ba + NO, reaction. Laser is off. E_, = 59 kcal/mole.

Electron probability density maps for the half occupied 6a1 and unoccupied 2b, orbitals
of NO,.

Energy level diagram for reaction of Ba('S) + NO,. Shaded area indicates uncertainties
in thermodynamic quantities.
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