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The State Specific Reaction of Electronically Excited Sodium Atoms
with Oxygen Molecules

H. Schmidtd, P. S. Weiss, J. M. MestdaghP, M. H. Covinsky, and Y.T. Lee
Materials and Molecular Research Division, Lawrence Berkeley Laboratory,

and Department of Chemistry, University of California
Berkeley, California 94720 USA °

ABSTRACT

The reaction of e]ectronica]ly excited sodium atoms with molecular
oxygen has been studied in crossed molecular beams. The Na(5251/2) and
Na(32P3/2) states did not produce NaO at co]]isionbenergies up to 18
kcal/mole, even though energetically allowed to do so. The Na(4205/2)
state produced Na0 + 0 at center of mass collision energies higher than 16
kcal/mole, but not at 7 kcal/mole. The NaO produced was predominantly
backwards scattered relati?e to the incoming sodium atoms in the center of
mass frame of reference, implying that collinear and near collinear approach
geometries are favored, and that the reaction proceeds directly with no
collision complex formation. The NaO + O produced were very highly

internally excited, and it is likely that 0(1D) atoms were produced.

a. Permanent Address: Freie Universitat Berlin, Fachbereich Physik

(FB-20), Institut fur Molekulphysik, 1000 Berlin 33, West Germany.

b. Permanent Address: Institut de Recherche Fondamental, Service de
Physique des Atomes et des Surfaces, C.E.N. Saclay, 91191
Gif-sur-Yvette, France. '



The reaction: {
LY

Na(3%s) + 02(x3z§) > Nao(x%:") + 0(3p)

is substantially endothermic, with aH = 58. kcal/mole, but the electronic
energy of the Na atoms in the 4D or 5S states, or with translational energy
of at least 9.5 kcal/mole for Na atoms in the 3P states was more than enough
to overcome this endothermicity. The purpose of this experiment was to
study the effect of electronic energy and symmetry of the atomic
wavefunction on chemical reactivity. We have chosen the Na* + 02 reaction
since the endothermicity precludes reaction in the ground state. Moreover
the positive electron affinity of 02, Ea=0'44 eV, undoubtedly leads to

an ionic intermediate, Na+05, which plays an important role in the

collision between Na* andeZ.

The experiment was performed in a modified universal crossed molecular

1

beams machine described elsewhere.” Briefly, a seeded supersonic sodium

atomic beam was crossed at 90° to a seeded or neat supersonic 0, beam in a
~ 2

o~
7

vacuum chamber under single collision conditions. The laser beams used for
the excitation of sodium atoms crossed the atomic beam in this interaction ’
region from the third perpendicular direction. Scattered product was

detected with an ultrahigh vacuum quadrupole mass spectrometer equipped with

an electron bombardment ionizer which could rotate in the plane defined by

the atomic and molecular beams.
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The laser excitation arrangement was similar to that of Reiland et
212 The Na(3%p3,,,F=3 < 3%, ,,F=2) hyperfine transition of the
Na D, Tine (589 nm) was optically pumped using a cw single frequency dye
laser Tocked to the peak of the sodium fluorescence in the interaction
region. Another sing]e.frequenqy cw dye laser was locked either to the green
(569 nm) Na(4%Dg ,,F=4 < 3%P5 ,,F=3) transition, or to the red
(616 nm) Na(5251/2,F=2 € 32P3/2,F=3) transition. The optical
pumping has been described in detail e]sewher‘e,3 but Figure 1 shows the
optical pumping scheme, and the approximate relative populations of the
appropriate Sodium ]éve]s when these transitions are saturated. Radiative
transitions led to a significant steady state population in the Na(425)
and Na(42P) levels when either the Na(420) or the Na(SZS) levels were

optically pumped as calculated from the Einstein A coefficients of
4

The laboratory angular distributions of products were measured for each
of the three optically pumped Na levels, as well as for the ground state at
three center of mass.c011ision enérgies: 7, 16, and 18 kcal/mole. At the
lTower collision energy (7 kcal/mole) no reaction was observed for any of the
Na levels. At the upper twd collision energies (16 and 18 kcal/mole)
reaction to Na0 + O was observed onTy when the sodium atoms were optically
pumped to the Na(420) state. The measured laboratory angular distribution
at a collision energy of 18 kcal/mole i§ shown in Figure 2. This
distribution was taken with the mass spectrometer tuned to mass to charge
ratio of 23 (Na+) because most of the product Na0 fragments to Na'© in

the electron bombardment ionizer.
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There are four very striking features of these measurements. First,
the reaction only proceeded from the Na(42D) state, even though the
Na(SZS) state (only 1350 cm'1 lower) and the Na(32P) state (if
collision energy is included) were energetically allowed to react. The fact
that significant steady state populations in the Na(425) and Na(42P)
levels were produced when we optically pumped the Na(SZS) level allbws us
to conclude that the reaction also did not proceed for these states at the
measured collision energies.

A Secondly, the NaO product angular distributions were strongly backwards
peaked re]atiVe to the incoming sodium atoms in the center of mass frame of
reference. This implies that a collinear or near collinear approach
geometry was favored, and that the reaction proceeded directly with no
collision complex formation. The theoretically determined lowest energy
state of the NaO2 system, which has C,, symmetry, has the Na atom at the
apex of an isoceles triangle, and is 1.6 eV more stable than ground state
reactants (Na(325) + 02(X3z;).5 Infrared, Raman, and ESR Spec-
troscopies of NaO2 trapped in low temperature rare gas matrices have also
shown the triatomic to be an isoceles triangle.6’7’8 Had NaO been
produced via collision partners in a C2v approach geometry and/or via
long-lived collision complexes the NaQ product angular distributions would
have shown a much greater intensity in the forward direction relative to the
incoming Na atoms in the éenter of mass frame of reference. Electron
transfer from Na* to 02 in the entrance channel is 1ikely to form NaO2

long-lived complexes, but apparently they did not lead to NaO production.
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The collinear approach geometry and the reaction only for Na(4D) imply that
a C_, Na0O(a) transition state led to NaO + 0. Table I shows that in a
nearly collinear approach geometry only a va NaOZ(A) transition state

is accessible to the Na(nD) states and not to Na(nS) and Na(nP) states.
Figure 3 shows a diabatic correlation diagram for Na + 02 inC,

symmetry for states of spin multiplicity 2. No attempt has been made to

accurately portray the energies of the transition states other than the

lowest energy Na0, state as calculated by M. Alexander.? A B, state

in C2v symmetry (isoceles triangle) is also accessible only toPNa(nD), but
we can exclude this possibility since we know that Na0 was produced via é
collinear NaOO geometry. Any state in CS symmetry (non—cb]]inear, and not
isoceles triangle) can through curve crossings, go to low energy NaO2

complexes which would most likely decay to quenching products -- Na(3S) +

), the lowest energy decay channels for Na0,
complexes. It appears that only those collinear collisions between Na(4D)
and O2 which do not involve charge transfer in the entrance channel are
responsible for NaQ production.

~Thirdly, the very small angular range over which the reactively
scattered Na0 was detected shows that the pkoducts were very highly
internally excited (>2 eV). While our detector is not state selective, we
are able to determine the product translational energy, and thus by using
thermochemical information and invoking conservation of energy, we are able
to determine the total product internal energy. Figure 4 shows the Newton

circles for the production of various excited products from Na(4ZD) and

ground state molecular oxygen at a collision energy of 18 kcal/mole. Since
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reaction products correlate adiabatically only to the ionic reactants

Na' + OE, there must be hops among the potential energy surfaces in

L L4
i

order to produce Na0 from neutral reactants. As figure 4 shows, the Na0O
product angular range falls completely within the Newton circle for the
production of NaO(A%s") + 0(1D). While we cannot conclude with

certainty that these were the product states, it seems veryllikely that
O(lD) atoms were produced, and that the majority of the remainder of the
excess energy was deposited into the internal degrees of freedom of NaO. |

Lastly, the lack of reaction at Tow collision energy shows that there
must be an entrance channel barrier of at least 7 kcal/mole, but less than
16 kcal/mole. This also suggests that the harpoon mechanism of electron
transfer in the entrance channel does not lead to chemical reaction.

We are currently investigating the angular and velocity distributions
of the Na0 product, and are also investigating the dependence of the
reactive scattering cross sections upon the direction of the laser
polarization, and thus upon the Na orbital alignment. A detailed
calculation of the excited Na02 potential surfaces would provide great
insight into the mechanism of this reaction, and it is hoped that this work

will stimulate such a theoretical treatment.

G/
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Table I. Symmetries of important reactant and intermediate states for Na +
02 collisions.

System Symmetrx Multiplicity

y,
™ for & Lo
Na(n525)+0 (x-3z‘) T A" B 2,4
2 g 1 ’
Na(np2P)+0, (x357) 5T A" A 2.4
2\ A2 - 2 ’
a Al Ay 2,4
L A" By 2,4
Na(nd?D)+0, (x357) $= A" B 2.4
2 g - l ’
+
T A Ay 2,4
T AY A, 2,4
s |
A A' B2 2,4
= 1]
A A B1 2.4
Na0, (Towest 2 states) w Av A, 2
+ ]
T A 82 2
+,1 — 2 + .
Na ( S)+02(X 1rg) m A 82 2
\ X A" A, 2
, + - - —_
) Na (15)+02(a4zu) 5 A A, 4
Na' (1S )+o‘2'(2A) A A 2

A A" By 2
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FIGURE CAPTIONS

Optical pumping scheme for the two step laser excitation of the
Na*(4205/2) [Na*(5251/2)] Tevel, and the populations of various

levels when the lasers saturate the transitions shown.

Laboratory angular distributions of NaO at a center of mass collision
energy of 18 kcal/mole. The upward trend at low laboratory angle is
elastic scattering as the detector is moved closer to the Na beam. This
is observed because product NaO fragments in the electron bombardment

. . +
ionizer to Na .

Diabatic correlation diagram for Na + 02 in a collinear approach

geometry for states of spin multiplicity 2.

Newton circles vs. observed product NaO angular range at 18 kcal/mole.

~
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