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ABSTRACT

Experiments performed using a crossed beam apparatus have shown that

changes substantially as the 4d

the reactivity of Na(4D) with HCl and O2

orbital alignment is varied. This change is found different for the two
reactions. The favoréble alignment.for the reaction with HCl has the d
orbital aligned along the relative velocity vector of the reactants. This
result is consistent with a long range electron transfer initiating the
reaction and suggests.that the Na-Cl axis dominates over the H-Cl axis in
determining the favorable atomic orbital alignment. For the reaction with
02, the NaO formation has a high translational energy threshold, aﬁd the
favored orbital alignment varies as a functién of the NaO laboratory
scattering angle. Very restricted conditions are found to be necessary
for the reaction: near collinear geometry and the d orbital berpendicular

to the molecular axis.
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1. INTRODUCTION

Reactive scattering of alkali atoms with various molecules has - been
studied extensively over the past two decades [1]. A wide variety of
experimental techniques have been used to elucidate the dynamics of these
reactions, as well as the effect of reactant translational, vibrational
and rotational excitation on chemical reactivity [2]. What happens when
electroﬁically excited alkali atoms are  used, however, has. been

investigated only recently in a series of experiments which combine

crossed beams and laser excitation techniques [3-6].

In experimental studies of the scattering of electronically excited
atoms, one of the more interesting aspects is using the laser excitation
step to control the alignment and the orientation of the excited atomic
orbital before the collision. This atomic orbital polarization was
observed to have a pronounced effect in several inelastic processes [7-9].
Analogous studies on reactive scattering have recently started to receive

some attention [10].

- This paper reports on the results of a crossed molecular beams
investigation of such polarization effects in reactions of sodium atoms

.excited to the 4D level with HCl and O, molecules.

Na(4D) + HC1 -+ NaCi + H AH°,= -94.1 kcal/mol (1)

Na(4D) + 0O, % NaO + O AH°,= -40.8 kcal/mol (2)

Previous studies on the identification of the reaction products, as

well as the product angular and velodity distributions of these



reactions, are summarized in ref [3,11—12].- Although both processes (1)
and (2) proceed through a direct mechanism, some important diffefences in
reaction dynamics seem to exist. From all evidence, reaction (1) takes
place " via an early dissociative electron transfer of the Na valence
electron to HC1 [11]. In contrast, ‘the high translational energy
threshold for product formation in reaction (2) suggests that,
although important in the scattering process, 'an early, 1long range
electron transfer does not seem to play a significant role in the
reaction between Na(4D) and O,. The electron transfer that 1leads to
product formation most 1likely occurs at very short distances and
seems to involve excited states of the negative molecular ion O0,-
[12-13]. It was hoped that these diffefences in reaction dynamics could
be'furﬁher clarified wiﬁh thé inVestiéation of polarization effects of

the excited atomic orbitals.



2. EXPERIMENT

2.1 APPARATUS

The experimehtal arfangement, snownl scnematiﬁally iﬂ Fig. 1; has
been Aescfibéa elséwnere [4]. .Briefly, two supérs&nic beams of
reactants ;re crossed orthogonally under single collision conditions.
Reaction products éfe detected with a triély differéntially pﬁmped maés
specﬁrohétér which ié rotatable aboutv the collision regioﬁ in'the plane
defined by the two reactént béams. TWodéinglé frequencf dye lagers are
used to prepafe the Na(4D) via é étepwiée e%ci£atio; schemé shown. iﬂ
ref [3]; The.vlaser‘ bééms eross the scatﬁering regién- ofthbgonally to
the reactant beams aléﬁg tne rotation axls of the detector. Both laser
beéms are 1inéari§ polérized by péséing them through the.sahe polafiéér;.
The direction of polarization can be rotated in the scatteriﬁg plane

thus allowing one to study how the Na reactivity depends on the alignment

of the 4d orbital with respect to the relative velocity vector.

In £ﬁe experiments repofted hére, the réaction products afe deﬁectedv
at séQéral fixed 1laboratory scattering anéleé 6 as é function of.tﬁeA
léser éolérization angle ﬁ; Thé anglés é énd b ére defihéa
respectively with reépeétaﬁo the Na vélocity, énd the reiati&e Qeiocity

of the collision partners, as shown in the Newton diagram of Fig. 2.



2.2 ALIGNMENT RESULTING IN THE LASER EXCITATION

In experiments conducted using linear polarization, the maximﬁm
alignment of a 4D level is 4D m=0 which corresponds to & pure dz?
orbital aligned along the directibn of léser pelarization (the
z—axis). Of course, since Na has both a fine and hyperfine structﬁre,
such a completé alignment cannot be achieved. One ﬁight think it is

possible, however, to theoretically calculate the actual alignment of

the 4D level under experimental conditions by including all these

energy 1levels in the optical pumpiﬁg equations. Unfortunately, the_only
" tractable calculations make use of optical pumping raté equaﬁions which
afe just wvalid for 1low 1laser power [14]. The power needed for our
exﬁeriments is'simpiy toq high to make a réalistic estimate with this

type of‘calculation.

The one reliable procedufe for estimating ‘the percentage
of alignment iﬁ' the 44 orbital is to measure the anisotropy of tﬁe
fluorescence from tﬁe Na(4D). A fluorescence monitor, shown in
fiéure 1, allowsb measurement of the Na(4D-3P) fluorescence
intensity emitted in the direction of the ménitor as a function of
the polarization angle of the lasers. A typical result, showing a sin;
wave oscillation of the signal as a function of the 1laser .polarization
angle g, is shown in figure 3. The amplitude of the sine wave reflects
the completeness of alignment. Using the very extensive set of equations
expressing the theory of light emission by polarized atoms given in
ref [14], the fluorescence signal corresponding to the present

measurements is given by:



c 220 1 222 :
I(y) = — [{ }opo, + — | }.(3 cos2y-1).p2,]

1/2 111 3/2 111

3 2 : (3)
In expression (3), v is the angle defined by the fluorescence monitor
and the lasers polarization direction, {:::} are 6-j coefficients,
p°, 1s the isotropic part of the 4D level density matrix, and p2, -
describes the alignment of this level. The ratio p?2,/p®, reflects
the percentage of alignment of the 4d orbital.  Using this ‘equation and

the fluorescence data obtained in our experiments, then, the 4D level is

aligned approximately 45% in the 4dz? orbital.



3. RESULTS
3.1 Na(4D) + HC1 - NaCl + H

Polarization dependence of - product formation has been
investigated at. five - laboratory scattering angles 6::

35, 40, 44, 50 and 56 degrees, for a collision energy of 5.6 kcal/mol.
Typical results arée shown in figure 4. The experimental results
are fit with the expression:

I (8) = A sin(2f + ¢) + B’ (4)

r
where I 1is the reactive signal at angle 8, f§ is the polarization angle
with rgspect to the relative velocity vector (see in Fig. 2), and ¢
is a phase factor defining the position of the reactive signgl peak. The
ratio 2A/B, then, gives the amplitude of the .polarization effect.
Results are shown in table 1 for the five scattering angles that have
been investigated. This compilation points out that reaction 1is most
favored when the 4d orbital is approximately parallel to- the relative

velocity vector and depends only slightly on the laboratory scattering

angle of the reaction products.

o



3.2 Na(4D) + O, = NaO + O

The polarization dependence of the NaO product signal from
reaction (2) has been measured at a collision energy of 18 kcal/mol for
four laboratory écattering angles: 30, 36, 40 énd 50 degrees. A sample
of the results 1is shown in figure 5. As with the HCl experiment;
é#pression (4) is used\ to fit the data. The important .quantities
ffom >the fits ‘are given in table 2. The results are subétantially
different from thdse of reaction (1) since the favored polarizatién
angle for the oxygen reaction chéngeé.dramatically as the iscattering

angle is varied.
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4. DISCUSSION
4.1 REACTIONS OF Na(4D) WITH HC1 MOLECULES. . ' .«
. . . \ %3
Let us first consider the results  shown in table 1 obtained
with thé detector sit;ing at 50 aﬁd 56 degrees in the laboratory frame.
withlﬁhis experiméntal configuration, backward séattered products with
cénﬁer—éf—mass écattefing _angle; between 150 and 180 deéreés are
Aetected. The collisions associated with this backwafd scattered NaCl
prcduct must Dbe the type in whiéﬁ Na hits Cl along the Cl-H moleculér
ékis at Qe?y small‘impact parameters. From table 1, it is qleér that
the reaction is enhanqed by having the 44 orbital-alignéd within 10
degrees of the relative velocity vector. The favcrable geometry for

this scattering 1is thus given by scheme 1. The orbitals in scheme 1 are

not to scale.

This scﬁeme corresponds to the configuration of an
asymptotically prepared 4d(dz2?) orbital that is aligned along the
symmetry axis of the Cev point group. Since this arrangement has the
largest I character, it would be expected that a Z intermediate, such
as Na*(ls)-HC1—(ZZ), would be formed easily in the 1long range

electron transfer mechanism proposed in reference [5].

Let us now look at those products detected at laboratory
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scattering angles Dbetween 35 and 40 degrees. For these angles, the
reaction products observed are still substantially. backward scattered.
For example, laboratory scattering at 40.degrees  is roughly
associated with center-of-mass scattering at about 120 degrees. It is
¢

expected, then, that- the impact parameter of Na with respect-to the Cl
atom of HCl will still be small. . Because the reaction products are . a
little 1less backward scattered, however, it is likely that the HCl. axis
will make a small angle with the direction of +the relative velocity
vector. Recalling the _polarization - effect presented in table 1, it
»appeérs that the favored asymptotic alignment preparation for reagtion_
is . again with ﬁhe 4d(dzz2) orbital.pointing nearly along the relative

‘velocity vector. The geometry which would accéunt for the 1less backward

scattered product can thus be represented as in scheme 2.

Note that the 44 orbital is aligned roughly along the Na...Cl axis, so
makes a small angle ﬁith the H-Cl axis. This, in effect, shows the
importance of the Na-Cl axis over the H-Cl axis in the alignment of the
44 orbital. Since these reactive collisions are associated with small
impact parameters, the effect of "orbital following", which is related to
the locking radius idea discussed in reference [7], is not expected to

affect the present discussion.

Scheme 2 corresponds to the Cs point group. In this symmetry group,

Na+*-HCl- , as well as the dz? orbital, has A' character. As
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proposed in Ref [11], the reaction of Na(4D) with HC1 thus ' proceeds
through a  long range electron transfer to form Na+(1S)-HCl1l-(2Z),

which is symmetry allowed in this geometry.

In the case of Cs geometry, however, .electron transfer to HC1
from a 4d(dz2) orbital alignedv perpendicular to the relative
-velocity vector is also symmetry allowed. We might wonder why - this
configuration i;ads to less reactive signal than scheme 2. A likely
answer is that a dz? .orbital is prolate with respect to its 2z axis.
With scheme 2, .the 4a orbital 1is able to feel the Cl atom at longer
distances, and can thus transfer its electron >at - larger Na...Cl-H

distances than when the dz? - orbital is perpendicular to the Na...Cl

axis.

&
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4.2 REACTION OF Na(4D) WITH O, MOLECULES.

The . favorable alignment for . reaction with. O, looks very
different from . that for reaction with HCl1l as, is -apparent from
tables 1 and 2. - Unlike the HCl experiment, the best alignment angle - for
reaction with O, changes significantly as the laboratory scattering

angle is varied.

As described in Ref. [3,12], the NaQ product is strongly backward
scattered and has a narrow velocity - distribution that peaks at -low
Velécity. This means that an almost one-to-one . correspondence. between
laboratory and center-of-mass scattering angles exists:v 40-50. degrees
in the laboratory <corresponds to  about - 160—180',degreés. in the
center-of-mass ,céordinate system and 30 degrees corresponds to about

40 degrees.

Let us consider backward - scattered products:- in the

center-of-mass reference frame, which would be those products that

-appear in the labdratory at 40-50 degrees.  We see from table 2 ‘that,

within 20 degrees, the preferred alignment for reaction is with
the 4d orbital perpendicular to the relative velocity véctor.
Because the products are backward scattered, the appfdach geometry is
expected to be collinear -or near . collinear Na...0-0.. The reactive

collision geometry, then, should resemble scheme 3.
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A molecular state of mixed character £ and A emerges from- the
44 orbital in. reactive scheme 3, while a state of pure X character
resﬁlts from the 44 orbital = when the alignment is along the Na...0-0
molecular axis. Since the latter configuration is less reactive, it can
be coﬁcludéd that, in*scheme 3, the molecular state A leads to reaction

rather than Z.

This conclusion seems to contradict an earlier work where the
reaction of Na(4D) with O, was proposed to result from the transfer at
very short Na-0, distances (about 0.2 nm) of the Na valence electron to
form . the ekcited state A?Ilu of 0,-, i.e. the state responsible for
the dissociative electron attachment in electron/O, scattering [13]. The
formation. of an Na+*-0,-(2Mu) intermediate is indeed forbidden
along reactivé.scheme 3 since it requires a A~ symmetry change.’
Reference [13], in fact, ﬁay still be correct because at short Na-O,
distance, the presence of the Na* core is likely to alter the pure n
character of the 0,-(A2[u) by mixXing - it " with neighborihg
states: of A character, thus making this electron transfer  possible
under reactive scheme 3. This point will be Ffurther discussed in

Ref [12].

Let us turn now to ' - the small laboratory scattering angles
30 and 36 degrees " which correspdnd respectively to 'scattering- at
40 and 130 degrees 1in the center-of-mass frame. These products are
most likely to result from scattering with finite impact parameters. The
important result apparent in table 2 is_that the alignment angle of the

4d orbital for maximum reaction rotates as the scattering angle is
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changed. For backward scattering, .it. is perpendicular' to the.. relative
velocity vector and it tends to tilt slightly toward parallel when the
product . center-of-mass mass scattering ' angle - is decreaséd,-'~ These
features suggest that in order . for reaction to take place the
following conditions have.to be satisfied:

i) B collinear Na...0-0 geometry must -be :reached at the
classical turning point

iil) When this éonfiguration is achieved, the dz? orbital has

to be perpendicular to the Na...0-0 molecular axis.

This favored reaction configuration for non-backward scattered products

is shown in scheme 4

As far as molecular orbital symmetries are concerneqd, the
configuration for highest reaction probability, shown in scheme 4, is
equivalent to scheme 3. As was discussed for the scheme 3, the system

should react best from the A molecular state of the Na(4D)-0, system.

The fact that a molecular state of A character seems to play an
important role in the Na(4D)+0, reaction might be the reason why a very
state specific feature was found in Ref. [3] in reactions of Na(4D and
58) with 0,. The 58 level does not correlate to the molecular state of
A character which favors the reaction. It 1is possible that when a

Na(5S) atom approaches an 0O, molecule, the long range charge transfer
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takes place efficiently;and only quenching processes occur.’ On thevother
hand, when a Na(4D) orbital approaches 0, with A character, long range

charge transfer:can be avoided and the trajectories will follow a
covalent surface so that the Na and O, that have sufficient kinetic
energy can approach close enough to allow the transfer of the electron

from Na(4D) to an excited state of O,-.

te}
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5. CONCLUSION

The reactivity of Na(4D) with HC1 and 0, as a function of the
alignment of the excited 4d orbital of Na has 'been .-measured - using a
crossed beam apparatus.. The change in. Na reactivity as the
d orbital  alignment is varied is found to be very different for the two

reactions.

With HCl, the favorable alignment for reaction is with the

44 orbital along the relative velocity vector of the reacting pair

regardless of the deviation of the HCl axis away from the direction of
the relative velocity. This corresponds to the Na 44 orbital pointing to

the Cl atom and is interpreted as the domination of the Na-Cl axis

.over the H~Cl axis in determining the alignment of the 44 orbital in the

transfer of the Na valence electron to HCl.

With O,, the best alignment for the reaction is found to be
strongly dependenﬁ on the NaO product scattering direction. The reason
for this seems to lie with the very restricted conditions necessary for
the reaction to occur : near collinear geometry Na..0-O and the 4 orbital
aligned perpendicular to the molecular axis. This indicates that an
intermediate of A character should play an important role in the
reactions of excited Na atoms with O0,. The experimental observation
that reactions of excite@ Na with O, do not proceed when Na is in the
58 state but occur with Na(4D) may be explained by this. Avoiding a long
range electron transfer and sufficient kinetic energy might be two bf the

necessary conditions for the formation of NaoO.
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TABLES

TABLE 1 Polarization effect measured in the Na(4D) + HC1
reaction at a collision energy of 5.6 kcal/mol.
R The polarization angle @ and the scattering angle
6 are defined in figure 2. :

Laboratory Polarization angle Polarization angle Amplitude of

scattering § for maximum f for minimum of the
angle 8 reaction reaction polarization
(degrees) (degrees) (degrees) effect

35 -13 * 7 -103 = 7 8 %

40 -8 £ 7 -98 + 7 6 %

44 -5 7 -95 + 7 9 %

50 -8 7 -98 = 7 8 %

56 4 * 10 -86 + 10 9%
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TABLE 2 Same caption as table 1 for the Na(4D) + O, reaction
at a collision energy of 18 kcal/mol.

Laboratory Polarization angle Pclarization angle Amplitude of W
- scattering g for maximum . g for minimum of the
angle 6 reaction , reaction polarization
(degrees) (degrees) (degrees) effect
30 ' -9+ 7. -99 % 7 13 %
36 - 37 £.7 -53 % 7 g 3
40 61 * 7 -29 = 7 11 %
50 70 7 -20 = 7 7 %
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5
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FIGURE CAPTIONS

Schematic of the apparatus.

Scheme defining the laser polarization angle and the
laboratory scattering angle. Note the positive direction

for these angles are opposite one another.

' .

Polarization dependence of the fluorescence signal. The
4d orbital rotates in the plane defined by the readgent
beams. The polarization angle f§ is with respect to the

relative velocity vector in_a Na+HC1l experiment.

Polarization . dependence of "the NaCl signal:. from the
Na(4D) + HC1 = NaCl + H reaction at a  laboratory
scattering angle of 44 degrees and a collision energy of

5.6 kcal/mol. The polarization angle § is with respect to

the relative velocity vector as shown in figure 2.

Same caption as figure 4 for the Na(4D) + O, * NaO + O
reaction at 40 degrees laboratory scattering angle and a

18 kcal/mol collision energy.
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Scheme 3

Relaﬁve
velocity
axis

XBL 885~1796



-372—

Relative

velocity
axis

XBL 885-1795

Scheme &4



- -l-.:’

LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELFEY, CALIFORNIA 94720

R





