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CROSSED MOLECULAR BEAM STUDIES ON

2
THE INTERACTION POTENTIAL FOR F( P)-FXe(lS)

.I.

C. Becker, P. Casavecchia*, and Y. T. Lee

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and Department of Chemistry
University of California
Berkeley, California 94720

ABSTRACT
For the evaluation of ground state XeF interaction potential,
angular distributions of F atoms scattered off Xe were measured in crossed
molecular beam experiments at collision energies of 2.11, 10.5, and 13.9

kcal/mole. F atoms produced by thermal dissociation of F2 at 700°C in

)

a supersoni i i i i 78% F 2P
P nic expansion using rare gas carriers contain ~78% (

3/2
ground state and ~22% F (2P1/2) spin-orbit excited state. Consequently,

3/2-FlSO asymptote,

1/2-+lSO asymptote are involved in the

scattering. A simple elastic approximation, neglecting inter-state

1
three electronic states, X5 I%‘ emerging from the 2P

and II-% from the 2P

coupling, is used for the calculation of differential scattering cross
sections in the evaluation of interaction potentiéls.v Experimental results
are found corroborating the spectroscopically defived potential of
Tellinghuisen et al. (e = 3.359vkcal/mole, r = 2.293A§)for VX%;(r),

and the conclusion that Vi %(r) and VII%-(r) are in close resemblance

to the ground state Ne +Xe interaction potential.



INTkODUCTION
Recently much work has focused on diatomic rare-gas halide molecules
because they compriseba new class of lasers in the near to vacuum ultra-
violet region. Spontaneous emission and laser action from many of the
rare gas-halide (RG-X) combinations have now been reported.1 The ground
state RG-X interéctions themselves are also of fundamental chemical
interest. The lack of detailed information on RG-X interaction
potentials, in the past, made it difficult to evaluate the theoretical
understanding of the termolecular recombination of halogen atoms in a
rare gas environment. The lasing excited states seem rather well
described by an ionic model,2 and the effect of the spin-orbit inter-
action amongst these states has been clearly detailed in ab initio
calculations by Hay and Dunning.3 The lower electronic manifold

interactions (2P + lSO) are not as simply described. Usually

3/2,1/2

the potential energy curves are said to exhibit repulsive or van der
4 - .
Waals character; vyet the two curves arising from the energetically

b

2 . s
lower P3/2 + lS asymptote are significantly split. This splitting

0
can be explained in simple terms by the amount of eléctron overlap
due to the different orieﬁtations of the halogen p orbitals. However
it is also thought that for some systems (especially XeF and XeCl)
there may be significant charge fransfer involved in the ground state
binding. An indication of this fact comes from the observation of
bound-bound emission in the XeF and XeCl spectra. Particular effort
has been paid to the XeF system and the potential energy curves

. ; . . s . 5,6
involved in the laser emission have been derived spectroscopically. ’



The most detailed spectra contain rotational as well as vibrational
structure affording an internuclear distance estimate in addition to
the well depth for the ground state and two strongly fluorescing
states.

-+ -
Experiments involving the decomposition of FXeOSOzF and XeF OsF6

suggested the processes occurred via XeF formation; an estimate of

7
a XeF binding energy of ~20 kcal/mole has been made. Support for an
estimate of ~10 kcal/mole came from studies suggesting a XeF role in

8 9
the oxidation of NO and NO and HZO by XeF Also the observation

2’ 2°

of XeF was reported in an electron spin resonance spectrum, the sample

being a Yy radiation damaged XeF, single crystal;lothis study described

4

the XeF as a o-electron radical.

+
1/2
has attracted attention for several ab initio and semi-empirical

3b,4,11

The XeF ground state, denoted XZZ (X %) in Hund's case b (c¢)

calcalulations. Because of the large number of electrons
involved, even with a "state of the art" calculation, none of the
curves computéd compare satisfactorily in the well region with the
spectra derived potential of Tellinghuisen et al.5C

Consequently, in aﬁ effort to investigate the attractive well
of the XeF ground state interaction potential, we have carried out

. . . ) 2
differential cross section measurements for F (°P ) scattered

3/2,1/2

off Xe (lSO) at three collision energies.



EXPERIMENTAL

The basic experimental technique has been described elsewhere
in detail.12 Supersonic beams of xenon and fluorine atoms seeded in
a rare gas carrier are crossed at 90° in a collision chamber main-
tained at ~3 X 10—7 torr. Fluorine atoms are detected as a function
of in plane scatﬁefing angle by a triply differentially pumped
rotatable quadrupole mass spectrometer.

The fluorine atoms are produced by thermal dissociation of
F., in a resistively heated nickel oveﬁ/nozzle (typically at ~700°C).

2

Under normal operating temperature and F, partial pressure we

2

estimated13 and confirmed experimentally about equal flux or F and

F, from the source. The signal at m/e 19 due to the dissociative

ionization of scattered F2 flux presented the greatest uncertainty

in the 19F atom scattering data. After several angular scans at

m/e 19 (typically counting for 30 to 60 seconds at each aﬂgle) the
intensity at m/e 38 was measured and compared over the same angular
range. This comparison, combined with the estimated m/e 38:19 ratio
for F2 in the mass spectrometer allowed a subtraction of the F2 contri-
bution to obtain a correcfed angular distribution of scattered F atoms
as a function of laboraﬁory scattering angle, I(0), for F+Xe.

+, + - :
The F2 /F ratio for F, was measured as a function of oven temperature

2

in a temperature range where no signficant dissociation takes place,
and these values are extrapolated to the operation temperature.

Because I(Q) of F, for the F24-Xe scattering showed no oscillations

2

at any observed angle, and had high intensity and large slope at small



angles, any resultant error in I(Q) of F for F+Xe would be a skewing
at angles less than ~10°. We estimate a maximum systematic error of
~10% based on the reproducibility of measured m/e 38:19 intensities.
All reported I(Q) are relative values.

‘The thermal F source at ~700°C contains.the spin-orbit excited
component 2P1/2; Dué to the 404 cm_l splitting, the amount of
electronic to translatiomal relaxation in the supersonic expansion
under present conditions is expected to be small; thus the F (2Pl/2)
contribution to the mixed beam is estimated by Boltzmann and degeneracy
weights. |

The three relative collisions energies, nominally 2.11, 10.5,

13.9 kcal/mole, were obtained with 99% Ar/1% F 96.5% He/3% Kr/0.5% Fy,

2

and 997 He/l1% F, gas mixtures, respectively, from stagnation pressure

2
of ~500 torr behind the nozzle at ~700°C. The pure Xe beam was kept at
room temperature. Supersonic beam velocity peaks and distributions

were measured by time-of-flight detection. Typical full width half

maximum velocity spreads for F and Xe are both ~10%.

RESULTS AND ANALYSIS

The experimental data of I(0Q) for F + Xe at three collision
~energies is shown in Fig. 1 along with error bars representing * one
standard deviation. The nominal collision energies are also shown.
The angular distribution at the lowest energy displays practically

no oscillatory structure, whereas the two higher energy I(0) show a



low amplitude, slow oscillation with a faster oscillation superimposed.
The physical interpretation of these I(0) follow.
Inelastic cross sections in these experiments involving the

2 2
electronic transition between F (TP ) and F (P ) are expected

3/2 1/2

to be much smaller than elastic cross sections because the spin-orbit
splitting (A) constitutes an appreciable fraction of the relative

collision energy (Er ). The inefficiency of this electronic tran-

el
sition has been shown in a recent semiclassical calculation for
14
F +Xe. Therefore a simple elastic approximation is employed in
the analysis of I(0). 1In this model the total differential cross
section is written as a sum of elastic differential cross sections
O, 1 (8) 0,.,(0), and o._;(8) for the three states X!l ]'é and IIJL
X_2_ ] I%— ’ IIT 20 -2 : 2°
where each elastic differential scattering cross section in the center
of the mass coordinate system, o(8), is calculated from the associated
, 1 . .
single channel scattering > employing the corresponding spherically

symmetric interaction potential given as a function of internuclear

distance:

o, (6 = _Ox;—(e) + o)

tot (9) + acII%je) . 1)

3
2

The factor a (=0.55) represents the 22% contribution of F (2Pl/2)

in the beam of F atoms. The X% and I% states correlate with the
2P 4—18 as tot while IIJ= orrelates witﬁ 2P -+1S

3/2 o asymptote, 2 ¢ 1/2 0
1

3 and -% following X, I, and II are @ quantum numbers; § is the
projection of the total electronic éngular momentumralong the molecular

axis.



This approximation should serve the useful purpose of evaluating
interaction potentials. We note, however, that this approximation cannot
account for the fast oscillations in I(0) which are believed to show
perturbations in the elastic scattering due to non-adiabatic coupling
between the three electronic states. This interpretation of the fast
oscillations follows from the observation that the spacing of these
oscillations is inversely proportional to the relative velocity.

For the comparison of interaction potentials with the experimental
I1(0) we first use a flexible analytic form to describe the potentials
for the calculation of Otot(O). The Gtot(@) is then transformed into
the laboratory coordinate system to give a calculated I(0), taking into
accounf velocity and angular spread of the beams and spétial resolution
of the detector. Comparison of calculated I(0) with experimental I(0O)
provides the basis for evaluation of the interaction potentials.

In the analysis of experimental results, the interaction potentials

V(r) are chosen to be the flexible piecewise analytic form Morse-Morse-

Aswitching function - van der Waals (MMSV) given here for reference:

f(x) = V(r)/e X = r/rm (2)

f(x) = exp(ZBl(l—x))—2exp(8‘1(1—x)) , - 0<x<1
= exp(ZBz(l—x))—2exp(82(1—x)) = Mz(x) 1<x<x1
= SW(x) M (x) + (1-SW(x)) W(x) x, <x<x,
= —C6rX_6 - C8rx_8 = W(x) x2<x<oo

‘ and
1 <Tr(x—x1)>
SW(x) = = — ] +1},
X 2 cOoSs (XZ'XI)



_ 6 _ 8y .
where C, = C6/(€rm) , and C 08/(€rm), € and r_ are the depth and

6r 8r
position of potential minimum. The usual cubic spline function is not
used as it frequently produced a local maximum and minimum for the Vxéjr)
curve.

Since there is gqod reéson to believe that the information on the
attractivé well of the X% state derived from spectroscopic data by
Tellinghuisen et al.Sc is more reliable than other information available,
the data analysis is started with a potential using their values of
£ and rm, énd a morse B value is derived from the spectroscopic
constant, w,-

In order to calculate the differential cross section, it is necessary
to have information covering the full range of interaction potential
probed at a given collision energy. This means in addition to the
attractive portion of the potential curve, the high energy repulsive
wall has to be added before comparison can be made. The repulsive

wall of the potential is described by the inner morse function,

characterized by Bl. Since the scattering data is the result of three

oW
PO

interaction potentials, )C%, I5, and II+, we also have to make

reasonable estimates of the ]E% and II%— potentials. Fortunately, data
obtained at three different collision energies are sensitive to different
regions and different states of interaction potentials; thus a very
meaningful comparison between experimental I(0), and I(0) derived from
a given set of potential curves is possible.
3 : 1 . . . .
The IE- and IIE- interaction potentials used in this work were

assumed (a) to be very near the corresponding one electron richer

rare gas pair Ne-Xe,17 and (b) VIILﬁr) = VI3(r)-+A. Justification
2 2



is based on the closed shell-closed shell electronic configuration for
the m symmetry, having the fully occupied fluorine p orbital along the
internuclear axis (see reference 3b). Some slight adjustments to the

corresponding Ne-Xe potential were made reflecting different polariz-

18,19

abilities and electron spatial probabilities20 going from Ne to F.

Also the spin-otrbit splitting, primarily associated with tightly bound
core electrons, is approximated as constant over the range of inter-
nuclear distance probed.

The van der Waals C6 constant is estimated by the Slater—-Kirkwood

21 , - cq e
formula for effective number of electrons; polarizabilities were

18’;9 The C. constant of I%vis calculated

to be larger than Xll state, reflecting its larger polarizability.l

2,
This implies a slow curve crossing for theic% and i[% states at fairly

taken from the literature;

large r. We note that the C6 calculated for)b% has the long-range

mixture of one-third 2H and two-thirds 22+ character,3’14 while the

I-g is purely 2II. Though the IIJL state asymptotically approaches

2 2
. 2 . 2+ 3
two~thirds “II and one-third "¥ , we have used the C6 of the I&i state
in order to keep the same potential form for'I% and II%—. This

approximation should have no significant effect in the calculation and
comparison of differential cross sections. The permanent quadrupole-

. , . . . -8 .
induced dipole moment interaction, varying as R ~ at long range, contributes

only a small fraction of the C_, dispersion term,22 which in turn has a

8

small contribution compared to the C, term (dispersion only). The C

6 8

. . 19 .
constant is estimated from the Ne-Xe C8 constant. Higher order constants

are neglected due to their uncertainty and very small contribution.



With these initial assumptions for the X% and I%, II% potentials,
the parameters g, ros Bl, and 82 were varied in an attempt to match the
calculated with experimental I(0) at the three relative collision energies. e

The use of the Vxéjr) of Tellinghuisen et al. (i.e., €= 3.359 kcal/
mole, r = 2.293 Bx, and B1 = 82= 7.47) proved quite sa;isfactory, though a
shift of a few degrees from the experimental data at two highest energies
in the position of the slow oscillation maxima gnd minima in the I(Q)
was noted. Consequently, the Vxéfr) derived here is modified slightly
by altering 61 and 62 for a better I(®) fit, keeping € and ro the same.
In adjusting 81 and Bz’ the width of the well was kept constant to within
~0.01&. It is not clear whether this slight improvement in the X%
potential is really significant, since the small difference is certainly
within the limit of experimental uncertainties, especially the uncertainty
in the experimentally determined collision energies. The original
estimates for the I&% and II%- potentials were generally satisfactory-
and little change is made in deriving these potential parameters. The
resulting potential parameters are listed in Table I.

I(0) sensitivity to the VX%fr) is quite good for the two highest
energies, allowing an estimate of knowledge of the VX%jr) to within 5%

by these methods. The sensitivity to the V_3(r) is not as good; its
2

I
influence shows most clearly in I(0) fall-off behavior at small angles, "

especially for the lowest energy I(0). We assign a 15% measure of

confidence to this potential near the attractive well.
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Calculated I(0) from the derived potentials are plotted along
with the data in Fig. 1. The calculated I(@) are scaled to the.data
by a constantvscaling factor which is determined by the minimization
of a chi(y)-square goodness-of-fit measure. I(0) are averaged over
the geometric resolution of the detector/beam arrangement in all
calculations; one calculation at each nominal collision energy assumes
mono-energetic beams (single Newton diagram) to display clearly the
nature of the oscillations; the othér calculafed curves show the
realistic effect of velocity averaging over 15 Newton diagrams.

In the 10.5 and 13.9 kcal/mole I(Q), the slow oscillations are rainbow
and supernumerary rainbow oscillations produced by the X% state. The
2.11 kcal/mole data show orbiting behavior for the X% state.

In Qrdér to show both the sensitivity of this fitting procedure
to given potentials, and how realistic other published XeF potential;
are, we have presented additional velocity averaged calculations of
I(0) in Fig. 2 derived from other potentials. The comparisons are
méde at low energy and one high relative collision energy. Dunning
and Hay3b have presented potentials for all states of interest here.
Using theSe as input, thé I(0) are calculated and compared with the
data. These I(0) are qualitatively in error, due to the absence of
any appreciable well in the V(r). This is not unexpected from the
type of calculation used by Dunning and Hay. Another recent XeF
potential calcﬁlation23 using a one-electron relativistic effective

core potential does not significantly alter these potential curves.
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3 .
As an example to show the sensitivity to the IEy II%-potentials,

Fig. 2 also shows I(Q) calculated from the VXLﬁr) of this work and
2

the V Ii_(r) of Dunning and Hay. Significant deviation from
2

~

15,1
experimental data is shown in the low energy I(0). Fig. 2 also -

. -1
depicts the deeper X%—potential put forth by Krauss and Liu, 1

combined with the V . (r) derived in this work. This X-i potential

13115 2

2

is deep enough to produce orbiting at low energy, while at the high
energy, the position of the rainbow maximum is severely displaced.
All interaction potentials considered are shown in Fig. 3.

The contribution to I(0) by each of the potentials presented
in Table I is shown in Fig. 4.  The relative weights frbm Eq. (1)

are used in the I(0) plots for all energies.

DISCUSSION
. 3b . . . . , . .
Dunning and Hay estimate the ionic contribution in configuration
interaction to the X%-state to be 9.2% for XeF. However, the fact that

their X%<potential does not well represent the Vxlfr) given here and
: 2
5S¢ ‘
by Tellinghuisen et al., raises the question of the accuracy of

l-binding is due to, or

this appraisal. Yet, to simply say that the X2
. O

characterized by charge transfer, may be somewhét misleading. It is

not clear that a two center coulombic interaction picture is really : ¥
appropriate. for example, the role of inter-atomic correlation, and

its coupling to intra-atomic correlation, formidable and importént

. l A
problems, need careful assessment. The XE-state is not strongly



&

~13-

bound by ordinary chemical standards, but it is significant that the

‘YXL(r) minimum position, rm, lies about 1% & inside the strictly -

2
van der Waals—like V_3 (r) minimum. Though a physical picture of the
2

I
1 .
electronic open shell-closed shell binding in the XZZ state of XeF is
not complete, the quantitative determination of VXLKY) carried out
Py v
in this work is'found, corroborating the spectroscopically derived
potential by Tellinghuisen et al.
. ' ) . ) 3 1
The estimates of the interaction potentials for the I35 and II§
states over the experimentally probed thermal energy range presented
here should be quite realistic. At very small r, these two states
R . 2 . \
should coalesce into a single Il state as the electronic orbital
angular momentum becomes strongly coupled to the internuclear axis,

’ However, these experiments

dominating the spin-orbit coupling.
at relatively low collision energies do not sample these internuclear
distances, and the additional complication of including separate

repulsive wall descriptions for the VI3(r) and VIIljr) is not warranted
) C8 3

here.
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TABLE I. ZXeF potential parameters.
x% 1%,11%

€ (kcal/mole) 3.359 0.16
rﬁ R) 2.293 3.80
B, 8.5 7.5
B, 6.8 6.0
X, 1.102 1.116
X, 1.950 1.500
Cq (kcal/mole*}®) 703. 750.
C, (kcal/mole+R°) 3740. 3740.
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FIGURE CAPTIONS

Laboratory angular distributions of scattered F for the
F(ZP)-+Xe(lS) system at three collision energies. Solid curves
are calculafed from best fit potentials of Table I, averaging hd
over angular and velocity distributions of experimental

conditions. Dashed curves show single Newton diagram calcu-

lations, averaging over experimental angular resolution.

Sensitivity of calculated laboratory angular distributions of

2 ' )
F from F( P)-FXe(lS) to given potentials. The I(0) are

calculated according to Eq. (1) from: (a) X!L, I%y and IIl

2
potentials of Ref. 3b; (b) }C% potential of Table‘I, and I%—
and II% potentials of Ref. 3b; (c))b% potential of Ref. 11,

and I% and II—;— potentials of Table I. The data are shown

for comparison.

Interaction potentials of F(2P3/2)-+Xe(lso); the solid line
(—— ) represents present work (see Table I); X (TTVCS) from
Ref. 5¢c; O "(KL) from Ref. 11; DO,A (DH) from Ref. 3b. Note

the scale change at V(r) higher than 1 kcal/mole.

Relative contribution to I(0) (single Newton diagram calculations)
of each of the potentials of Table I at three collision energies

according to Eq. (1).



[ (®), ARBITRARY UNITS

-19-

T Illllll TT1]HH] I IIHIII| | IIHHII 1 lll!llll | IlIllHl

T IIII!III

— T T 7
9 |
F+ Xe

E=13.92 kcanole

! llllllll ] IllJllll | lIlIllll J llllllll | IIIIIIJI ] IIIIIIII

L] Illllll

@)
o

LAB SCATTERING ANGLE, 6

XBL 784-8182A
Fig, 1



1(®) , ARBITRARY UNITS

o

OO
Oo ERERR

~20-

[ IIITIHI i IIIIIHI IR

! II!IIHI

—

! IIIITﬂ]

19 a) g
-+ Xe b) 1
c) . E
E=10.5 keal /mole i
ampnggpp E .
o0 E
""" % i 3
| | | | | | | | | l | |

10° 20° 30° 40° 50° 60°
LAB SCATTERING ANGLE, ®

XBL 784-8316



100

10

—

I

, KCAL/MOLE
{
—~ @)

V(r)

|
AV

~21-

[ T ' v E
= Y =
- N ‘\\A\ 7

~
i o A 2 I ]
- N F e )+ Xels)
- (NN N e ( S ) =
- \\ S \\\‘A\ 3 2 O =
— \ \\ NN :
- X! AN |

_________________

l

— Present Work'

- x TTVCS N
o KL |

N - DH |
l l ( | | |
2 3 4 . 5

INTERNUCLEAR DISTANCE r, A

XBL 784-8315



I(®), ARBITRARY UNITS

-22-

IR

T T 1T

T T T

AL R R R

- IIIITHI

[ II[IIH]

ool ol

| Illl]lll

| | Illll”

Ll

Ll

|

oo

o
°

LAB SCATTERING ANGLE, ®

XBL 784-8382

o

L



This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




LA St

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





