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Dynamics of Nonadiabatic Reactions. 2. F + Na, — NaF + Na*
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Chemiluminescence from the reaction F + Na, — NaF + Na*(i) has been measured for six electronically excited states
of Na: the upper state of the D line, 3?P, and the more energetic states i = 32D, 5%S, 42D, 67S, and 5°D. The reaction is
exoergic by 49 kcal/mol for formation of sodium in the 3?P state, and slightly endoergic for the three highest energy channels.
Measurements were made by recording visible chemiluminescence from the crossing region of partially collimated beams
of reagents. The relative rate constants to form successively higher electronic states, i, decreased exponentially. These rates
could be fitted approximately by statistical models following averaging over the breadth of thermal reagent energies.

Introduction

There is continuing interest in reactions leading to electronically
excited products that can be detected by chemiluminescence.! The
chemiluminescent reactions of halogen atoms, X, with alkali-metal
dimers, M,, to yield the lowest excited states (2Py5,2P; ;) of the
alkali-metal atom have been studied for over half a century since
the “diffusion flame” experiments of M. Polanyi and co-workers.?
These experiments led to the development of the harpooning model,
in which the forces that give rise to the reaction are governed by
the switch from a covalent to an ionic potential** The production
of the lowest excited state of M was initially explained by a
vibrational-to-electronic (V-E) energy transfer process:s

M+ X,— MX'+ X (1)
X + M, — MX' + M(%S) (2)
MX'+ M — MX + M*(32P) 3)

The same process was used to account for the small amount of
emission observed from highly excited states of Na (i.e., Na*(i))
in the Na, Na,, Cl, system.®® Subsequently, Magee* used sym-
metry arguments to suggest that the reaction

X + M, = MX + M*(i) 4)

to yield M*(32P) should be as rapid as (2), due to the existence
of adiabatic pathways.

More recently, Herschbach and co-workers showed that re-
actions 3 and 4 were fast processes, the latter having a cross section
of 10100 A2 for X = Cl and M, = Na,, K,.7? They were also
able to show that other electronically excited M*(i) states could
be formed directly via reaction 4 with energies up to the collision
allowed limit, i.e., with the total exothermicity plus relative
translational energy of the reagents appearing as electronic ex-
citation in the atom M*.

Two theoretical approaches have been used to predict the
partitioning of available energy over electronically excited states
in the product of reaction 4. In the work of Krenos and Tully!?
the relative cross sections for the allowed product channels were
calculated using the statistical phase space theory. The emission
intensities predicted in this way were found to be in satisfactory
agreement with observation. The applicability of this statistical
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theory to the X + M, reaction systems was rationalized in terms
of the multitude of curve crossings giving rise to nonadiabatic
transitions into states correlating with electronically excited
products.!® The unrestricted flow of electronic energy could thus
be a sign of extremely complex dynamical behavior occurring
within a manifold of potential energy surfaces. Subsequently Faist
and Levine!! calculated the same distribution by the simpler
method of information theory and obtained still better agreement
with the experimental results. We reexamine these calculations
in part 3 of this series.!?

Implicit in the use of statistical models for the electronic ex-
citation of M* was the fact that the electronic orbital angular
momentum of the product did not affect its rate of formation. This
was found to be the case for the formation from reaction 4 of the
72S and 5%D states of potassium.!> These states, with almost
identical energies, have different electronic angular momenta.
Their rate constants k(i) were found to be identical to within
experimental error.

The Rydberg series, M*(i), for a number of reactions of type
4 were also observed in diffusion flames,!4 but relative intensities
observed in this case differed significantly from the beam results.
This was explained!’ in terms of quenching processes in the
relatively high-pressure flame studies (~10 Torr of Ar).

Recently, Figger and co-workers!® observed chemiluminescence
from the excited states, Cs*(i) formed in the reaction

0 + Cs, — CsO + Cs*(i) (5)

(1) For reviews see: (a) McFadden, D. L. In Alkali Halide Vapors;
Davidovits, P., McFadden D. L., Eds.; Academic Press: New York, 1979; p
361. (b) Menzinger, M. Adv. Chem. Phys. 1980, 42, 1.

(2) Polanyi, M. Atomic Reactions, Williams and Norgate: London, 1932.

(3) Ogg, R. A, Jr,; Polanyi, M. Trans. Faraday Soc. 1935, 31, 1375.

(4) Magee, J. L. J. Chem. Phys. 1940, 8, 687.

(5) Herschbach, D. R. Adv. Chem. Phys. 1966, 10, 319.

(6) (2) Evans, M. G.; Polanyi, M. Trans. Faraday Soc. 1939, 35, 178. (b)
Ibid. 1939, 15, 195.

(7) Struve, W. S,; Kitagawa, T.; Herschbach, D. R. J. Chem. Phys. 1971,
54, 2759.

(8) Struve, W. S,; Krenos, J. R.; McFadden, D. L.; Herschbach, D. R.
Faraday Discuss. Chem. Soc. 1973, 55, 314.

(9) Struve, W. S.; Krenos, J. R.; McFadden, D. L.; Herschbach, D. R.
J. Chem. Phys. 1975, 62, 404.

(10) Krenos, J. R.; Tully, J. C. J. Chem. Phys. 1975, 62, 420.

(11) Faist, M. B.; Levine, R. D. Chem. Phys. Lett. 1977, 47, 5.

(12) Polanyi, J. C; Reiland, W.; Stanners, C. D.; Thomas, D. F.; Visticot,
J.-P. J. Phys. Chem., following paper in this issue.

(13) Krenos, J. R.; Bowen, K. H.; Herschbach, D. R. J. Chem. Phys. 1975,
63, 1696.

(14) (a) Ham, D. O. Faraday Discuss Chem. Soc. 1973, 55, 313. (b)
Ham, D. O. J. Chem. Phys. 1974, 60, 1802.

(15) Figger, H.; Straubinger, R.; Walter, H. J. Chem. Phys. 1981, 75, 179.

0022-3654/89/2093-4716301.50/0 © 1989 American Chemical Society



Dynamics of Nonadiabatic Reactions. 2
DF
L
e

PM2
L
T,
PM1 L
———— AL
ISA
BS
H )

Figure 1. Schematic of the apparatus. The components shown are as
follows: SO, sodium oven; A, heated aperture; F, sodium beam flag; D,
discharge tube outlet; BA, sodium beam axis; CB, copper baffles; MB,
monel box; AL, achromatic lens; BS, beam splitter; S, slit; L, lens; ISA,
low-resolution spectrometer; PM1 and PM2, signal and monitor photo-
multipliers, respectively.

The relative emission intensities were comparable to those pre-
dicted by information theory in the rigid rotor-harmonic oscillator
approximation.

The Rydberg series of Na*(i) has also been observed in
beam-gas experiments, 6 in an Na, Na,, F, system. The formation
of highly excited sodium atoms was ascribed to reaction 4. In
these studies the relative emission intensities of the electronically
excited products were not measured.

Paper 1 of this series!” was concerned with nonadiabatic effects
in product branching occurring in the reaction F + HBr — HF
+ Br(*Py, *Py ). In the present work we report the first mea-
surements of the intensity of the chemiluminescence from the
excited sodium atoms obtained from

F + Na, — NaF + Na*(i) 6)

The reaction was carried out by crossing an uncollimated effusive
beam of F atoms with a partially collimated alkali-metal beam.
The relative emission intensities extended over a range of 6 orders
of magnitude. The results were compared with the predictions
obtained from the phase space theory and information theory.
Both statistical models were found to account satisfactorily for
the observed distribution over electronically excited product states
when averaged over a 500 K thermal distribution of reagent
collision energies.

In the following paper'? we report on experiments in which a
seeded supersonic jet of F was used to vary the collision energy
for the same (F + Na,) reaction. :

Experimental Section

The experimental arrangement was similar to one described
earlier.'® 2 The apparatus consisted of a crossed-beam reactor
(reagent pressure ~10™ Torr) housed inside a high-vacuum
chamber (background pressure <107 Torr). The reaction vessel
is shown schematically in Figure 1. The Na + Na, beam source
was a two-chamber stainless steel oven with a circular nozzle
orifice of diameter 0.2 mm. The reservoir and nozzle sections of
the oven were resistively heated by separate circuits so that their
temperatures could be controlled independently. The oven was
wrapped in tantalum reflection shielding to minimize heat loss
and reduce the contribution of black-body radiation to the mea-
sured signal. Prior to a run the oven was loaded with 1.5 mol of
freshly cut sodium (ACS reagent grade).

The Na + Na, beam was partly collimated by a heated aperture
plate held at a temperature of 600 K. The aperture had a diameter
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TABLE I: Atomic Line Emission Intensities

wavelength, upper state obsd approx

transition energy,” kcal/mol  rel int rel rates
3% — 3§ 5890 48.5 1.00 1.00

3D — 3P 8195 83.4 7.5 % 102 7.5 %1072
528 — 3%p 6161 94.9 7.7 X 107* 1.4 x 1073
42D — 3%P 5688 98.8 47 X 10 7.4 x 107
6S — 3%p 5154 104.0 1.6 X 107 3.2 x 10
52D — 3%P 4983 105.9 1.0 X 10 1.9 x 10

2Energy of the upper state relative to the ground state of sodium,
3251/2.

of 6 mm and was located 5 mm downstream from the nozzle. A
beam flag situated immediately after the collimating aperture was
used to interrupt the beam for measurements of background
signals. The sodium beam traversed the reaction chamber and
condensed on water-cooled surfaces suspended inside the vessel.
The surface opposite the sodium source was equipped with an array
of fins that acted as a sodium trap. The distribution of the sodium
deposits showed that little scattering of this beam occurred after
the collimating aperture. The axis of the optical detection system
intersected the sodium beam center-line at a point 50 mm
downstream from the sodium beam nozzle and perpendicular to
the sodium beam.

The F atoms were produced by a 2450-MHz microwave dis-
charge (60-80 W of power) in pure CF,, used as supplied (99.7%
pure, Matheson Co.). Gas flows were measured with displace-
ment-type flowmeters and were controlled by using a Teflon needle
valve operated at a fore-pressure of 50-100 Torr of CF,. The
F atoms were produced in a quartz tube of 8-mm i.d. The mi-
crowave cavity was located upstream of a 45° bend in the inlet
tube, to eliminate background signals due to light from the dis-
charge.

Before an experiment the inside of the atomic halogen inlet tube
was cleaned with a 10% HF solution and coated with a 1:1 mixture
of orthophosphoric acid and methanol. The tube was then baked
to form a surface of P,Os, which served to reduce atomic re-
combination. The end of the discharge tube was centered 20 mm
above the orthogonal intersection of the sodium beam axis and
the optical axis. The length of the inlet tube from the microwave
cavity to its tip was 35 cm. The pressure inside the tube was in
the range 107%-1 Torr.

Visible radiation was collected from the reaction zone and
focused onto the entrance slit of a double monochromator by a
lens mounted outside the vacuum chamber. The transmitted light
was focused onto a cooled photomultiplier tube. The intensity
of the reference state, given by the D lines, was observed con-
tinuously by splitting about 15% of the collected light onto a second
photomultiplier tube equipped with a narrow bandpass interference
filter. The output of both the detectors was amplified and
measured by using pulse-counting electronics. The resulting signal
and monitor channel count rates were processed by using an on-line
computer. The monitor channel was calibrated by measuring the
D line with both detectors, using a neutral density filter (OD 3.0)
in the signal channel optics. This detection system allowed the
measurement of line intensities relative to the emission at the D
lines.

Two spectrometers were used in this study. High-resolution
spectral scans and kinetic studies were performed with a 1-m focal
length double monochromator (Jarrel-Ash, Model 25-100, f/8.7).
Relative atomic line intensity measurements were made using a
10-cm focal length double monochromator (I.S.A., Model DH10
VIR, f/3.5). This low-resolution instrument (60-A fwhm) pro-
vided a gain in sensitivity needed for the measurement of the
weakest lines. In the case of the experiments employing the
Jarrel-Ash spectrometer, the monitor optics were located on the
opposite side of the reaction vessel, aligned with the viewing region
of the signal channel optics.

All measured intensities were corrected for the relative sen-
sitivity of the detector and the transmission of the optics by
comparison with standard sources. For the region 370-730 nm
a Photo Research (Model PR2303) visible lamp was used as a
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standard. At wavelength >700 nm a 1100 K black body was
employed.

Results and Discussion

The atomic emission intensities observed are summarized in
Table I. The temperature of the liquid sodium in the body of
the oven was 960 K and the nozzle was held at a constant tem-
perature of 1010 K. The flow of CF, was 10 umol/s. The
intensities were taken from the peak heights above background,
with use of 60-A resolution. The peak intensity was determined
by scanning the spectrometer over the line center. Reagent
densities were estimated to be as follows: [F] = 6 X 10'2 cm™,
[Fy] =4 X 10" em™, [Na] = 8 X 10! cm™, [Na,] =7 X 1010
cm™. The densities calculated for atomic and molecular fluorine
are based on a previous study of the products from a discharge
in CF,? and on measurements previously performed with this flow
system.'®?® The sodium monomer and dimer densities were
calculated by using the published vapor pressure?? and thermo-
chemical data.”® The product of the backing pressure and the
orifice diameter was 2.7 Torr-cm, resulting in a supersonic ex-
pansion of sodium vapor (Mach number ~8). Under these
conditions collisional association occurring in the expansion results
in an increased dimer mole fraction. The results obtained by Aerts
et al.? indicate that the final dimer concentration is ~15% of
the alkali-metal beam density.

We have observed six atomic transitions in all, as shown in Table
I, with the maximum product electronic energy located 105.9
kcal/mol above the ground state of sodium. As noted in the
Introduction, previous studies of similar reaction systems have
shown that the process X + M, — MX + M* accounts for the
electronic excitation of M. The observation of a similar chem-
iluminescence spectrum under the low-density conditions of our
experiment leads us to consider the reaction

F + Na, — NaF + Na*(i) (6)

as the primary source of excitation.

Kinetic studies were carried out to confirm that the electron-
ically excited atoms were formed via reaction 6. Previous ex-
periments carried out using this reaction system under similar flow
conditions had established it as the major source of emission at
the D lines.'® The contribution attributed to secondary processes,
as described by reaction sequence (1), (2), and (3), was found
to be less than 20% of the total intensity. Accordingly we have
employed the intensity of the 3?P — 328 emission (Ip) as a
measure of the F + Na, reaction rate and hence as a guide to
changing Na, and F concentrations.

The kinetic studies were performed for emission from the 32D,
528, and 42D states to the 32P state. The effect of changing the
nozzle temperature with constant oven-body temperature is shown
in Figure 2; this procedure varies the equilibrium dimer mole
fraction in the stagnation region by changing the dissociation
equilibrium Na, = 2Na. The equilibrium constant for dissociation
increases as the nozzle temperature increases and hence leads to
lower D-line intensity at higher nozzle temperatures by lowering
the Na, density.

The intensity of the D-line emission was followed continuously
by using the monitor channel signal for each of the three scans
shown in Figure 2. The monitor channel signal is directly pro-
portional to the D-line intensity provided both detectors view the
same region of the reaction cell. A slight optical misalignment
can lead to an offset between the zeroes of the monitor and signal
channels. Parts b and c of Figure 2 show evidence of this type
of systematic error: the best linear fits to the data for the 4°D
— 3%P and 52S — 3P transitions have slightly negative intercepts
with the D-line coordinate (abscissa). The lines shown in Figure
2 have been forced to pass through the origin, and hence the offset

(21) Kolb, C. E.; Kaufman, M. J. Chem. Phys. 1972, 76, 974.

(22) Nesmeyanov, A. N. Vapor Pressure of the Elements; Academic Press:
New York, 1963.

(23) JANAF Thermochemical Tables, Dow Chemical: Midland, MI,
1965.

(24) Aerts, F.; Hulsman, H.; Willems, P. Chem. Phys. 1982, 68, 233.

Arrowsmith et al.

—
0
~

—
INCREASE Na,  [420—>3%P
_—

200 .

- o

T (]

Q

$ T ° '

r

[+

g 100 ° .

(L]

-

0 . i " I L ! L L L
or 02z 03 04

10~ 61 (counts sec™)

—
o
=

T M T T
INCREASE No, |52 5—>Fp
—_—
=~ 3000F 1
‘8 | o ]
: o
— -4
£ 2000 £
8 L ]
& 1000 -
]
n 1 " ! i 1 " 1 s
0 ! 2 3 4

1076 Ip (counts sec™!)

(O) T T T T T

INCREASE Nap  [32D—3%P
e
8000} .
T i
2 6000 =
12 - -
E
g 4000~ -
& ]
HH
20001 B
0 " 1 L 1 1 L | 1
0:02 004 006 008

10761 p (counts sec™")

Figure 2, Plots of emission intensities: (a) /ig (infrared lines), (b) /g (red
lines), and (c) I (green lines), as functions of Ip (D lines) with varying
[Na,]. The transitions are shown in the upper right of each graph. The
density of Na, was varied by changing T, the oven nozzle temperature.
(Oven reservoir temperature Tg = 950 K; P,,, = 81 Torr.)

error is indicated as a distortion of the slope of the experimental
data.

Figure 3 shows the result of varying the total backing pressure
in the oven by simultaneously changing the nozzle and body
temperatures. In these experiments the nozzle temperature was
maintained 60—100 K above the liquid temperature. The last series
of studies presented in Figure 4 show the effect of changing the
flow of CF,. In all cases the intensities for the higher energy
product states are proportional to the intensities of the D lines,
indicating that all of these excited states come from the same
source as the 3P state. Hence we attribute the higher energy
electronically excited product to reaction 6. Kinetic studies were
not possible for the two weakest emission lines (62S — 32P and
52D — 3?P transitions); we have assumed that they are populated
by the same reaction as is responsible for the formation of the
other three high-energy states Na*(32D, 525, 4?D).

The thermochemical value for the bond dissociation energy of
NaF(g) is currently accepted as the best experimental determi-



Dynamics of Nonadiabatic Reactions. 2

& 17

INCREASE No,  [420—>3%P
00 ——————— > .
T" L 4
[5]
8 b -
‘ln__ - -
[~
3 100k -
S
- L |
H - -
(o]
N | N | L | n | F
0 o 52 03 03
IO'GID (counts sec™')
(b) T T M 1 4 M
| INCREASE Nap, |525—> 3P ]
——e>
. 900k 4
IO L p
b4
2 600k J
[=
2
8
& 300- i
0 | 1 1 " ] N 1 "
04 08 12 6
1078 1p (counts sec”')
(@) — -
| INCREASE Naop  [32D—>FpP| |
—_———
~ 120000 s
Iu ]
b3
£ 80000 8
=
8 ]
[
~ 40000F _
(]
1 " L L N 1 N
0 05 o570

IO'SID {counts sec™')

Figure 3. Plots of (a) Itg, (b) Iy, and (c) Ig, as functions of Ip with
varying [Na,]. The backing pressure of sodium vapor was varied by
changing Ty in the range 850-950 K, keeping Ty = Tx + 100 °C.

nation available:*® D°(0K) = 114.2 kcal/mol.2®  Combining this
value with the spectroscopic dissociation energy for Na, (16.99
% 0.01 kcal/mol)? gives an enthalpy change of —97.2 kcal/mol
for formation of ground-state products. This implies that the three
highest energy states observed (the 42D, 62S, and 52D terms) are
endoergic. We will adopt the nomenclature used by Struve et al.®
and distinguish the “reaction-allowed” product states from the
“collision-allowed” states, these being exoergic and endoergic,
respectively. The highest collision-allowed state observed is
endoergic by almost 9 kcal/mol, considerably more than the
average reagent energy of approximately 3 kcal/mol. We are thus
in a position to compare reaction rates for products formed over

(25) Langhoff, S. R.; Bauschlicher, C. W, Jr,; Partridge, H. J. Chem.
Phys. 1986, 84, 1687.

(26) (a) Brewer, L.; Bracket, E. Phys. Rev. 1961, 61, 425. (b) Corrections
due to more recent data are given by: Gilbert, T. L. In Second Midwest
Chemistry Conference; WIS-TCI-302, 1968.

(27) Barrow, R. F.; Verges, J.; Effantin, C.; Hussein, K.; D’Incan, J. Chem.
Phys. Lett. 1984, 104, 179.
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Figure 4. Plots of (a) Iig, (b) Iy, and (c) Ig, as functions of Ip with
varying [F]. The F-atom concentration was varied by changing the total

flow of CF, over the range 0.1-3.5 umol/s (sodium oven conditions: Ty
= 940 K; Ty = 1000 K; P,,, = 71 Torr).

4 wide range of reagent energies.

High-resolution spectra of the multiplet structure were obtained
for the four most intense lines. These showed all the spin—orbit
components to be in their statistical ratios, implying statistical
population of the components of the 3?P, 32D, and 5%S terms. This
finding is in agreement with the earlier flame!*® and beam studies.

This observation makes possible the preliminary analysis of the
data, as presented in the final column of Table I. Here we have
employed the Einstein A factors,? statistically averaged over the
spin—orbit multiplets, to compute the relative rates of product
formation. For steady-state reaction conditions the rate of for-
mation of product in state i is given by

k(i) = NigAi-*k - %NhAh-*i M

where V; is the population in the emitting state and the constants

(28) Lindgard, A.; Nielsen, S. E. At. Data Nucl. Data Tables 1977, 19,
534.
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Figure 5. Relative rates of formation of Na*(i) (from eq 8) as a function
of electronic energy of the product atom. All rates normalized to the rate

of formation of Na*(3?P). The downward arrow indicates the total
reaction energy available to the products, ~AH®.

A are the A4 factors for the depletion transitions i — k. The
second term on the right-hand side of eq 7 accounts for the
radiative population of state i from levels at higher energy with
populations N,. Equation 7 can be simplified by omitting this
cascading term, giving

k() = —— XA (®)

ij k

where I,_,; are the observed emission intensities. Calculations
discussed later in this section have shown that the maximum
contribution expected from cascading is ~20% of the total rate
of formation. A plot of the approximate rates as a function of
the electronic energy of the product atom is presented in Figure
5. It is evident that k(i) diminishes rapidly with increasing
electronic energy, E(i); the decrease is particularly steep for the
states in excess of the 42D that must be accessed through reagent
energies in the tail of the 500 K reactant Boltzmann distribution.
In what follows we compare statistical models of chemical
reaction with experiment. In phase space theory the probability
of reaction along a particular channel is simply proportional to
the number of states available, taking account of energy and
angular momentum conservation.?3® Phase space theory was
applied by Krenos and Tully!® to the reactions X + K, ~ KX
+ K*(i) for which chemiluminescence spectra are reported in ref
9. These reactions closely resemble the title reaction of this paper.
These authors found that the theoretical cross section for the
formation of excited atoms was well approximated by

op(i) = gie + E(1))? 9

In this expression g, is the degeneracy of channel i and ¢ + E(i)
represents the sum of reagent energy and exothermicity for channel
i, respectively. The energy dependence of the microscopic rate
constants is therefore given by

kos(i) = gier'/2(e + E(1))? (10)

where er is the relative translational energy of the reagents in the
center-of-mass frame.

Information theory has also been successfully applied to the
problem of estimating statistical product energy distributions.!-2
For the case of atom-plus-diatom in the rigid rotor-harmonic
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oscillator approximation, the energy dependence of the prior rates
ky(i) is given by*!

k(D) « gi(e + E(1)*? (11

where g;, ¢, and E(i) have the same definition as in relation 9. It
is important to note that the phase space theory result (eq 9)
represents a statistical approximation to the reaction cross section;
in contrast, the prior rate expression given by eq 11 is based solely
on products being formed in a uniform distribution over available
states.’? Previous studies have dealt with the differences between
these two statistical approaches.>*** We compare the two ap-
proaches in the following paper.!2

For the purpose of comparison with experimental results in this
work, we have calculated thermally averaged rate constants by
integrating over a distribution of collision energies. In the case
of the phase space theory the averaged rate expression based on
eq 10 is written as

Koi(i) = g fE “der ex(er + E(i)? exp(-er/kT*) (12)

where the lower limit of integration is given by

£ -E(i) for E(i) < 0 (endothermic channels) 17b
“Jo for E(i) > 0 (exothermic channels) (120)
and T* is the effective collision temperature:3¢
mm T T
p=_;i(;+4) (13)
m;+m\m my

This last equation provides an average temperature, given reagent
gases of masses m; and m, at temperatures 7, and T,. In (12a)
we have assumed, as a first approximation, zero internal energy
in the diatom (Na,) and Maxwell-Boltzmann distributions for
both reactant species. We have ignored the energy contributed
by the flow velocity of Na, in the supersonic beam. The expression
resulting from the averaging of the information-theoretical prior
rates (c.f. eq 11) is

F) = g ) der er/2(er + B2 exp(-er/KT*) (14)

where the terms have the same meaning as in eq 12a.

Relative rate constants were calculated for all the atomic sodium
levels up to the 62D state (E(i) = —13 kcal/mol) by numerical
evaluation of the integrals. An effective temperature of 505 K
was employed, corresponding to a fluorine atom temperature of
300 K and a sodium dimer temperature of 1000 K, equal to the
source temperatures. This choice results in an average collision
energy of 1.5 kcal/mol. For each set of rate constants eq 7 was
used to calculate the steady-state population distribution, to give
the relative intensities of the observable transitions.

Comparisons of the observed and calculated intensities are
shown in Figure 6 for the phase space theory and in Figure 7 for
information theory. All intensities have been normalized to that
obtained for the 3°D — 3?P transition since this emission contains
no contribution from other processes, such as the reaction F, +
Na, — F + NaF + Na*(3%P) (see ref 12), and the V-E energy
transfer described by reactions 1-3.

In each of Figures 6 and 7 the broken lines show the limits of
uncertainty in the theoretical prediction, corresponding to un-
certainty in the bond dissociation energy of NaF. Recent ab initio
calculations (near the Hartree—Fock limit, SCF and SCF+C1)%
place a lower limit on D(NaF) of 113.5 kcal/mol. Comparison
of the thermochemical bond dissociation energies for the alka-

(29) Keck, J. C. J. Chem. Phys. 1958, 29, 410.

(30) () Light, J. C. J. Chem. Phys. 1964, 40, 3221. (b) Pechukas, P.;
Light, J. C. J. Chem. Phys. 1965, 42, 3281.

(31) Ben-Shaul, A.; Levine, R. D.; Bernstein, R. B. J. Chem. Phys. 1974,
61, 4937.

(32) Bernstein, R. B.; Levine, R. D. Adv. At. Mol. Phys. 1975, 11, 215,

(33) Ben-Shaul, A. Chem. Phys. 1977, 22, 341.

(34) Pollak, E. J. Chem. Phys. 1978, 68, 547.

(35) Ross, J,; Light, J. C; Shuler, K. E. In Kinetic Processes in Gases and
Plasmas; Hochstrim, A. R., Ed.; Academic Press: New York, 1965; p 281.

(36) (a) Su, T.-M. R.; Riley, S. J. J. Chem. Phys. 1979, 71, 3194. (b) Ibid.
1980, 72, 1614. (c) Ibid. 1980, 72, 6632.
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Figure 6. Comparison of observed intensities with those predicted by
phase space theory, as a function of the energy of the emitting state.
Intensities have been normalized to the 32D — 32P transition. The circles
are experimental points. The dashed lines connect the corresponding
intensities calculated from phase space theory by eq 12a and 7. (T(Na,)
= 1000 K, T(F) = 300 K). The uncertainty in the reaction energy is
indicated by the range between the upper and lower dashed curves.
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Figure 7. Comparison of observed relative intensities with those predicted
by information theory (otherwise as for Figure 6).

li-metal halides? with values from recent photofragmentation
experiments*637 shows overall agreement to be within the limits
+1.5 kcal/mol. The upper limit of error of the thermochemical
value (114.2 kcal/mol) is therefore taken as +1.5 kcal/mol and
the lower limit as —0.7 kcal/mol. Inspection of Figures 6 and 7
shows the phase space results are in adequate agreement with
experiment while the intensities calculated from information theory
are low for the higher energy states. One interesting feature
revealed in both theoretical approaches, as in the experiment, is
the “shoulder” occurring between the %S and 2D states for the four
highest energy levels observed. This effect is seen to be a con-
sequence of the 1:5 ratio in the degeneracy factors for these levels.

Calculations were also performed with the inclusion of 0.98
kcal/mol of vibrational energy in the Na, (7(Na,) = 600 K) and
1.7 kecal/mol from the flow speed of Na,, thereby increasing the
mean reagent energy € to 3.8 kcal/mol. Assuming that this reagent
energy is fully available for electronic excitation of the products
leads to an approximate 12-fold increase in the predicted yield
of the highest electronic states (62S and 5?D) for phase space
theory and 20-fold in the case of information theory. In view of
the fact that information theory underestimates these populations

(37) Van Veen, N. J. A,; DeVries, M. S.; Sokol, J. D.; Baller, T.; DeVries,
A. E. J. Chem. Phys. 1981, 56, 81.
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Figure 8. Comparison of corrected relative rates with those predicted by
the full phase space theory (solid line). The approximate phase space
treatment yields the broken line. The experimental points indicated by
circles correspond to the best estimate of the available energy, based on
the thermochemical bond dissociation energy of NaF, whereas the points
shown as squares and triangles correspond to upper and lower limits for

‘the available energy, respectively.

in Figure 7, it then gives a better fit to the experimental findings
than does phase space theory.

Another interesting feature revealed in the comparison of Figure
6 is the slight upward displacement of the D-line intensity com-
pared with the value predicted by phase space theory. To test
the significance of this observation, we have performed a full phase
space calculation using the mean collision energy of 1.5 kcal/mol.
This calculation is described more fully in part 3 of this series;!?
the original formulation of the theory of Pechukas and Light’®
is followed, with the number of available product states at a given
exoergicity computed using a realistic potential for NaF. In
addition, no approximations are made regarding the angular
momentum restrictions, beyond those inherent in the estimation
of the range of total angular momentum available to the collision
complex. This treatment thus yields a more exact phase space
prediction than that given by the approximate relation used above
(eq 9). The full calculation results in a change in the exponent
of the available energy given in eq 9, with the approximate value
2 replaced by 1.65, as estimated by linear regression of the the-
oretical relative cross-sections.

In Figure 8 this result is compared with the observed relative
rates for the reaction-allowed states, normalized to k(3%P). The
log-log plot is employed to linearize the theoretical rates, with
the reduced energy defined by [Eror — e(i)]/[Eror — €(3?P)],
where Etor is the total energy available and e(i) is the energy
found in electronic excitation of Na. The reduced energy rep-
resents the energy in product channel i that goes into nuclear
motion, divided by the corresponding energy for the 32P product.
The collision energy is € = 1.5 kcal/mol.

Two corrections have been applied to the experimental relative
rates: (a) the D-line intensity was decreased by 20% to correct
for contributions from other processes,'® as discussed above; (b)
the cascade contributions to the populations, as calculated from
the rates obtained by using the approximate phase space theory,
were subtracted. The latter correction, which has a significant
effect on k(3?P), is discussed in more detail in ref 12. The error
bars shown in Figure 8 reflect the maximum resulting uncertainty
in k(3?P).

The effect of the uncertainty in the reaction exothermicity is
indicated in Figure 8 by two additional sets of points for the 3°D
and 528 states. These additional points (given by open squares
and open triangles) represent the experimental rates with the value
of the reduced energy coordinate determined by using the upper
and lower error limits for the total reaction energy (i.e., Etor
+1.5/-0.7 kcal/mol). We observe that the reduced energy co-
ordinate is not greatly affected by the uncertainty in the reaction
energy for these two states. The solid line in Figure 8 follows the
rates predicted by the full phase space calculation, while the broken
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Figure 9. Adiabatic state correlation diagram for the reaction F + Na,

— NaF + Na*(i). For simplicity only a few electronically excited
product states are shown. The correlations correspond to C; symmetry.

line represents a fit to the approximate results from eq 12a. In
the absence of thermal averaging, the slope of the approximate
phase space result would be given by the exponent in eq 9, which
is exactly 2, The thermal averaging of this expression, given by
eq 12a, enhances the rates predicted for the higher electronic states
and hence causes the slope of broken line to be lowered slightly.

We observe that the relative rates for formation of the 32D and
528 states fall slightly below the full phase space result. Since
thermal averaging causes a slight increase in the predicted rates
for these states, as noted in the paragraph above, averaging of
the full phase space result would show even greater disagreement
with experiment. For the case of increased collision energy dis-
cussed above (& = 3.8 kcal/mol) the predicted relative rates for
the higher energy states would be increased further, again leading
to greater disagreement with experiment. We conclude that a
marginal disagreement exists between phase space theory and the
observed formation of the reaction-allowed states.

It is interesting to note that the phase space predictions!® of
the atomic line intensities obtained by Struve et al.” were not in
complete agreement with their experimental data. The phase space
theory underestimated the potassium and rubidium D-line in-
tensities in comparison with those observed for the higher elec-
tronically excited states, by a factor of 2-3 for all reactions an-
alyzed. This deviation is in the same direction as we find here
for the F + Na, system.

In summary, the uncertainty in the reaction exothermicity,
combined with the uncertainty in the internal energy of the Na,
in our experiment, leads to a range of predicted relative rates for
the collision-allowed states. Within these error limits, both the
phase space and information theory could adequately account for
the observed rates.

The effects of the uncertainties in exothermicity and internal
energy on the predicted rates are not as pronounced in the case
of the reaction-allowed states, where a more detailed comparison
between experiment and theory is possible. For the 32P, 3D, and
528 states, the information theory results showed good agreement
with experiment. A slight discrepancy was noted for these same
states in the case of phase space theory. We thus conclude (a)
that either phase space theory or information theory can be used
to obtain an adequate set of k(i) for the collision-allowed states
and (b) that the distribution over electronically excited states of
Na in the product of F + Na, reaction is close to statistical.

The same findings can of course be pictured deterministically.
The statistical or near-statistical outcome documented above would
suggest that the microscopic behavior is complex. An examination
of the potential energy surfaces gives qualitative grounds for this.

The adiabatic state-correction diagram for the F + Na, reaction
is indicated in C; symmetry in Figure 9. It gives the qualitative
picture of the probable curve crossings intermediate between
reagents and products, shown schematically in Figure 10.

The 3-fold degeneracy of the halogen atom p orbital gives rise
to three potential energy surfaces (pes) that correlate adiabatically
with NaF + Na.#® Figure 10 shows these correlations for a few

Arrowsmith et al.

ELECTRON JUMP DISTANCE (A&)

. ENTRANCE EXIT
FT+Noj (3IT)  CHANNEL CHANNEL
0.5 & 4.2 462810

- 4+ 20+
FT+Nag (F27)
F+NoF(3T1,)
ek 2 '_i 2+
200 F7#NoZ (°27)
2 42y

2a/

2y Not * 4 NoF =

- + 25t
F+Nag (527

2,7,
F + Nag (IZ*‘Q) 2%y 2y

100
NAY32D)4 NaF
Na142 5)+NaF

ENERGY (kcal mole™)

Na*(32 P)+NaF

No(325)+NaF

REACTION COORDINATE —>
Figure 10. Qualitative diagram showing ionic and covalent potential
“curve crossings” for the reaction F + Na, — NaF + Na*(i). Reagent
and product separations are shown for electron jumps in the entrance and
exit channels, respectively. The state symmetries correspond to C; sym-
metry. The circles indicate avoided crossings. The horizontal dashed line
in the exit channel indicates the ionization limit for the excited Na states.

excited product states. This figure was obtained by using the rules
given by Shuler.? The Na*(i) + NaF product states (of which
the two lowest 42S and 32D are shown in the figure; 32D being
the lowest observable in our spectral region) correlate adiabatically
with reagent states F + Na,*, well separated from the ground-state
reagents.*’ It follows that under the conditions of the present
experiment, any reaction leading to the higher electronic state
products (states i above 3?P) is nonadiabatic. Adiabatic pathways
from the ground electronic states F(*P,) + Na,('Z*,) lead only
to Na(3?S,) + NaF('Z*) and Na*(3%P,) + NaF('z*). It is
interesting to note that the deviation of rates predicted by the full
phase space theory from those observed in this study may be
visualized in terms of enhanced production of the Na(3%P) product
with respect to the higher energy electronic states.

As has long been realized,* an important feature of the halogen
plus alkali metal reactions is the possibility of crossing (i.e., no-
nadiabatic behavior) between pes. At moderate internuclear
separations adjacent to configurations at which adiabatic pes
approach one another, the Born—~Oppenheimer approximation fails,
and electronic states can be coupled as a result of nuclear motions.
For the entrance and exit valleys of the various pes it is possible
to infer what crossings of energy states will be involved. For the
intermediate strong-interaction regions, shown in Figure 10, we
have used Balint-Kurti’s calculated pes.*!

The locations of the crossing points (circled in Figure 10) were
calculated from the customary expression for the ionic—covalent
degeneracy:’

= 14.38 eV.A (15)
IP - EA

where IP denotes the ionization potential and EA the electron
affinity. The EA of atomic F, needed in the entry valley, was 3.40
eV.*2 The IP used in the same coordinate for Na,(X!Z*,) —
Na,*(’Z*,) was 4.8. ¢V,* which is the adiabatic value (acoordmg
to the calculations of Bardsley et al.* and Car et al.* this differs
little from the vertical IP). The remaining vertical IP’s, to Na,*

(38) Struve, W. S. Mol. Phys. 1973, 25, 777.

(39) Shuler, K. E. J. Chem. Phys. 1953, 21, 624.

(40) Konowalow, D. D.; Rosenkrantz, M. E.; Olson, M. L. J. Chem. Phys.
1980, 72, 2612.

(41) (a) Balint-Kurti, G. G. Ph.D. Thesis, Harvard University, 1969. (b)
Balint-Kurti, G. G.; Karplus, M. In Orbital Theories of Molecules and Solids;
March, N. H., Ed.; Oxford University Press: London, 1974; p 250.

(42) Hotop, H.; Lineberger, C. J. Phys. Chem. Ref. Data 1975, 4, 539.

(43) Leutwyler, S.; Hofmann, M.; Harri, H. P.; Schumacher, E. Chem.
Phys. Lett. 1981, 77, 257,
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states higher in energy than 22*,, where obtained from the cal-
culations of Bardsley et al.# In the exit channel the IP was that
for Na (5.139 eV)* and the vertical EA for NaF was 0.42 eV %

The substantial number of curve crossings shown in Figure 10
provide a possible rationale for a statistical outcome. If the speeds
of approach to these intersections, v, the changes in slopes of the
pes at the intersections, AF, and the adiabatic splitting parameters,
AE, were such that the probability of staying on an adiabatic curve,
Py, were comparable with the probability of hopping, Py, (=
1 = "Pg,,), where*

(16)

-72(AE)?
hAFv

Phop = exp[

then the presence of many regions of close approach between the
pes could lead to a free flow of energy between the electronic
degrees of freedom (Na*(i)) and the nuclear motion of the system
(translation, rotation, and vibration).

(44) Bardsley, J. N.; Junker, B. R.; Norcross, D. W, Chem. Phys. Lett.
1976, 37, 502,

(45) Car, R,; Meuli, A ; Buttet, J. J. Chem. Phys. 1980, 73, 4511.

(46) Martin, W. C ; Zalubas, R. J. Phys. Chem. Ref. Data 1981, 10, 153.

(47) Jordan, K. D.; Seeger, R. Chem. Phys. Lett. 1978, 54, 320.

(48) Nikitin, E. E. The Theory of Elementary Atomic and Molecular
Processes in Gases; Clarendon Press: Oxford, 1974; p 107.

The number of approaches that the X + M, system can make
to the crossing points between pes is limited by the overall lifetime
of the XM,* intermediate. Even for the less exoergic reactions
studied by molecular-beam scattering a truly long-lived complex
(>1 ps) can be ruled out in view of the observation of pronounced
backward-peaked scattering of alkali-metal halide product.’

On these grounds it appears reasonable to suppose that the
outcome of these reactions is only marginally and approximately
statistical and that either a reduction in the substantial averaging
over reagent energies (eq 12a and 14) or a decreased lifetime of
XM,* brought about by enhanced reagent collision energy could
give rise to significant deviations from statistically in the distri-
bution over product electronic states.

The following paper in this series was designed to test this
hypothesis. Significant deviation from a statistical outcome was
indeed observed in this further study, though the qualitative trend
toward decreased population in the states of increased electronic
excitation continued to hold.
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Dynamics of Nonadiabatic Reactions. 3. Effect of Enhanced Collision Energy in F +

Na, — NaF + Na*
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A crossed-molecular-beam study has been performed of the three-center reaction F + Na, — NaF + Na(i). The relative
cross sections for producing many of the electronic states of Na (states i ranging from 32P to 72P) have been measured at
two collision energies, 4.7 and 12.8 kcal/mol. The cross sections decreased rapidly with increasing electronic excitation,
the falloff being less steep at higher collision energy. The excitation function for populating the 3%P state was measured
and found to increase with increasing collision energy, suggesting the presence of a barrier to the production of this lowest
electronically excited state. The barrier height for this pathway was 4.5 kcal/mol. The excitation functions for the 32D,
5%S, and 42D states could be inferred from the measured relative cross sections; they also increased with increasing collision
energy. We have performed phase space and information theory calculations at the same level of approximation to obtain
distributions over electronically excited states of the sodium reaction products and have compared these with the experimental
results. Information theory predicts a much more rapid decrease in the cross sections with increasing electronic excitation
than does the phase space theory. Comparing the experimental results with phase space theory, we find that, for enhanced
reagent collision energy, the distribution of reaction product over electronically excited states is nonstatistical. In particular
the first excited state (32P) is populated at a rate an order of magnitude greater than would be expected from statistical
considerations. Higher states are formed in an approximately statistical distribution. The observed dynamical bias may
originate in the fact that only the 3%P state can be accessed by an adiabatic pathway.

Introduction

In paper 2 of this series,! the branching into electronically
excited states of the product Na*(i) for the reaction

F + Na, — NaF + Na*(i) ¢9)]
was studied by using a crossed-molecular-beam apparatus. In

paper 2,! the relative intensities from Na* product states were
measured for the first time and found to be in approximate
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agreement with the statistical outcome. This experiment was
performed with a near-thermal distribution of energy for reactants,
having an average energy of approximately 3 kcal/mol. The
question arose as to whether or not this apparent agreement with
the statistical model could be a consequence of the substantial
thermal averaging over reagent energies. In the present work we
have suppressed this energy distribution through the use of su-
personic jets and have made the collision energy a variable. At
increased collision energy the lifetime of the intermediate might
be further reduced, thereby resulting in measurable deviations
from the statistical distribution.

(1) Arrowsmith, P.; Bly, S. H. P,; Charters, P. E.; Chevrier, P.; Polanyi,
J. C. J. Phys. Chem., preceding paper in this issue.
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