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i. INTRODUCTION

This laboratory's acquaintance with the bismuth monofluoride molecule began with tbh:
observation of its blue AO+ .- XO + emission system during the course of flow tu e stu-
dies. 1 The object of that research 2 was to scale the density of excited bismuth atoms
based on resonant energy tra isfer from NF(aA):

NF(alA) + Bi(4S3/2) - NF(X3y- ) + Bi(2D3/2). (1)

Instead of achieving the anticipated increase in Bi(2D) as NF(a) densities were raised, the
experiment resulted in the generation of significant amounts of electronically excited
BiF(AO + ) . Its visible band system,3 1.4 gsec radiative lifetime, 4 and the apparent effi-
ciency of its production are attributes which combine to make the AO + state of BiF at-
tractive as an acceptor of electronic energy from NF(a). This process is a complex combi-
nation of energy pooling and reactive transfer which has yet to be satisfactorily elucidated.
Nevertheless, the NF/BiF system is one of a small number of visible wavelength chemical
laser systems currently receiving serious corsideration.

There remains a considerable list of kinetic issues to be resolved. As the lower laser level
of the potential lasing transition, the fate of the BiF(XO + ) is of particular concern. Evi-
dence suggests that BiF is repetitively pumped, resulting in several A -- X photons for
every Bi atom in the system. Current models of the reaction mechanism involve either the
reduction of BiF(XO + ) to reform the parent Bi atom or a sequential, two-step energy
transfer from NF(a).I The principal oxidation states of bismuth are + 3 and + 5; both
BiF 3 and BiF 5 are stable materials. Any process that leads to the further oxidation of BiF
will remove it from the repetitive pump/lase cycle and thereby lower the overall mass effi-
ciency of the device. We report here a study of the reactive removal of the ground state of
BiF with F2 and a series of nitrogen fluorides; NF 2, NF 3, and N2F4.
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II. EXPERIMENTAL

Two separate sets of apparatus were required to perform the BiF ground-state kinetics
experiments. Steady-state measurements were made with a fixed observation point flow
tube using a Broida oven s to generate a continuous flow of BiF(XO +). Because of the
difficulty of accurately characterizing the various flow parameters (e.g., centerline flow ve-
locity, see section III), these measurements were made on a relative basis. In order to ob-
tain absolute rate coefficients, a parallel set of photolytically initiated, time-resolved ex-
periments were conducted in a separate photolysis cell on slowly flowing, pre-mixed sam-
ples. Both experimental approaches rely on cw laser-induced fluorescence on the BiF
AO +-XO+ transition to monitor BiF(XO +) population. Schematic representations of
both setups are shown in Figure 1.

The Broida oven/flow tube is a modification of the apparatus which we have previously
employed in kinetics studies of BiF(AO +).4 ,6 It is constructed of 4 in. nominal diameter
sections of stainless steel and is operated as a flow tube in a vertical orientation. The cell
is defined by two regions, the oven section and the observation region, separated by a
stainless steel bulkhead. The oven consists of an alumina crucible suspended in a resis-
tively heated tungsten basket. The crucible is filled with Bi metal. It is heated to a tem-
perature of about 850 K. as measured by a thermocouple in contact with the outer surface
of the crucible. A flow of Ar is introduced over the surface of the metal, and a stream of
entrained Bi vapor is swept out of the oven section through a funnel-shaped, cylindrical
stainless steel stack, 0.95 cm in diameter, which projects through the bulkhead. A dilute
flow of F2 (10% in He) is injected into the stack and reacts to form BiE The crucible,
tungsten filament, and gas injectors are all enclosed within an alumina housing. The stack
terminates about 5 cm above the floor of the observation region as defined by the bulk-
head. A quartz ring injector introduces reactant/diluent mixtures into the observation re-
gion. A quartz cylinder, 8.5 cm i.d., wrapped with nichrome wire, serves as a temperature-
controlled inner wall. At the observation point, 12 cm above the end of the stack, the
quartz wall is drilled through (1 cm diameter) to permit the passage of the probe laser
beam. A larger port (2.5 cm diameter) is located at right angles to these holes for viewing
the laser-induced fluorescence (LIF). The laser light enters and exits the cell through
baffled arms equipped with Brewster-angle Suprasil windows. The LIF is collected via f/1
optics and observed through a 1.0 nm (FWHM) interference filter centered at 470.1 nm
near the A-X (1,4) bandhead by a photomultiplier tube (PMT) (EMI 6256). Photon count-
ing (Stanford Research Systems, SR400) is employed, a technique which provides a dy-
namic range of more than five decades. Background chemiluminescence and scattered
laser light determine the sensitivity of the measurement. In all cases, this noise level is
below 103 counts/sec, whereas our steady-state LIF signal levels are taken in the range of 5
x 105 - 2 x 104 counts/sec. affording the measurement excellent signal/noise ratios. The
6.5 I cell is evacuated by a 500 I/min pump. Flow rates are determined with mass flowme-
ters (rylan) which were calibrated in situ. Total flow rates are on the order of 750 cm 3 atm/
min.
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Pressure in the observation region of the flow tube is measured with a capacitance ma-
nometer with 10 m torr resolution (MKS Baratron). The temperature at the observation
point of the flow is determined with a thermocouple located directly above the axis of the
probe laser.

The photolysis cell has been described in detail previously.7 Briefly, it consists of a 4.6 cm
i.d. stainless steel tube 25 cm in length equipped with three orthogonal observation ports.
The inner surface of the cell is Teflon coated to alleviate the effects of any wall-mediated
processes. Windows on the photolysis axis are mounted on the end of 15 cm extensions to
reduce scattered laser light at the observation region of the cell. The cell is wrapped with
heating tape and insulated to allow operating temperatures of up to 200°C. As with the
flow tube apparatus, calibrated mass flowmeters are used to measure flow rates, and cell
pressure is determined with a capacitance manometer. Experiments are conducted on
slowly flowing (< 0.25 I-atm/min) premixed samples. In the case of the fluorine bearing
reagents, mixing into the main flow is accomplished in a 0.5 in. diameter section of tubing
immediately before the gas flow enters the main body of the cell. This point is of conse-
quence to the issue of the stability of the reagents in a premixed situation. Where N2F4 is
used, it is first flowed through a quartz bulb maintained at 190°C to assure its virtually
complete pyrolysis to NF 2 8.9 Ground-state densities of BiF are generated via the reaction
of Bi atoms with either NF 2 or F2. The Bi atoms are prepared by the ArF laser (Lambda
Physik EMG 101) photolysis of trimethylbismuth, Bi(CH 3)3, at 193 nm. Neither of the
fluorine bearing reagents demonstrates an appreciable absorption at this wavelength. In
order to minimize side reactions between reagents and photolysis products (chiefly CH 3
fragments), the ArF laser fluence was attenuated by means of a stack of uncoated quartz
flats to the lowest energy consistent with good signal-to-noise levels (3-4 mJ). BiF A-X
LIF is observed through a 1.0 nm (FWHM) interference filter centered at 459.4 nm (corre-
sponding to the A-X (1,3) bandhead) by a PMT identical to the one used on the flow tube
experiments. A 25 MHz transient digitizer (LeCroy 2264) takes the time resolved data
which is averaged and stored on a lab computer (DEC LSI 11/23+ ).

In both experiments, the BiF ground state is monitored via LIF resulting from pumping of
v" = 0 using a cw ring dye laser (Coherent 699-21) with a bandwidth of about 500 kHz
and single frequency powers of 150-250 mW The pumped transition is P(24) of the A-X
(1.0) band at 430.186 nm (vacuum). A wavemeter (Burleigh WA-20) is used to coarsely
tune the wavelength of the laser. Fine tuning is accomplished by maximizing the BiF LIF
intensity under initial experimental conditions with no reactant present. The laser fre-
quency is actively locked to a cavity mode to ensure that there is no shift in wavelength
during the experiment.

The following reagents were used without further purification: Ar (Matheson, 99.999%), F2

(Spectra Gases, 1% in Ar and 10% in He), SF 6 (Alphgaz, 99.99%), N2F4 (Hercules, 10%
and 60% in Ar), NF 3 (Matheson, 99.9%), and Bi(CH 3)3 (ICN Pharmaceuticals, 0.1% in
Ar).
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III. RESULTS AND DISCUSSION

The rationale for following two experimental approaches in the course of this work derives
from the nature of the species of interest, BiF(XO + ), and the methodology of generating it
in experimentally useful quantities. Bismuth fluoride has been observed following the pho-
tolysis of mixtures of NF2 and Bi(CH 3)3 at both 248 and 193 nm. However, production of
a ground-state population of BiF in this manner presents some undesirable complications,
not the least of which are the uncharacterized reactions of reagents and photolysis frag-
ments (e.g., NF 2 + CH 3). As an alternative, we have used a Broida-type evaporative met-
al oven and subsequent oxidation to generate a continuous flow of BiF

The use of a Broida oven entails its own complications. The primary difficulty is encoun-
tered in achieving a well characterized flow at the observation point. In order to put an
amount of Bi vapor into the flow which will lead to a useful dynamic range over which to
make the measurement, it is necessary to flow the Ar carrier gas at a rate that accounts
for over 35% of the entire gas flow. The design of the oven is such that the BiF/Ar flow is
introduced into the mixing and observation region of the apparatus through a 1 cm diame-
ter orifice. As a result, the plug flow velocity of the entrained BiF at its point of entry into
the observation region is about 30 times that calculated for the total flow in the 8 cm di-
ameter observation region. This leads to an initially steep radial concentration gradient
for BiF outside of the region defined by the central oven-flow. Further, the transport ve-
locity

10

v(r) = 2vpf( 1-r 2/R 2), (2)

where Vpf is the plug flow velocity, R is the tube radius, and r is the distance along the ra-
dius, is expected to be greater at the centerline than the 2 vpf suggested by tle total flow
rate and observation region diameter. It is chiefly because of the difficulty of accurately
characterizing the transport velocity that we have chosen to perform relative measure-
ments, comparing two different reactants for a given set of flow conditions. This ap-
proach removes much of the systematic uncertainty inherent in the experiment. We then
turn to a time-resolved, photolytically initiated experiment to make an absolute determina-
tion of the rate coefficient for BiF + F2, which serves as the standard reaction to which
our relative rate coefficients may be compared.

A. FLOW TUBE KINETIC MEASUREMENTS

OLDIn order to obtain relative rates of reaction using the flow tube apparatus, the follow-
ing technique is employed. A set of conditions (total flow rate, pressure, and temperature)
is established which is maintained throughout the course of the experimental run. We
then record BiF LIF intensity for a number of partial pressures of a particular reactant,
varying the reactant/buffer gas ratio while maintaining a constant total flow rate. The re-
sult is a set of data which varies exponentially with reactant density as is expected for
pseudo first-order decay;
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[BiF] = [BiFloexp(-k[Xlt) (3)

where k, is the rate coefficient for the process of BiF + X. Two assumptions are implicit
in our use of LIF as a monitor of ground-state BiF population. First, because the laser
accesses a single rovibrational level of the ground state, we assume that the sample is in
thermal equilibrium. The transit time to the observation point (about 16 msec), and total
pressure at which the experiment is conducted (2.3 torr), ensures that the sample is vibra-
tionally and rotationally relaxed. The second assumption is that the LIF signal intensity is
proportional to the BiF ground-state population and is not affected by BiF A state kinet-
ics. The influence of excited state kinetics is reduced due to the relatively rapid BiF(A)
radiative decay. For example, an F2 + BiF(A) removal rate constant 3 orders of magni-
tude larger than that for BiF(X) would only cause a 50% reduction in BiF(A) population
during its 1.4 gsec radiation lifetime4 for our runs having the highest F2 densities. In the
case of NF 2, the BiF A state removal rate coefficient would have to be over 4 orders of
magnitude greater than BiF(X) removal for the same effect. Results from the time-
resolved expet-iments, in which the decay of the A + X LIF intensity is strictly proportional
to [BiF(X), are in good agreement with the flow tube study, providing further evidence
that excited state kinetics do not influelce the flow tube measurements.

Figure 2 displays plots of BiF(XO + ) removal by F2 and NF 3 at 21°C, F2 and N2F4 at
36°C, and F2 and NF2 at 200°C, and their least squares exponential fits. The fits to the
data provide coefficients (in units of cm 3/molecule) which represent the product kxt where
t is the transport time of the BiF from its point of injection into the mixing region of the
reactor to the observation point and is taken to be constant for a given set of conditions.
It will be noted that the F2 data extrapolates to a significantly larger intercept than does
its partner in each of the three data sets. The reactants employed in these experiments are
capable of both the initial oxidation of Bi atoms to form BiF and further reaction to re-
move it. Because the experiment is constrained to a single fixed observation point and
reaction distance, it is not possible to uniquely resolve formation and removal processes.
Care is taken that the F2 injected into the entrained Bi stream in the oven section to form
BiF is present in sufficient excess so that no unreacted Bi remains. The F2 data suggest
that some further BiF formation does take place at low reactant densities. In the regime
in which the data is taken, however, the decay of the signal is single exponential with reac-
tant density. We take this as indicative that the process we are following is completely
dominated by the removal of BiF, with no contribution due to its formation. The agree-
ment of these results with the photolytic experiments bears this assumption out.

The experimental sets are always performed as pairs, with one reaction treated as the
standard against which the others are compared. We have chosen the rate of

BiF + F2 --+ BiF 2 + F (4)

as the standard rate for these measurements. Table 1 summarizes the results of the flow
tube determinations for NF2, N2F4, and NF 3, as well as the absolute rate coefficients
obtained from our time-resolved measurements. Error limits quoted are the rms errors

12
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Figure 2. BiF A-X Laser-Induced Fluorescence Intensity Plotted as a Function of
Reactant Density. F2 density is represented by circles and reactant density by
triangles. Solid lines are least squares single exponential fits to the data.
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Table 1. Results of BiF + X

X Method Temperature (K) kx/kF2 kx(cm 3/molecule-sec)

F 2  Time Resolved 298 2.1 (0.2) x 10-11

F 2  Time Resolved 463 2.0 (0.2) x 10-11

NF2  Flow Tube 473 3.08 x 104- 6.2 (2.2) x 10-15

NF 2  Time Resolved 471 3.9 (1.0) x 10-11

NF 3  Flow Tube 294 2.51 x 104- 5.0 (1.4) x 10-15

N 2F4  Flow Tube 309 3.91 x 10-4  7.8 (1.6) x 10-15

BiF Formation

Bi + NF 2  Time Resolved 468 8.1 (1.9) x 10-12

Bi + F2  Time Resolved 298 - i x 10-9

based on 2u from the nonlinear least squares fits to the data. The flow tube experiments
provide us with relative rate coefficients, k,/kF2. We require an absolute value forkF2.

Performing our kinetic measurements in a relative fashion presents a number of advan-
tages. Because we duplicate flow tube conditions for each of the reactants for a given ex-
perimental run, we obtain relative rate coefficients which are independent of the uncer-
tainties associated with the flow dynamics. The principal deviation from this assumption
arises from the difference in the diffusivities of the various reactants, in so far as mixing of
the reactants into the BiF flow is incomplete. Given the distance from the reactant injec-
tor to the observation point (15 cm) and reactor pressure (2.3 Torr), this effect is negligi-
ble. Reactant concentrations are varied such that the same range of steady-state intensi-
ties is observed in each case. As a result, any contribution from axial diffusion to the
overall transport velocity will be the same for each set of measurements.

Analysis of the removal of BiF by N2F4 at 3( ,.2 requires that the equilibrium concentra-
tion of NF 2 be accounted for. At this temperature, NF 2 is present at levels of 10 to 50%
that of N2F4 depending on the overall partial pressure of two species.8,9 The observed
rate of removal of BiF is simply the sum of the products of the reactant densities and their
associated rate coefficients.

Robs = CN2F, [N 2F41 + kNFJNF 2]) (5)

The BiF density at the observation point is

[BiF] = IBiF]o expj- (kNFIN2F4] + k NFINF2])t 1 (6)

To extract the ratio kNF 4/kF2 from the flow tube intensity data, each experimental point
is scaled according to the previously obtained rate coefficient for NF2 at 200C, the partial
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pressure of NF 2 for that measurement, and the transport time, t. The transport time is
calculated on the basis of comparison of the corresponding F2 data with the results of our
time resolved measurements. No correction is made for any temperature dependence of
the NF2 rate coefficient. The rate coefficients for the monomer and dimer are similar
enough that, when no correction is made for the partial pressure of NF2, a coefficient of
8.9 x 10- 15 is obtained, well within the error of the value we quote for kN2F,.

A summary of bond dissociation energies derived from available thermochemical data for
bismuth and nitrogen fluorides is presented in Table 2. Although the BiF-F and BiF 2-F
bond energies for BiF 2 and BiF 3 are not known, the average bond energy of BiF 3 is 91.1
kcal/mol. 11 Estimates of the bond strength of BiF(XO + ), based on spectroscopic evi-
dence, range from 74 kcal/mol 3, 12 to 115 kcal/mol on the basis of a LeRoy-Bernstein long-
range analysis of the BiF(XO ) state in recent work by Ross, et al. 13 The N-F bond ener-
gy increases with decreasing degree of fluorination ranging from 59.3 kcal/mol for NF2-F
to 71.7 kcal/mol for NF(X). Also included in the table are the NF(a) and NF(b) dissoci-
ation energies, calculated using NF spectroscopic data. 15,16 Assuming a release of 90 kcal/
mol for the formation of the second BiF-F bond, the fluorination of BiF(XO ) by NF2
and F2 will be exothermic by 23 kcal/mol and 53 kcal/mol, respectively.

Table 2. Bismuth and Nitrogen Fluoride Bond Dissociation Energies

SPECIES Dissociation Energy
(cm-1) kcal/mole Reference

F2  12920(50) 36.93(0.10) 14

NF(b)(a) 25100(2800) 71.5(7.9) 16

NF(a)(a) 32600(2800) 93.2(7.9) 15

NF(X) 25000(2800) 71.7(7.9) 14

NF-F 23500(2800) 67.2(7.9) 14

NF 2-F 20700(700) 59.3(1.9) 14

BiF 25800 74 3,12

BiF ( b)  31900(590) 91.1(1.7) 11

BiF 40000 115 13

(a)Calculated using the NF(X) bond energy and spectroscopic data, where the dissociated
atoms are assumed to be N(2D) and F(1 P).

(b)Average bond strength from the enthalpy of atomization.

The rate coefficients which we report for the different nitrogen fluorides are statistically
the same. Essentially the same processes of bond formation and cleavage are being un-
dergone in each instance with the same thermochemistry dominating the reaction. From
the point of view of a simple Arrhenius interpretation, there is apparently not a strong
temperature dependence for the reaction. However, the estimated error in the rate coeffi-
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cients we report is sufficiently large to disguise an activation barrier of up to about 1 kcal/
mol. Zero or negative temperature dependencies are often attributed to the formation of
bound intermediates 17 where the observed rate reflects the equilibria of the transition
complex with both the starting material and the products. Alternatively, steric differences
among the various reactants may serve to counter the effect of temperature on the rates
which we observe. An explicit investigation of the rate of the reaction as a function of
temperature is necessary before any conclusions may be drawn concerning the microscop-
ic detail of the process. The use of NF3 as the test case would provide a system that is
stable over a wide range of temperatures with the salient features of NF 2/N2F4, in particu-
lar the 60-70 kcal/mol N-F bond and the lone pair of electrons on the central N atom.

B. PHOTO-INITIATED KINETICS

Once the relative rates of reaction have been established, an absolute rate coefficient must
be determined for our baseline reaction, BiF + F2. To this end we have performed a ti-
me-resolved experiment based on ArF laser photolysis of Bi(CH 3)3 at 193 nm and the sub-
sequent formation and removal of BiF by F2. Measurements w-re performed at 20 and
190"C. As a check of our flow tube results, we have measure( - rate of removal of BiF
with NF2 at 190"C. We have also determined the rate of formation of BiF from Bi +
NF 2. We conclude with some observations on stability of these reagents with regard to
one another in so far as it affects the ability to premix these compounds.

In order to minimize the effect of undesired side reactions on our measurement, both the
ArF photolysis laser flux and the initial Bi(CH 3)3 density were held to relatively low values
(3 mJ and 2-3 x 1012 molecules/cm 3, respectively). Experimental conditions were chosen
where [F2] > 10[Bi(CH 3)3] so that loss of F2 due to the generation of BiF and any side
reactions would be insignificant. Our method is simple. Fluorine reacts rapidly with the
Bi atoms generated by the 193-nm photolysis of Bi(CH 3)3 to form BiF On the timescale
of the subsequent decay of the BiF LIF signal, the resultant time-resolved traces are well
represented by a single exponential decay. Figure 3 provides an example of the signal and
its nonlinear least squares fit. Fits of this data provide rates of removal which are in turn
plotted against the F2 density at which the data were taken, as in Figure 4. The slope of
the linear least squares fit to the rate vs density data yields the rate coefficient for the pro-
cess. Care was taken to ensure that the rates we measure are a function only of F2 density
and do not include contributions from relaxation of a nascent product distribution or un-
wanted side reactions. SF 6 is employed as a constituent of the buffer gas mixture to pro-
mote the rapid vibrational relaxation of the reaction products. Previous work 7 has shown
SF6 to be an efficient vibrational quencher of BiF(A). Variations in the partial pressure of
SF6 have no effect on the measured rate of decay of the LIF signal. Similarly, the ob-
served rates are invariant to excursions in Bi(CH3)3 density. The cluster of eight points in
Fig. 4 confirms that the decay rates are dependent only on F2. The rate coefficient deter-
mined for BiF + F2, 2.0 x 10-11 cm 3/molecule-sec, forms the basis for the analysis of the
flow tube measurements. The rate coefficient determined for BiF + F2, 2.0 x 10- 11
cm3/molecule-sec, forms the basis for the analysis of the flow tube measurements.
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Figure 3. Time-resolved BiF A-X Laser-Induced Fluorescence from the 193 nm Photo-
lysis of a Mixture of F 2 (1.37 x 1014 molecules/cm 3 ), Ar (1.87 x 1017 atoms/
cm 3 , SF 6 (7.55 x 1016 molecules/cm), and Bi(CH 3)3 (7.76 x 1012 molecules/
cm 3 ) at 25*C. The solid line is a least squares single exponential fit to the
data.
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Figure. 4. Plot of BiF A-X Laser-Induced Fluorescence Decay Rates from the 193 nm
Photolysis of F2/Ar/SF6/Bi(CH 3)3 Mixtures at 25 C. The solid line is a linear
fit to the data and has a slope of 2.1±0.3 x 10- 11 cm 3/molecule-sec. The clus-
ter of data points near [F21 = 1.5 x 1014, which is the result of variations in
the partial pressures of SF 6 and Bi(CH 3)3, demonstrates that the rate is solely
a function of F2 density.
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Similar experiments were performed with NF 2 as the oxidant. The use of low photolysis
energy and small Bi(CH 3)3 concentrations was especially necessary in these instances.
Where higher fluences and Bi(CH3 )3 densities were employed, the resulting LIF signals
could only be fit to double exponential decays. We take this as indicative of reaction of
NF 2 with photolysis fragments. Figure 5 displays a decay rate vs density plot for NF 2.
The rate coefficient which we obtain for BiF + NF2 from our time resolved measure-
ments, 3.9 x 10-15 cm3/molecule-sec, compares reasonably well with the results of the flow
tube work. The two values are within about 40% of one another and agree within their
limits of error. We prefer the later value despite its somewhat larger error bars. Although
photolytically initiated experiments are necessary to analyze the results, the Broida oven/
flow tube measurements are performed on a system which is largely free of complications
arising from the presence of uncharacterized side reactions.

It was observed that the risetime of the BiF LIF signal from Bi + NF 2 was resolvable
within our experimental bandwidth. A plot of the rate of formation of BiF vs NF2 density
is also shown in Figure 5. The rate coefficient for the formation of BiF(XO + ) from Bi +
NF2 is also reported in Table I. The BiF risetime from Bi + F2 was too rapid to be re-
solved at high F2 densities, and at low F2 densities the signal-to-noise ratio suffered due to
the reaction of F2 with Bi(CH 3)3. Although we were not able to achieve satisfactory re-
sults, attempts to determine the BiF formation rate indicate that the reaction is extremely
fast, on the order of 1 x 10- 9 cm 3/molecule-sec. It must be noted that there is a wide
disposition in the energy levels of Bi atoms produced by the 193-nm photolysis of
Bi(CH 3)3.7 In particular, the upper lying spin-orbit states of the 6p 3 ground-state configu-
ration are optically metastable and may be expected to participate in the reaction to form
BiF Therefore, the measurement is made over an ensemble of energy states of the the Bi
atom. The value of 8.1 x 10-12 cm3/molecule-sec is within reasonable agreement with un-
published results from our laboratory of the rate coefficient for the removal of Bi(2D3 /2)
by NF 2 of _< 1.2(0.3) x 10- 11. Whereas the latter value is specific with regard to the colli-
sion partners, the formation constant must be viewed as a weighted average over the vari-
ous states of Bi present; primarily the 4 S3/ 2 ground state and the first excited 2D3 /2 spin-
orbit state. As such, the agreement between the two measurements is rather good and,
unless the Bi( 4S3/2) and Bi( 2D3/2) rate constants are similar, these results suggest that the
Bi( 2D3/2) state dominates either the reaction or the photolytic population distribution at
early times.

The formation of BiF in the photolytic experiments is complex. A significant amount of
energy is present in the form of electronic excitation of the Bi atoms. The term energy of
Bi( 2D3/2) if 11419 cm - 1 (32.6 kcal/mol). 19 In addition, the products possess a number of
low-lying electronic states. Assuming a bond energy of 90 kcal/mol for BiE the NF2

+ Bi(2D3/2) reaction can liberate as much as 55 kcal/mol, and 23 kcal/mol is available
from the NF2 + Bi(4S3/2) reaction. 16, 17 2) Thus, a large number of exothermic channels
are possible.
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Figure 5. Plots of BiF A-X Laser-Induced Fluorescence Decay and Rise Rates from
ArF Laser Initiation of NF2/Ar/SF6/Bi(CH 3)3 Mixtures at 198°C.
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Bi('S 3i2 + NF2 -. BiF(XO+) + NF(3Z - ) AH = -22.8 kcal/mol (7a)

BiF(X1) + NF(X37 - ) AH = - 2.0 kcal/mol (7b)

Bi( 2D3/2) +NF 2 -- BiF(XO + ) + NF(X 3 -) AH = -55.4 kcal/mol (7c)

BiF(X1) + NF(X31 - ) AH = - 34.6 kcal/mol (7d)

BiF(a2) + NF(X3 - ) AH = - 13.7 kcal/mol (7e)

BiF(XO + ) + NF(a1A) AH = -22.7 kcal/mol (70

BiF(X1 + ) + NF(b 1A) AH = - 1.9 kcal/mol (7g)

BiF(XO + ) + NF(bt A) AH = - 1.4 kcal/mol (7h)

The formation of charge-transfer complex intermediates has been suggested in the reac-
tion of alkali metal atoms with halogen molecules. 18 In a somewhat different context, a
simplified long range attractive potential model has been applied to the formation of
Bi( 2D3/2) from Bi + NF(a1A) (Reaction 1).19 The model proposes a curve crossing from
the covalent M + X2 surface to the charge-transfer complex potential surface for M+ +
X2-. The crossing occurs at a separation Ro determined by the potential energy of the
neutral collision pair, given at large R by

U(Ro) = IP(M) - EA(X2) (8)

where IP(M) is the ionization potential of the metal atom and EA(X 2) is the electron affin-
ity of the halogen. The potential of the ion pair may be approximated by coulombic and
charge-induced dipole terms:

U(R) = - e2 /R - e2(O+ + a-)/2R 4  (9)

where e is the unit of elementary charge and c + and x- are the polarizabilities of the ion
pair. For the present case of Bi + F2, we take IP(Bi 4S, 2D) = 7.28, 5.86 eV 20 and
EA(F 2) = 3.08 eV 2 1 The polarizability of Bi + is estimated using Slater's rules,22 + 
2.96 x 10- 23 cm 3. We take the polarizability of F2-, to be somewhat greater than that of
02, O- = 2.4 x 10- 2 cm. 322 Equating the two potentials yields reactive cross sections of
64 and 113 A for Bi( 4S) and Bi(2D) + F2. respectively.2 The cross sections in turn corre-
spond to rate coefficients of 3.5 and 6.3 x 10-10 cm3/molecule-sec. Considering the
conceptual simplicity of the model, agreement with the experiment is quite good. The re-
sults also lend some credence to our earlier supposition that Bi(2D3/2) is the major reac-
tive species in the photolytically initiated environment.

Bcll and Husain 23 have measured the removal of Bi(4S) with Br2. The rate constant they
report, 5.3 x 10- 13 cm 3/molecule-sec. suggests that a different mechanism is operative.
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The primary differences of that system in comparison to the present case are to be found
in the electron affinity of Br 2 (2.5 eV)21 and the restriction of the measurement to ground-
state Bi. Both these considerations have the effect of lowering the long range covalent po-
tential by about 2 eV relative to Bi( 2D) + F2. This results in the prediction of an equipo-
tential separation of somewhat less than 4 A, which is well within the covalent hard-sphere
collision diameter for Bi + Br2

.22 .24 Thus, for a crossing to occur, it would necessarily
have to take place on a repulsive slope of the potential surface of the reaction.

Trainor 25 has measured the rate of reaction of Bi( 2D)+ 02 over a range of temperatures.
His reported rate coefficients (0.37 - 1.2 x 10-12 cm3/molecule-sec, T = 300 - 450 K) sug-
gest that the reaction proceeds under the influence of the thermodynamic barrier rather
than by means of a long range attractive potential. The electron affinity of 02. 0.44 eV 26

is less than half that of the Bi atom (0.946 eV).2 7 There is no propensity for an electron
jump to take place.

During the course of the experiments described here, it was noticed that the initial BiF
LIF intensities declined with increasing NF 2. We investigated this effect by simultaneously
interrupting the reagent flows and sealing the flow cell. We monitored Bi(CH3 )3 in absorp-
tion using the output of a deuterium lamp restricted by an interference filter at 206 nm
and detected with a monochromator and PMT At 211"C, with no NF 2 present, the
Bi(CH 3)3 displayed a characteristic lifetime in the photolysis cell of almost 200 sec before
presumably being decomposed on the walls. This characteristic time increased by nearly a
factor of 10 at 20"C, although the effect is complicated somewhat by fairly rapid (0.02
sec- 1) initial decay which we take to be adsorption on the cell walls. However, the addi-
tion of NF 2 at elevated temperature removes Bi(CH 3)3 with a rate constant of 2 x 10-18
cm 3/molecule-sec. Figure 6 displays our measured disappearance rates as a function of
NF 2 density at 205"C. This process is of no consequence to the present study, but must
be considered in such instances where Bi atom densities must be scaled via the UV photo-
lysis of Bi(CH 3)3.

The slow pace at which the N-F bond is converted to Bi-F in the removal of BiF is of
positive import for the NF(a)-driven BiF chemical laser system. The pumping of
BiF(AO + ) by NF(a) is thought to proceed via an intermediate BiF electronic state in a
two-step mechanism,

BiF(X) + NF(a)-, BiF ° + NF(X) (10)

followed by

BiF ° + NF(a) -- BiF(A) + NF(a). (11)
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Figure 6. Plot of Bi(CH 3)3 Single Exponential Removal Rates by its Reaction with NF 2
at 205*C. Solid line has a slope of 2.4± 1.5 x 10-18 cm 3/molecule-sec.

Rate constants for each step are estimated to be of the order of 10-10 to 10- 11 cm 3/molecu-
le-sec,28.29 several orders of magnitude larger than the NF 2 + BiF(X) rate coefficient re-
ported here. Thus removal of BiF(X) due to reaction with NF 2 will not compete effectively
with NF(a) pumping in such systems where [NF(a)] > > INF 2]. While F2 has proven to
remove BiF efficiently, it does not exist in substantial density in the laser medium.
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VI. CONCLUSION

We have measured the rate of removal of BiF in its ground electronic state with a series of
fluorine atom donors. The kinetics were determined using both flow tube and time-re-
solved techniques. Both methods yield consistent results. While F 2 is found to be rela-
tively fast, the series of nitrogen fluorides, NF2, NF 3, and N2F4, are all quite inefficient.
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an "architect-engineer" for national security
projects, specializing in advanced military space systems. Providing research support, the
corporation's Laboratory Operations conducts experimental and theoretical investigations that
focus on the application of scientific and technical advances to such systems. Vital to the success
of these investigations is the technical staffs wide-ranging expertise and its ability to stay current
with new developments. This expertise is enhanced by a research program aimed at dealing with
the many problems associated with rapidly evolving space systems. Contributing their capabilities
to the research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat transfer
and flight dynamics; chemical and electric propulsion, propellant chemistry, chemical
dynamics, environmental chemistry, trace detection; spacecraft structural mechanics,
contamination, thermal and structural control; high temperature thermomechanics, gas
kinetics and radiation; cw and pulsed chemical and excimer laser development,
including chemical kinetics, spectroscopy, optical resonators, beam control, atmos-
pheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmospheric
optics, light scattering, state-specific chemical reactions and radiative signatures of
missile plumes, sensor out-of-field-of-view rejection, applied laser spectroscopy, laser
chemistry, laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency stand-
ards, and environmental chemistry.

Electronics Research Laboratory: Microelectronics, solid-state device physics,
compound semiconductors, radiation hardening; electro-optics, quantum electronics,
solid-state lasers, optical propagation and communications; microwave semiconductor
devices, microwave/millimeter wave measurements, diagnostics and radiometry, micro-
wave/millimeter wave thermionic devices; atomic time and frequency standards;
antennas, rf systems, electromagnetic propagation phenomena, space communication
systems.

Materials Sciences Laboratory: Development of new materials: metals, alloys,
ceramics, polymers and their composites, and new forms of carbon; nondestructive
evaluation, component failure analysis and reliability; fracture mechanics and stress
corrosion; analysis and evaluation of materials at cryogenic and elevated temperatures
as well as in space and enemy-induced environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray physics,
wave-particle interactions, magnetospheric plasma waves; atmospheric and ionospheric
physics, density and composition of the upper atmosphere, remote sensing using
atmospheric radiation; solar physics, infrared astronomy, infrared signature analysis;
effects of solar activity, magnetic storms and nuclear explosions on the earth's
atmosphere, ionosphere and magnetosphere; effects of electromagnetic and particulate
radiations on space systems; space instrumentation.


