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I. INTRODUCTION

'»-DesPICe the wide variety of hydride, halide, oxide, oxyhydride, oxy-
halide, and other species that can form, there is a scarcity of experimental
data available on the rates of reactions of boron compounds. This is es-

g

boron atom is formally in a low valence state. The only set of direct kinetic

pecially true™’“ for the potentially more interesting compounds wherein the

measurements is a recent room-temperature-diffusion flame determination® of
the rates of oxidation of gaseous boron atoms by some inorganic oxides. Other

related information is limited to indirect inferences provided by studies of

the reactioﬁi ¥ of oxygen atoms with diborane and the chemiluminescent reac-

5,2,3,9

tions of boron atoms. This lack of information is particularly unfor-

tunate because of boron's unique position in the periodic table. The chemis-
try of metal atoms and their compounds, for example, halides, is often quite
differenglg from that of the nonmetals, and boron is the lightest element that

11

divides these two regioms of the periodic table. Thus, Parr et al. ' reported

ls. s. Cherry, L. J. Van Nice, and P. I. Gold, Pyrodynamics 6, 275 (1968).
26, s. Bahn, Pyrodynamics 6, 297 (1968).
3u. c. Sridharan, T. G. Digiuseppe, D. L. McFadden, and P. Davidovits,
4J. Chem. Phys. 70, 5422 (1979).

C. W. Hand and L. K. Derr, Inorg. Chem. 13, 339 (1974).
36, K. Anderson and S. H. Bauer, J. Phys. Chem. 81, 1146 (1977).
6s. P. Tang, N. G. Utterback, and J. F. Friichtenicht, J. Chem. Phys. 64,
73833 (1976).

U. C. Shridharan, D. L. McFadden, and P. Davidovits, J. Chem. Phys. 65,

5373 (1976).
8a. Brzychcy, J. Dehaven, A. T. Prengel, and P. Davidovits, Chem. Phys. Lett.
60, 102 (1978).

G. J. Green and J. L. Gole, "Contrasting Chemiluminescent Metal Oxide Forma-
tion in the Single Collision Reactions of Boron with 0, NO,, N,0, O3, and
C10,,” Chem. Phys. Lett. 69 (1), 45 (1980).
1OR. i Herm, "Reactive Scattering of Alkali Atoms and Alkali Halides at

Thermal Energies,” in Alkali Halide Vapors. Structure, Spectra, and Reaction

Dynamics, eds., P. Davidovits and D. L. McFadden, Academic Press, New York
(1979).

g, p, Parr, R. Behrens Jr., A. Freedman, and R. R. Herm, Chem. Phys. Lett.
356, 71 (1978).
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between metallic and nonmetallic reaction dynamics occurs somewhere between
tin and mercury; the ionization potentials of tin, boron, and mercury are 7.3,
8.3, and 10.4 eV, respectively. Indeed, Green and Gole9 found that the lan-
guage of the familiar electron transfer model is useful in discussing their
observations on boron chemiluminescent reactionms.

‘>This is a report of the first results from our laboratory of a flow-tube
study of some reaction rates of boron monofluoride, BF, This molecule is cap-

able of very exothermic reactions with a number of reag;hgs; excergicities
\,

from the JANAF Tables for the \\
BF + 0 —-BO + F (1
BF + O + X ~ OBF + X (2)
and
BF + 0, — OBF + 0 (3a)
=+ B0y + F (3b)

reactions, where X denotes an inert third body, are provided in Table 1. How-
ever, very little is known about the chemiétry of BF. Moeller and Silvers!?
produced BF by a microwave discharge in BF3 and reported that it was sufptis-
ingly long=lived in their flow apparatus when mixed with helium. Thermody-
namic calculations indicate that BF3 gas should be quantitatively converted to
BF gas upon passage over hot boron powder. Indeed, the heat of formation and
entropy of gaseous BF were first measured by this transpiratiom technique,13
and it was subsequently employed by Timms14+15 gn one of the pioneering stud-
ies of the synthesis of new compounds by co-condensation of a high-temperature

igu. B. Moeller and S. J. Silvers, Chem. Phys. Lett. 19, 78 (1973).
J. Blauver, M. A. Greenbaum, and M. Farber, J. Phys. Chem. 68, 2332 (1964).

14p, L. Timms, J. Am. Chem. Soc. 89, 1629 (1967).
L. Timms, Adv. Inorg. Chem. Radiochem. 14, 121 (1972).
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Table 1. Reaction Energetics and Rates®

Exoergicity, Rate Coefficientb

Reaction AHJ log)gA E*
BF + 0-~BO + F -54 -9.9 ~0
CO+0-CO+0 0 -10.0 29
Ny + 0—=NO + N +314 -9.9 320
BF + O + X-0BF + X -730 - -
CoO+0+ X-—COZ + X -526 - -
BF + 0p~OBF + 0 =237 - -

~B0y + F -89 - -
CO + 0,~C0,y + 0 -33 -11.4 200
3Energies in kl/mole.
Parageters of the bimolecular Jate coefficient:
k(em®/molecule~sec) = A exp{-E /RT]

vapor with another reagent onto a cryogenic surface. Timm314’15 found that
the useful synthesis reactions of BF were limited to insertion into other B-F
bonds and addition across double and triple bonds in alkenes and alkymes.




II. EXPERIMENTAL PROCEDURE AND RESULTS

Full details of the apparatus and experimental procedure will be pub-
lished later. Briefly, rate coefficients for Reactions (1) and (3) have been
measure& at 294 K in the 2.5-cm diameter flow tube shown in Fig. 1. The
reaction zone, defined at the upstream and downstream ends by the regions
where reactants were mixed and BF was detected, respectively, was of fixed
length, 1 = 87.5 cm.

The BF was detected by resonance fluorescence at 90 degrees to the BF
resonance excitation light, which was provided by the output of a microwave
discharge in BF3 similar to that described in Ref. 12. The Av = 0 Alvr - x1z+ BF
emission band at 195.6 nm was isolated by a filter that rejected other signif-
icant lamp outputs at 191, 201, and 207 nm, from Av = +1, -1, and -2 transi-
tions of this same BF system, and at 208.9 and 249.7 nm from boron atomic

lines.

The BF was generated in a manner similar to that described in Refs. 13
and 14 by flowing BF5 vapor in an argon carrier through a vacuum enclosed
resistively heated graphite tube at »1800 K; the tube was packed with 99.82
purity crystalline boron granules. A General Electric inert-gas purifier re-
duced the oxygen and water impurities to less than 0.1 ppm in the Matheson UHP
argon. The effluent from the furnace flowed through a quartz tube (diameter,
1.0 cm; length, 51 cm) into the main flow tube where it had cooled to room
temperature and was mixed with more carrier gas. If thermodynamic equilibrium
were achieved within the furnace, BF would represent >99.92 of the boron-
containing effluent because of the

BF4(g) + 2B(s) - 3BF(g) (&)

reaction. The actual BF concentration entering the flow tube was less than

this value, which is denoted [BF]‘.X because of incomplete equilibrium within
the furnace or reactions during the transit from the furnace to the flow tube.
This was inconsequential, however, because relative, rather than absolute, BF
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density measurements were required for the kinetics study. The total density
of boron species within the flow tube, controlled by measuring and limiting
the BF3 flow rate into the furnace, was always sufficiently low to ensure
negligible probability of reaction between two boron species within the re-
action zone. Since other boron species could not react with any other reagent
to generate BF, this ensured the total insensitivity of the BF density to the
possible presence of any other boron species. This limit on the maximum BF
flow tube density also ensured optically thin conditions for the BF resonance
fluorescence detection. Since collisional quenching of the alx state of BF
was negligible because of its short radiative lifetime, 2.8 nsec,16 propor-
tionality of the BF density within the flow tube to the detected resonance

fluorescence was ensured.

This also ensured that the BF density was always much less than that of
the 0 or 0, co-reactant so that pseudo-first order decay of BF was achieved;

that is, the BF density at the detector depended upon O or O, density as

[BF] _ _ ki
In [BF], ) 5

where k = k1[0] or k3[02].in the study of Reactions (1) and (3), respectively,
and <v> is the average flow velocity, calculated from the mass flow rate of
the overwhelmingly abundant argon carrier gas and the measured total flow tube
pressure. Typically, the total pressure was 2 to 9 Torr with <v> ~ 1400 cm/sec;
for these conditions, the fractional pressure drop over the reaction zone was
less than 5. The assumption of plug flow implied in Eq. (5) is a good ap-
proximation for the data reported herein; small corrections for deviation from
plug flow will be included in a more comprehensive report.

Admission of 0, to a flowing BF-Ar mixture had no effect on the BF den-
sity detected even at the highest O, density employed, 7 x 10!° ca™3. Thus,
the room—temperature rate of Reaction (3) was too slow to measure, and an up-
per limit for the rate coefficient was established:

-61. E. _sser, J. Chem. Phys. 48, 2518 (1968).
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k3 - k3a + k3b < 5x1 cm3/molecu1e-sec (6)

Addition of ground state 3

P O-atoms, however, rapidly attenuated the BF
signal due to Reaction (1). The O(3P) density was quantitatively varied by

the well~known
N + NO—~N, + 0 7N

titration technique after ascertaining that addition of active nitrogen itself
had no influence on the BF density for the experimental conditions employed.
Details of this technique are provided in Ref. 17. Figure 2 is representative
of the data obtained for Reaction (1). Note that this set of data demonstrates
that the rate is first order in BF and O densities over factors of ~90 and ~5,
respectively. Similar data were taken for a variety of flow tube pressures

and BF3 flow rates; the results are provided in Table 2. The final rate coef-
ficient obtained for Reaction (1) at 294 K by averaging the results of all of
these experiments is

k) = 1.4 & 0.2 10710 <n3/molecule-sec (8)

The very fast rate of Reaction (1) precluded the collection of any data on the

termolecular Reaction (2).

176, c. Light, J. Chem. Phys. 68, 2831 (1978).
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Figure 2. Natural Logarithm of the Measured Ratio of BF Densities With
and Without O-Atoms Added Versus O-Atom Density for Typical
BF + O0-~BO + F Experiment. Solid line demonstrates the fit
of Eq. (5) to the data.
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Table 2. Summary® of Separate Studies of Reaction (1)

Total Pressure, [BF]max’ k),
Torr 10t! ™3 10710 cn3/molecule-sec
2.9 1.0 1.20
2.9 4.0 1.27
2.8 6.2 1.49
8.7 4.9 1.26
2.3 b 1.58
2.8 3.4 1.59
2.8 3.3 1.66

a[BF] x is the concentration of BF at the upstream end of the reac-
tion zone calculated from the measured BFy flow rate, assuming that
Reaction (4) went to completion. k; is calculated by fitting

Eq. (5) to the data.

bNot measured but comparable to the other entries.

12




III. DISCUSSION

A comparison of our measured rats of Reaction (1) and the rates of the
reactions of isoelectronic N, and CO is provided in Table 1. These rates for
N, and CO are taken from the recent review of Ref. 18 except for the rate of
the O + CO isotopic exchange reported in Ref. 19. Some properties, such as
the unusually large bond dissociation energies, support a simple isoelectronic
projection of comparable behaviors for these three molecules. This is further

20 of only

supported by the small polarity of the BF bond, a dipole moment
0.5 + 0.2D. However, other conéiderations suggest that the chemistry of BF
might be quite different from that of CO and Ny« Quite different exoergic-
ities for formally analogous reactions of these species are indicated in Ta-
ble l. Moreover, electronic structure calculations21'22 indicate that indi-
vidual molecular orbitals of BF are quite asymmetric so that the small overall
dipole moment could be misleading. Nevertheless, it is appropriate in dis-
cussing our results on the previosusly unexplored chemical behavior of BF to
employ the Simplest consistent model, and the analogy to the iscelectronic N,
and CO is useful in interpreting the present observations. It will be inter-
esting to determine whether these isoelectronic analogies continue to be use-

ful as more detailed data on BF reactions are obtained.

The BF + O reaction rate coefficient is quite large, indicating a zero or
very small activation energy and a large average total reaction cross section,
{ad> = k/{g> = 19 A2, This 1s similar to the behavior of the N, and CO + O
rates in Table 1, namely, preexponential factors quite close to that found for

BF, and activation energies only slightly larger than the endoergicity.

18g, F. Hampson Jr. and D. Garvin, Reaction Rate and Photochemical Data for
Atmospheric Chemistry 1977, NBS Special Publication 513, U.S. Department of
Commerce, Washington, D.C. (May 1978).

19g, Jaffe and F. S. Klein, Trans. Faraday Soc. 62, 3135 (1966).

icl)F. J. Lovas and D. R. Johnson, J. Chenm. Phys. —S_-S_, 41 (1971).
P. Sutton, P. Bertoncini, G. Das, T. L. Gilbert, A. C. Wahl, and

0. Sinanoglu, Int. J. Quantum Chem. 3, 479 (1970).
B. Jansen and P. Ros, Theor. Chim. Acta (Berlin) 21, 199 (1971).
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Moreover, a survey of the rate coefficients for a variety of O-atom reactions
given in Ref. 18 indicates that these three quite similar preexponential fac-
tors are unusually large. The nature of the relevant potential energy sur-
faces for 0 + CO is discussed in Refs. 23 and 24. The small 29-kJ/mole
activation energy apparently arises because the initial O + CO triplet poten-
tial surfaces are rerulsive since they correlate to higher energy states of
the Co2 intermediate. However, they are crossed by triplet surfaces corre-
lating to CO, states that are bound or only slightly repulsive with respect to
separated reactants so that only a small barrier results. The absence of any
barrier for the analogous BF reaction found in this study is consistent with
the larger exoergicity of Reaction (2) for BF + O (Table l1). This should
shift the surface crossing to larger reactant separation and also reduce or
eliminate the repulsion of the initial O + BF potential surfaces by lowering
the energy of the OBF states to which they correlate.

The limited information obtained here on the BF + 02 reaction is also
consistent with the behavior of the CO and N, + 0, reactions. Temperature de-
pendent measurements of the rate of Reaction (3), which are now being made,

will permit a more quantitative comparision of these three reactions.

2§J. D. Kelley and R. L. Thommarson, J. Chem. Phys. 66, 1953 (1977).

J. E. Hardy, W. C. Gardiner Jr., and A. Burcat, Int. J. Chem. Kinet. 10, 503
(1978).
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting enper-
imentsl and theoretical investigations necessary for the evaluation and applica-
tion of scientific advances to nev wmilitary spece systems. Versatility and
flexibirdty have been developed to s high degree by the laboratory persomnel in
dealing with the many problems encountered in the nstion’s rapidly developing
space systems. Expertise in the latest scientific developments is vitsl to the
sccomplishment of tasks rvelated to these problems. The laboratories that con-
tribute to this research are:

Aerophysics laborstory: Lsunch vehicle snd reentry serodynamics snd heat
transfer, propulsion chemistry and tluid mechanics, structural mechanics, flight
dynamics; high-temperature thersomechanics, ges kinetics and radistion; research
in environmental chemistry and contamination; cv awnd pulsed chemicsl laser

development including chemical kinetics, spectroscopy, optical resonstors and
besa pointing, stmospheric propagation, laser effects and countermeasures.

Chemistry snd Physics Laboratory: Atmospheric chemical resctions, astmo-
spheric optics, light scettering, state-specific chewical reactions and radia-~
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space Vacuum and radiation effects on materials, lu-
bricstion and surface phenomena, thersionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental resesrch and
monitoring.

Electronics Research Laborarory: Microelectronics, GaAs low-noise and
pover devices, semiconductor Tasers, electromegnetic and optical propagation
phenouens, quantum electronics, laser communicetions, 1idar, and electro-optics;

communication sciences, applied electronics, semiconductor cyrstal and device
physics, radiometric fmaging; willimeter-wave and microwave technology.

Information Sclences Research Office: Program verification, program trans~
lation, performance-sensitive system design, diatriduted architectures for
spaceborne computers, fault=tolerant computer systems, srtificial intelligence,
and microelectronics applications.

Mpterials Sciences Laborstory: Development of new msterials: wetal mstrix
composites, polveers, and nevw forme of carbon; component failure analysis and
reliabilicy; fracture mechanics and stress corrosion; evalustion of materials in
space environment; waterials performance in space transportation systems; anal-
ysis of systews vulnerability and gurvivadility in enesy-fnduced environments.

Space Sciences Laboratory: A pheric and § pheric physics, radiastion
from t% staosphere, density and composition of the upper atmosphere, aurorse
and airglow; sagnetospheric physics, cosmic rays, generation and propagation of
plassa weves in the magnetosphere; solar physics, infrared astronowy; the
effects of nuclear explosions, magnetic storms, and solar asctivity on the
earth's phere, § here, and magnetosphere; the effects of optical,

electromegnetic, and nrtlcrulut- radistions in epace on space systems.
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