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Cluster Based Reaction Probabilities for Boron with
Oxygen, Hydrogen, Water, Nitrogen, Nitrous Oxide,
Carbon Dioxide, Carbon Monoxide, Methane,
Tetrafluoromethane, and Silane

Paul A. Hintz, Stephen A. Ruatta, and Scott L. Anderson
Department of Chemistry
State University of New York at Stony Brook
Stony Brook, NY 11794-3400

I Introduction

> Since we have begun our detailed study of boron cluster ion reaction dynamics,
we have tried to present our cross section measurements in a form most useful to
combustion modelers and others interested in the reactivity of boron, and in oxidation
processes in particular. Anw‘eff_ective way we have found to do this is to convert our
data into "reaction /efficiencies" or the probability of reaction per surface collision. By
calculating these reaction probabilities as a function of temperature, we can provide
combustion modelers with the necessary data to calculate reaction rates for boron
. combustion processes under whatever conditions seem appropriate. Our reaction studies
have focused on oxidation reactions of boron cluster ions with O,, D,0, CO,, CO, and
N,O. We have studied various other neutral reactant gases including CH,, CF,, D,, N,,

and SiH,. Our goal is to build a comprehensive picture of boron cluster ion reactivity.

This report contains reaction efficiency data for all reaction systems studied to date.




II. Calculation Method

In order to estimate the reaction efficiency of the reaction of boron clusters ions
with neutral gases, the probability of reaction per collision at a given energy is averaged
over a Boltzmann energy distribution to yield a reaction probability at various
temperatures. The experimental cross section data for the major products of the
reactions of two representative cluster ions (B¢ and B],) with N,, N,0, CO, CO,, CH,,
CF,, SiH,, D,, D,O, and O, are shown in Figures 1 and 2. Notice the extensive
variation in the magnitude and shape of the cross sections for the different reactions.
In some cases, the reaction proceeds with no activation energy (ie. reactivity peaks at
low coliision energy) but in other cases, significant activation barriers are observed, even
though the overall reactions are in most cases exothermic.

To estimate the reaction probability per collision, we compare the experimental

cross sections (o from 0 to 10 eV collision energy (center of mass) with the collision

cxp)
cross section which can be estimated with reasonable certainty. For this study, the
collision cross section is given by the locked ion-dipole capture cross section:
Olock = Olang + (C ¥ Ogip)-
Olang is the Langevin polarization capture cross section defined as:
o, . = 16859 * (a/E(eV))}/?
lang . '

where a is the polarizability of the neutral reactant. oy, is the ion-dipole capture cross”

section defined as:

04ip = 94186 * D(debye) / E(eV), ]
where D is the dipole moment of the reactant gas. C is the locking constant for the I—'J
-~ -4
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3
locked dipole approximation (C = 0.318 for this study). When the reactant gas molecule
has no dipole moment, Olang Wa$ used. This form of the collision cross section is used
at low collision energies. At high energies, capture effects become less important and
the collision cross section is given instead by the physical size (hard sphere cross section)
of the reactants. The hard sphere cross section is given by:

O = T * (R, + Rg)z,

where R 1s the radius of the ciuster and R, is the radius of the neutral gas molecule.

The reaction efficiency is thus given by the ratio: aexp/ 0., Where g is the larger
of 0, or o, This ratios provides an estimate of the absolute reactivity of these
systems at various collision energies. In order to calculate the reaction probability at
various temperatures of the reaction, these ratios are averaged over a Maxwell-
Boltzmann distribution. These distributions are of the form:

dn = 2aN[akT]3/2€1/2e /¥ e,

Several of these distributions at various temperatures are shown in Figure 3. Note that
the maxima of these distributions occur at very low energies (< 0.1 eV). The
distributions are normalized so that the area under the curves equal 1. The integral of
the reactivity at a specific energ: *t .2s the corresponding Boltzmann factor yields a

reaciion probability or "efficiency” at a specific temperature. This calculation was done

for temperatures between 300 and 2500 K.

III. Results

The results are compiled in Tables 1 and 2. We give total reaction efficiency as
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a function of iemperature as well as the efficiencies for formation of all the major
products. All values lie between 0 and 1 where 1 represents the maximum reaction
efficiency. The data in Tables 1 and 2 are plotted in Figu(e’s 4-13. 1In general, the
reaction probabilities for most of the reaction systems studied tend to increase with
increasing temperature and then level off or decrease slightly.

The reactions which prefercntially form oxide products are those with O, and
CO,. The reaction efficiencies for these reactions are plotted versus temperature in
Figures 4 and 5. Oxide formation makes up a significant percentage of the total
reaction probability for the O, reactions and the majority for the CO, reactions. B is
much more efficient at forming oxides that B, however. N,O reactions aiso result in
oxide formation (Figure 6) but for some smaller clusters such as Bg, the largest
percentage of the reaction probability is due to boron-nitride formation. The larger
clusters, which should be more representative of bulk boron surfaces, react preferentially
to form oxide products by a facter of 4. Some nitride is produced however and we
believe that reactions with NO, species is the likely source of the BN solid observed by
Kuo and co-workers in boron fuel combustion. Reactions with D,O (Figure 7) lead to
only a small amount of oxide formation for the small size clusters (six atoms and less)
while the reaction efficiency for the large cluster oxide formation is zero. The formation
of the hydride is the largest percentage of the reaction probability for most cluster sizes.
Almost the entire reaction probability for the CO reactions (Figure 8) is due to the
adduct formation at very low collision energies (< 0.2 eV). No reactive oxide formation

is detected. The reaction probability for other neutral gases varies considerably. N,
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(Figure 9) is very nonreactive with reaction efficiencies in the millionth of a percent
range at 2500 K. D, reactions (Figure 10) yield significant reaction efficiencies but
these are considerably temperature dependant, especially for B},. The efficiencies for
the reaction of methane and boron cluster ions is very dependent on cluster size (Figure
11). For Bg, the total reaction probability is near unity and nearly constant with
temperature. The reaction probability for B‘l“2 is an order of magnitude smaller and is
much more temperature dependant. Figure 12 shows the reaction probability for the
reaction of By with CF,. The products formed are quiie different than wnuze of the
analogous methane reactions, forming fluorides over carbides. The reaction probability
for fluoride formation is only about 40% and is quite temperature dependant. The
reaction of B, with CF, was not studied. The results for the reactions with silane
(Figure 13) are quite similar for both B{ and B, with addition of SiH_ (n = 0-3) to
the intact cluster making up over 90% of the total reaction probability. The temperature
dependence is also similar for both cluster sizes. In Figures 14 and 15, the total reaction
probabilities versus temperature for the various reactions of neutral gases with B{ and
B‘{z respectively are shown. Methane, silane, water and carbon dioxide have the largest
total reaction efficiencies for reactions with Bg while silane, water and nitrous oxide are
largest for B],. For the majority of the reactions with B, the total reaction
efficiencies are less than 10% while for B{, all the totals except for N,, are greater than
10% of the maximum reaction efficiency.

For most of these reactions, we have only surveyed the chemistry for B; and B7,.

Based on more detailed studies of all size clusters reacting with O,, D,, D,0, CO, and
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N,O, we believe that B, is quite representative of the chemistry of large clusters.
Further studies are in progress of the detailed chemistry with these and other reactants.

In addition, we are preparing to carry out studies of much larger clusters.
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