Kinetics of the Boron Plus Nitrogen Reaction
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Figure 4. Anodic and current-reversal chronopotentiograms for
5.92 x 10™* M (CH,),NB,H, in aqueous unbuffered 1 M potas-
sium nitrate solution obtained with a gold wire electrode at room
temperature; the current was 360 uA and the electrode area and
radius were 0.355 cm? and 0.0318 cm, respectively.

lost with the resultant formation of the BsH7-DMF species.
On the other hand, the B3Hg believed to be formed from
protonation of B3Hg™ in dimethylformamide slowly reduces
the solvent. Such is not the case in acetonitrile, for BoHg (and,
one would expect, B3Hg) reacts with the solvent to form
BH3;-NCCH3 which slowly trimerizes to yield (CH3CH>)3-
N;3;B3H;.16

Studies in Water. Although the situation in water is believed
to be similar to that encountered in dimethylformamide, the
species involved are so much less stable that our conclusions
are more tenuous. A chronopotentiogram for the oxidation
of B3Hg™ at a gold anode in an unbuffered aqueous potassium
nitrate medium exhibits three waves, as shown in Figure 4,
curve 1. It is suggested that the first wave at +0.1 vs. SCE
corresponds to the reaction

H,0
B,Hy —— B,H,OH, + 1/,H, + e~ @)

because bubbles of hydrogen gas form at the surface of the
anode. If the current is reversed at the transition time of the
first wave for oxidation of B3Hg~ (Figure 4, curve 2), a ca-
thodic wave appears at —0.7 V, signaling the reduction of
hydrogen ion formed by oxidation of molecular hydrogen at
the electrode surface during oxidation of B3Hs™.
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Conceivably, the second, greatly attenuated wave at +0.85
V might arise from oxidation of B3H7*OH3 to a hydrated form
of BHyt. However, both of these species are exceedingly
unstable in an aqueous solution, being rapidly converted to
borates. Formation of a gold oxide film on the surface of the
anode is responsible for the third wave at +1.1 V.

Controlled-potential coulometric oxidations of B3Hg™ at
+0.5 and +1.0 V showed the transfer of at least 6 equiv/mol
of BsHg~. This result varied with the initial concentration of
B3;H;s~ and with the pH of the solution. Apparently, the H*
produced by oxidation of the H; generated in reaction 7 reacts
vigorously with B3Hg™ to form what can be visualized as an

. aqueous solution of diborane—a very unstable, highly reducing

mixture.l? Therefore, although it is unrealistic to attempt to
reach quantitative conclusions from the coulometric data, it
is clear that an oxidation of B3Hs™ takes place in an aqueous
medium. However, because water is a protic solvent, sufficient
complications occur to make further investigations unwar-
ranted at this time.

Registry No. (CH3)4NB3Hg, 12386-10-6; B3H7-NCCHj3,
59796-67-7; (CH3);N.-BHj, 75-22-9; BiH;-DMF, 59803-46-2;
(C2H5)3N-BHj3, 1722-26-5; (C3H7)3N-BH3, 15201-50-0; (C4Hy)3-
N.BH3, 2080-00-4; B4H o, 18283-93-7; acetonitrile, 75-05-8; di-
methylformamide, 68-12-2; (C3;H7)4NB3Hsz, 59796-66-6; (Ca-
Hs)sNB3Hg, 12555-74-7.
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The reaction kinetics between boron and nitrogen have been examined in the temperature range of 1479 to 1823 K, using
amorphous (probably a-phase) boron and $-rhombohedral boron. The evidence indicates the reaction mechanism is most
likely topochemical yielding BN with «-B as the starting material. When 8-B is the starting material, a two-step reaction
series occurs with an homogeneous reaction to form BsN foliowed by a topochemical reaction to yieid BN.

Introduction

The direct boron—nitrogen reaction was selected to test the
applicability of a proposed gas—solid reaction mechanism.
Listed in Table I are some solid—diatomic gas reaction
mechanisms encountered and their distinguishing kinetic
features. These are the mechanisms that are operative for
reactions going to completion. A topochemical mechanism
is defined as a reaction that is rate limited by the process

occurring at the interface between the product and a solid
reactant. Thin-film mechanisms are not included. The
mechanisms are listed in Table I as if only one reaction step
were rate limiting. It is also possible to obtain a reaction with
multiple rate-limiting steps that is not easily catalogued by
these classifications. It was the original intent of the work
reported here to test a reaction other than a metal-hydrogen
reaction for applicability of the reactant-phase diffusion model.
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Molecular

Topochemical (phase Reactant phase

Table I. Characteristics of the Three Basic Mechanisms for a Solid-Diatomic Gas Reaction
Product phase diffusion
Atomic
Characteristic diffusion

diffusion

boundary movement) diffusion-nucleation

Rate law with respect <:Massive pieces

to solid Fine powder
(see Appendix)

Rate law with respect to gas phase Half order?

Dependence on size of particles
of powder

Microstructure of product of
partial reaction

Surface layer

@ Possibly modified by a surface adsorption, i.e., Langmuir isotherm.

In contrast to the models where diffusion occurs through
either a protective or penetrable layer, the reactant-phase
diffusion model is seldom observed. In this latter model,
diffusion of the gas phase atoms in the starting solid phase
is rapid relative to the precipitation of the product phase. This
model has been previously proposed to account for the kinetics
of the uranium-hydrogen reaction.! Internal oxidation of
copper and silver base alloys?? are other examples, although
these are somewhat complicated by the variety of product
stoichiometries. As applied to pure reactants, the hydriding
reaction appears to be the only known example.

To facilitate the study, the material was chosen on the basis
of stability in air of both solid reactant and product. This
allowed examination by x-ray diffraction, electron diffraction,
and electron microscopy without extensive equipment mod-
ifications. Boron and boron nitride fulfill these requirements.

Another selection criterion was that the sample be “small
enough” and the precipitation rate be “slow enough” in
comparison to the diffusion coefficient. This allows complete
diffusion throughout the sample before any appreciable re-
action takes place. (This criterion has been calculated and
reported.?) In the present case, a quick comparison of the
diffusion of nitrogen in boron to the powder sizes and reaction
rates reveals this combination to be a reasonable candidate
for this mechanism. The direct combination of boron with
nitrogen to form BN has been known for over a century and
is generally observed to be very slow.> The recorded diffusion
coefficient of nitrogen in boron is relatively fast. According
to Samsonov® the diffusion coefficient, D, is given by

D=2.03X 1074200T (1)

above 1573 K. Thus for a 5 um powder the time constant for
diffusion at 1673 K is ~0.5 ms. This contrasts nicely with
the several hour time constant for BN formation.

Experimental Section

The boron powder used in these experiments was supplied by Callery
Chemical Co. Tt was obtained by the thermal decomposition reaction
of boron hydrides. The mean particle size of the starting material
was 0.137 um as measured by photolometer (lower 10% <0.056 pm
and upper 10% =0.222 um). Excluding adsorbed water, the total
impurity level was less than 610 ppm as measured by spark-source
mass spectroscopy (the three highest impurities were Si = 150 ppm,
Na = 60 ppm, and Cl = 40 ppm). The nitrogen used contained 50
vppm or less contamination excluding inert gas (100 vppm or less).

The kinetic studies were followed with the aid of a Mettler TGA
system., The boron powder was contained in a crucible of BeO which
was unreactive at the temperatures of interest. After -admission of
the sample to the balance, the balance chamber was evacuated to 1.3
X 1073 Pa (1073 Torr) or less. It was then backfilled with gettered
argon for an anneal and the temperature was held constant for the
prescribed time. The sample was then cooled and the chamber again
evacuated. The temperature was again held constant under vacuum
and a nitrogen flow established. Since the reaction was very slow,
there was ample time for the balance to settle to a steady condition
after admission of the nitrogen. Data were read after the balance
had stabilized. Buoyancy and flow corrections were not made;

Parabolic or paralinear law
Calculable from parabolic

First order?®
Directly dependent

Variable
First order

Linear rate law
Nearly first order

Half order
Dependent

Half order

Independent

Surface layer Homogeneous distribution of
product phase in reactant phase

therefore, the limiting stoichiometry calculated may be meaningless.
However, the rate constants are correct.

Six sets of runs were performed. The nitriding step for the first
three sets was run at 1 atm (0.101 MPa) of N and differing tem-
peratures from 1473 to 1773 K. In the first set, the annealing step
was not included. The second and third set included annealing steps
of 2hat 1773 K and 1 h at 1873 K, respectively.

The fourth set included a series of annealing runs at 1873 K with
times of 1, 2, 4, and 8 h. In this set, the nitriding was performed in
1 atm of Ny at 1673 K. The pressure of N was varied for the fifth
series. The runs of this series were performed at 1673 K after 1-h
1873 K heat treatments. For the final series, the powder sample was
annealed for 8 h at 1773 K in a separate furnace. This powder was
subsequently fractionated by two different methods, One method was
a separation from a settling bath of 3:1 ethanol—glycerol mix. The
other method was micropore filtration using an acetone carrier liquid
which passed through a 10-um filter. Each collected fraction by both
methods was reacted at 1673 K and 1 atm (0.101 MPa) of Nj to
determine if the rate correlated with surface area of the powder.

For each batch of starting material for nitriding, a particle-size
determination was made using a Coulter counter. The Coulter counter
was not used when the material was too fine for this measurement.
This was the case for the unannealed material, where a photolometer
was used to measure the particle size. Anneals identical with those
performed before nitriding were made and particle size was determined
on these similar samples rather than on the material used for reaction.
The exception to this procedure was the sixth set where the powder
was fractionated before nitriding, and there the particle size was
determined from each batch used for the reaction.

The material used for electron microscopy and diffraction was taken
from two special runs. These runs were at 1673 K and 1 atm (0.101
MPa) of Nj after a 1-h 1873 K anneal. For one run, the reaction
was stopped short at about 30% completion in order to inspect the
morphology during the reaction. The other run was allowed to proceed
to about 60% completion. These resultant powders were examined
utilizing transmission electron microscopy (TEM) techniques. Portions
of the powders were mounted in epoxy resin and sectioned by diamond
knife ultramicrotomy. The powder reacted to 60% completion was
also examined as a dispersion. This powder was ultrasonically dispersed
in ethanol and dropped on a fenestrated carbon grid. Selected area
electron diffraction (SAED) patterns and dark field (DF) microscopy
were used to distinguish the various materials present and their
orientations.

X-ray analysis was made of both starting material and product
material for every run. Spark-source analyses were made for a few
runs and oxygen analyses were performed for samples whose x-ray
analyses showed large amounts of the phase designated BgX, the
pattern of which is very similar to B¢O (designated B;O on Powder
Diffraction File Card No. 12-614). The oxygen analysis of these
samples did not exceed 1.1 wt %.

The rate constants were calculated by a linear least-squares analysis
performed on the transformed equation. Although a nonlinear
least-squares analysis is ordinarily in order for this type of deter-
mination, the accuracy of the experiment did not seem to warrant
1t.

Results

Kinetics. All reactions follow very closely the first-order
kinetics in the remaining boron. The largest deviations from
the first-order rate occurred immediately after the balance had
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Figure 1. A comparison of the experimental weight gain curve of
the B + N, reaction with the weight gain curve expected from a
rate equation that is first order in remaining boron; that is rate «
(remaining boron).! This particular example is with nonheat-
treated powder of median size of 0.137 um reacted with 1 atm
(0.101 MPa) of N, at 1483 K.
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Figure 2. An Arrhenius plot of the rates of reaction of boron,
powders ini 1 atm (0.101 MPa) of N,. Points designated ® are with
as-received amorphous boron powder. Points designated m and a
used powders that were heat treated prior to reaction. These heat
treatments were 1773 K for 2 h and 1873 K for 1 h, respectively.

séttled from the nitrogen admission. This can be seen in a
typical fit of the experimental data to a first-order rate in
Figure 1. The fit to a product layer diffusion model was much
worse (this fit would be similar to the first-order fit with time
replaced by (time)!/2 as described in the Appendix). The
first-order fit was typically within 1% with occasional devi-
ations at the beginning of the reaction of up to 5%. However,
the fit to a first-order rate does not distinguish between the
reactant phase diffusion and topochemical mechanisms. This
latter mechanism reflects a two-thirds order in the remaining
solid reactant and is nearly identical to the first order. This
two-thirds order rate law must be tested by an examination
of the effects of the surface area as stated previously.!
The limiting stoichiometry, measured by weight gain, was
typically around BNgg. This substoichiometry (to BN) was
not all attributable to buoyancy and flow corrections. In fact,
when the reaction was continued for several days after the
sample had reached approximately 90% of extrapolated
stoichiometry, the weight gain became linear albeit extremely
slow. Thus, the first-order rate appears to apply only to the
“fast” (time constant ~ 10 to 50 ks) initial reaction.
Figure 2 shows an Arrhenius plot of the first three sets of
runs. At low temperatures (1473 to 1623 K) the nonheat-
treated material reacted much more rapidly than the heat-
treated material. To determine if this difference was due solely
to particle size differences, the particle size of the heat-treated
material (2 h at 1773 K) was determined by photolometer.
This was necessary in order to make a comparison with the
photolometer determination on the untreated sample.
(Comparisons between Coulter counter method and the
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Figure 3. The particle size distribution for the nonheat-treated
powder and the powder heat treated at 1773 K for 2 h. The ratio
in size is approximately 60.
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Figure 4. The observed “first-order™ rates and particle size as a
function of heat-treatment time. The reaction of the boron was
at 1673 Kin 1 atm (0.101 MPa) of N,. There is an apparent
negative correlation between reaction rate, shown as circles, and
heat-treatment time. There is also either a slight negative or no
correlation between particle size and heat treatment. These
correlationis would rule out the hypothesis that differences in rates
are due solely to particle size differences.

photolometér riay introduce a systematic error.) The dis-
tributions found are shown in Figure 3 (for untreated powder
% <10 = 0.056 um, % <50 = 0.137 4im, % <90 = 0.222 pm;
for treated powder % <10 = 4.4 um, % <50 = 8.8 um, % <90
= 20.3 um). The ratio in size is approximately 60 which would
yield a rate difference of about a factor of 3600 for the
mechanisms involving the two-thirds order law. For the to-
pochemical mechanism, a “thre¢-dimensional” particle (such
as a sphere) will yield a two-thirds order law and a rate which
is dependent on the inverse of the square of the radius. For
“two-dimensional” particles such as rods, one obtains a
one-third order law which is easily distinguished from the
first-order law and a rate which is dependerit on the inverse
of the radius. Neither was observed.

An effective average activation energy of approximately 63
kedl is calculable from the slope of the solid line in Figure 2.
This value probably has little significance, given the complexity
of the reaction.

X-ray analysis of the starting material, however, revealed
that the unannealed powder was amorphous, whereas the
annealed material was 8-rhomobohedral boron (or 8-boron).
Thus, a comparison of these rates reveals little about the
reaction mechanism.

Correlations for the two anneal treatments (1 h at 1873 K
and 2 h at 1773 K) between anneal temperature and the rate
could not be made on the data used in Figure 2. The annealing
treatment differed in both the time and temperature. The
fourth set of runs was designed specifically to check the
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Figure 5. The dependence of the “first-order” reaction rate on
the pressure of nitrogen. These reactions of heat-treated boron
powder were performed at 1673 K. A reasonable fit is a half-
power dependence of rate on nitrogen pressure. This is consistent
with a mechanism whereby the rate-limiting step involves the dis-
sociated form of nitrogen.
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Figure 6. The relative weight gains as a function of reaction time
for powder of two different size distributions. These powders
came from the same heat treatment and were separated using a
10-um filter. The two particle size distributions are compared in
the lower right insert. A factor of ~2.5 difference would be ex-
pected in the rates if the pure topochemical mechanism applied.

correlation between the anneal treatment and the rate. Figure
4 gives the results of this set, and, with the exception of one
data point, there is an inverse correlation between annealing
time and the rate constant. However, there is no correlation
made to particle size. (The proper dependence for a geo-
metrically determined rate would have been inversely pro-
portional to the square of the size.) The explanation for the
correlation must again be attributed to the change in crys-
tallinity of the powder.

To check the half-power dependence in nitrogen pressure,
the fifth set of runs was made. Nitriding was carried out at
1673 K after a 1-h 1873 K anneal. The results of these runs
are shown in Figure 5. The best choice for the dependence
is indeed a half-power relation indicating atomic nitrogen is
involved in the rate-limiting step.

The sixth set of runs was made to specifically determine if
there was an effect of size on the rate. Table II shows the
results of the runs made with the settling bath separated
powders. Data are given in Figure 6 for the micropore
separation, since a “first-order” rate equation fit poorly. In
both cases, there is a correlation between the rate and particle
size. The dependence, however, is not strong enough for a
topochemical mechanism involving the two-thirds order law.
It will be noted that when a linear rate constant is calculated
(see Table IT) an inverse correlation appears. Calculation of

Condon et al.

Table II. Comparison of Reaction Rates Obtained from Two
Different Particle Size Powders?

“First Calculated
order” rate linear?

constant, rate,
<10% <50% <90% h! nmh™!

Upper 1.8 3.4 58 68310 31.6
Lower 2.2 4.2 7.2 6.12 X 1072 38.0

¢ Fractionation was accomplished by settling in a 3:1 ethanol-
glycerol mixture. b The calculated linear rate is from the topo-
chemical assumption using the particle size distribution found by
Coulter counter and the method outlined in the Appendix.
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Figure 7. An illustration of how a distribution of particle sizes
would make a pure topochemical mechanism (?/; order with
spherical particles) appear to follow an ideal first-order rate law.
The squares are a calculation based on an ideally uniform 5 um
diameter spherical powder; whereas, the circles are a calculation
based on a real particle size distribution shown in the insert (one
of the powders in Table II). Calculation is explained in the Ap-
pendix.

the linear rate is obtained by using the particle size distribution
and the method described in the Appendix. Results of this
calculation on one of the fractions as compared to an idealized
5 um diameter powder are shown in Figure 7. It can readily
be seen that the distribution of particle sizes tends to make
the rate appear more ideally “first order” in the remaining solid
reactant. An insufficient dependence of rate on particle size
was also observed for the micropore separated material. From
its particle size distribution, one would expect a factor of ~2.5
between the rates of reaction for these two fractions. This does
not occur,

X-Ray Analysis. The four species detected in this study by
x-ray diffraction were amorphous material, 8-boron, BN
(usually distorted with expansion in Cy parameter), and a
species designated here as B¢X. This B¢X had an x-ray pattern
similar to B¢O,’ the generally accepted® stoichiometry for
boron suboxide.

The starting material was found to be amorphous which
other investigators®~!! have indicated to be microcrystalline
a-boron. The heat-treated starting material was 5-boron with
an occasional possible minor fraction of BeX.

A summary of the x-ray results from the reacted material
is given in Table III. The BgX pattern was strongest for
material that was preheat treated to convert the starting
material to 3-boron. Oxygen analyses on those materials in
which BgX was present as an intermediate were never greater
than 1.1 wt % oxygen. This corresponds to the presence of
<5.5 wt % BgO assuming all the oxygen was present in the
form of B¢O. A standard mixture of 5.5 wt % BgO prepared
by the reaction of ZnO and B12 and 94.5 wt % BN indicated
a minor fraction of B¢O in the x-ray diffraction analysis.
Therefore, the BsX material observed as an intermediate or
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Table III. Summary of X-Ray Analysis for the Boron + Nitrogen Reaction

% reacted
Reaction (based on BN, ,)
conditions T T
: Estimate Calcd “First-order”
Pretreatment Temp, N, pres- X-ray analysis from  extrap-  rate con-
Temp, K Duration K sure, atm Majors Intermediates Minors® balance olation stant Ms™*
1479¢ 15 min 1479 1 BN B-B)(BsX) ~74 78.1 28.3
1528¢ 15 min 1538 1 BN g-B (B:X) ~66 66 120
1578¢ 12 min 1578 1 BN 8-B (B:X) ~62 61.8 152
16299 10 min 1629 1 BN 8-B (B X) ~72 75.7 41.5
16794 15 min 1679 1 BN (BsX) ~75 82.9 52.2
1730¢ 12 min 1730 1 BN ~175 75.7 113
17774 7.5 min 1777 1 BN ~73 77.6 106
1774 2h 1478 1 8-B BN ~8 b b
1773 2h 1522 1 BN 8-B (B:X) ~45 56.6 7.80
1773 2h 1573 1 BN 8-B, B{X ~56 67.4 14.6
1774 2h 1626 1 BN B, X ~71 71.4 33.0
1774 2h 1675 1 BN B, X ~65 72.9 55.3
1774 2h 1723 1 BN (B:X) ~69 72.6 83.1
1773 2h 1773 1 BN B, X ~15 79.3 67.7
1774 2h + 20 min 1774 1 BN (BsX) ~71 75.5 85.6
A T 1823 1 BN (B,X) ~76 825 66.7
+1823¢ 10 min ¢ ) ’
1873 1h 1523 1 BN 8-B, B¢ X ~43 55.0 6.15
1873 1h 1623 1 BN B, X ~63 68.3 25.7
1873 1h 1676 1 BN BX ~60 65.9 54.2
1875 1h 1723 1 BN B,X g-B ~64 68.4 66.0
1873 1h 1873 1 BN B.X ~71 83.3 65.0
1873 2h 1673 1 BN 8-B, B, X ~46 54.4 51.6
1873 4h 1673 1 BN 8-B, B, X ~38 48.3 46.4
1873 8h 1673 1 BN, B, X 8-B ~30 31.2 28.2
1873 2h 1673 1 BN B, X ~57 62.4 45.2
1873 4h 1673 1 BN B X 8-B ~44 50.5 41.7
1873 8h 1673 1 BN B,X 8B ~36 38.8 49.9
1873 1h 1675 0.75 BN B,X 4B ~51 72.5 62.6
1873 1h 1676 0.75 BN B, X 8-B ~60 65.0 56.3
1873 1h 1675 0.75 BN B, X 6-B ~33 51.1 44.1
1873 1h 1673 0.5 BN B X g-B ~53 58.2 43.2
1873 1h 1673 0.5 BN B, X (8-B) ~53 58.5 46.4
1873 1h 1675 0.5 BN B, X g-B ~42 52.8 39.0
1873 1h 1670 0.25 BN, B, X g-B ~17 22.4 31.0
1873 1h 1675 0.10 BN B,X 8B ~18 29.3 19.4

@ Not deliberate heat treated; isothermal condition established before N, admission. Time of run too short to fit for rate. € Parentheses

indicate “possibly”; i.e., the 100% peak is very faintly present.

major fraction in x-ray patterns must consist of more than just
B¢O.

There appears to be a positive correlation between the
presence of the BgX and the combination of the higher reaction
temperatures and more complete preconversion to 3-boron.
This statement assumes that the conversion to S-boron is more
‘complete when the pretreatment temperature is higher and/or
the treatment time is longer, as indicated by the electron
diffraction and microscopy study by Runow.!?

Morphology by Electron Microscopy. The 60% reacted
powder that was ultrasonically dispersed consisted of chainlike
agglomerates. These agglomerates were too thick to transmit
electrons; therefore, SAED patterns were obtained only from
the surface edges and asperities. The patterns obtained could
always be indexed as BN (with an expanded Cp parameter).
A small number of whiskers were observed separate from the
agglomerates. These whiskers were more transparent to the
electrons and yielded the B¢O-type pattern.

Shearing of a dispersion of this powder in viscous plastic
revealed the chainlike agglomerates to be friable and composed
of two phases. One phase was a very crystalline B¢X phase
and the other phase was BN having strong preferred orien-
tation. Microtomed particles, as shown in Figure 8, revealed
BeX-type particles surrounded by the highly oriented BN. DF
microscopy results showed the BN to be oriented along the
{001] direction.

The 30% reacted material also consisted of core particles
and textured BN. The SAED pattern shown in the micro-

Figure 8. A transmission electron micrograph of a microtomed
product chain. SAED pattern indicated the core particle (circled)
was B, X material, whereas, the coating was BN which had grown
in the [001] direction. '

graph of Figure 9 was typical for this material. The BN
texture orientation was parallel to the (001) plane. The BN
apparently forms a randomly oriented coat around the core
particles with BN growth along the [001] direction. The
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Figure 9. A transmission electron microéraph afd a SAED
pattern of g-boron particle that has reacted to 30% completion in
N, (1 atm and 1873 K). The SAED was from the core g-boron
particle and shows streaks in the [001] direction. The orientation
of this g-boron is the (110) plane. In (111) orientation no streaks
are present; therefore, these are rods of intensity indicative of
needlelike structures.

patterns from the core particles could be indexed as 8-boron
except for intensity streaks in the [001] direction. DF electron
microscopy showed that the streaks corresponded to sheets of
diffracted intensity from needlelike features in the corre-
sponding 3-boron crystals, These observations are consistent
with the presence of a coherent pre-precipitant phase whose
structure is similar to that of §-boron. «@-Boron or BgX
material could qualify as candidates for this needlelike
structure in the host §-boron.

Discussion

From the rates obtained, the most logical conclusion is that
the reaction mechanism is of a mixed nature. The product
layer diffusion limited mechanism is eliminated as being very
far from a correct fit. The mechanism invoking the outer
surface as rate limiting is likewise eliminated since the rate
changes during the course of the reaction. Since the rate is
weakly dependent on surface area, the most logical mix is the
topochemical and reactant phase diffusion. These reactions
could be either serial or simultaneous.

Both x-ray analysis and electron diffraction reveal a phase
BeX which, based on oxygen analysis, cannot be completely
explained as BsO. We propose that this phase is actually BsN
(this phase has been suggested by LaPlaca and Post!4) and
may be a metastable form. Furthermore, electron diffraction
analysis indicates that under partially reacted conditions a
BeN-type material may be present in the host 8-boron, and
that under more complete conditions the host material becomes
BgN.

Given this information, the following reactions may be
written:

@B - §-B o))
60-B + N = B,N (3)
oB + N— BN @)
66-B + N > B,N )
5B + N— BN (6)

B,N + 5N - 6BN @)

Condon et al.

Here N is used to emphasize that some dissociated form of
nitrogen is involved in the rate-limiting steps.

Reaction 2 is the inevitable reaction that will occur with any
unconverted material. The simultaneous reaction series would
involve reactions 3, 4, 5, and 6; whereas, the serial reaction
series involves reactions 3, 5, and 7. A modification of the
serial mechanism would assume that only «-boron-type
material can directly convert to BN. This then assumes
reactions 4, 5, and 7, with some sidetracking of a-boron
through the reactions 2, 5, and 7. A process of elimination
yields the latter mechanism as the logical choice. The next
three paragraphs summarize the logic used to eliminate the
first two mechanisms.

Proper assumptions about the reaction velocities would allow
the simultaneous series. One could assume the average overall
velocity of reaction 3 to be slow compared to reaction 4 (¥3
<« 74) to account for the observation of little or no BgN when
amorphous boron («-B) reacts with N3, The presence of BgN
and BN for the reaction with 8-boron would imply that the
average velocities of reactions 5 and 6 would be nearly equal
(vs =~ vg).

To explain why the topochemical reaction by a-boron is
slower than expected, the remaining assumption that the
velocity of reaction 4 is less than reaction 6 (34 < ¢) presents
no conflict. However, one would expect B¢N to be found
uniformly distributed through the 8-boron and BN formed
from B-boron since reaction 5 is homogeneous. The cores of
Bg¢N observed by electron microscopy and SAED indicate this
is incorrect. Therefore, the presence of reaction 7 must be
invoked.

The serial reaction series using reactions 3, 5, and 7 has a
conflict between reaction velocities. Since the reaction product
of a-boron with nitrogen is void of BgN, one must conclude
that reaction 7 is more rapid than reaction 3 (¥7 > »3). This
means that the rate-limiting step in the overall process from
a-boron to BN is reaction 3 and is purely the reactant phase
diffusion mechanism. This would imply that the overall
conversion of a-boron to BN would be slower than the con-
version of 3-boron which is not the case because the average
velocity of reaction 5 must be equal to or greater than reaction
7 (v5 = v7) to observe the BN,

The remaining mechanism (which assumes BN can form
only from either a-boron or BgN) presents no conflicts with
the experimental data. The reaction velocities are such that
reaction 4 is slower than reaction 7, and reaction 5 is equal
to or greater than reaction 7 (94 < 97 < ¥s). This explains why
the linear rate constant for the topochemical reaction with
a-boron is about 200-400 times slower than for 3-boron
conversion. Furthermore, since the direct conversion of -
boron to B¢N is not allowed, the B¢N must be formed from
a-boron by the indirect series of reactions 2 and 5. This
explains the small amount or lack of BgN in the reactions with
a-boron. Utilization of reactions 5 and 7 allows the observation
of cores of BgN in the 60% complete reaction and cores of
B-boron with B¢N in the 30% complete reaction.

Conclusion

As a result of this study, it is concluded that the reaction
of boron with nitrogen involves both topochemical and reactant
phase diffusion mechanisms. The reactions involved are:

oB + N— BN (8)
which is topochemical, and
66-B + N > B N 9)

which utilizes the reactant phase diffusion-nucleation
mechanism, and

BN + 5N -> 6BN (10)
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which is topochemical. The other minor reaction that occurs
is:
«-B—3-B (11)
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Appendix
For a weight distribution of particles with respect to radius,
F.(r), the overall weight gain curves for the topochemical and
diffusion controlled mechanisms can be derived. For the
topochemical mechanism

dx/dt=-k (A)

where x is the instantaneous distance from the center to the
reaction front. For the diffusion controlled mechanism

dx/ds = —k/(r - x) (B)
The integrated forms of A and B are '
r—x =kt for A ©)
and

r—x =+/2kt for B (D)

A parameter 7 will be used for both cases to replace kt for
eq C and (2kt)!1/2 for eq D. It will be noted that eq C and
D are valid only if r 2 7.

r—x=r7 r=T7 (E)
r=0 r<r (F)

The ratio of the weight gain of a particular partial radius at
any time, w(t,7), to the final weight gain, w(x,r) is given by

w(tn]w(e=r) =@ - x*)/r G)
for a solid or
w(r 3t 372 7 '

= - — o — forr=
wlee,y r P orr=r1 ()
w(tr)
@ =1 forr<r 1)

Thus for total weight gain wt(?) for all the particles one has
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or

w'r(t): L)+ ILT“MGI - 3_73 +T_3> a @

w T(°°) r r2 r 3

In practice F,,(r) was measured at a finite number of radii and
could thus be approximated by straight lines between mea-
surements. Therefore, let

C= OF,(riy (or) 71<r<ry) . (K)
or

and eq J may be integrated to give

wy(7). 4

B AP N+ r=r)C:+ = Cl3rln—F——

wr() W)+ = n)G Al b ' Max(#iy,7)

of1_ 1 N_o°f1L 1\
o <Z max(r,-_l,—,r)> 2(’ i (max("e—l,T))2>] ®

where 7; is the highest value bounded by 7 (r; = rimax < 7).

Registry No. BN, 10043-11-5; BgN, 59765-75-2; N3, 7727-37-9;
B, 7440-42-8.
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The polymeric ions BsOs(OH)4~, B303(OH)4~, BsOs(OH)42-, and B303F¢3~ have been identified in solution and their
regions of stability established. Comparisons of Raman spectra of the solutions with the spectra of solid reference materials
containing the same structural entities, NaBsOsg-5H,0, orthorhombic metaboric acid (HBO3)3, Na;B407-10H,0, and
Na3B3Fs03 were used to identify the ions. The charge on the polyborate ions was established on the basis of material
and ionic balances. The hydrolytic behavior of Na3B3FsO3 was established. This compound is partially depolymerized
into BF»(OH);™ ions which disproportionate into BF3OH-, F-, and H3BOs. A new synthesis for Na3B3FsO3; was developed.

Introduction

The presence of polyborate ions in solution has been es-
tablished by cryoscopic methods, nuclear magnetic resonance,
ir, conductance, pH titration, and temperature jump tech-

niques. These studies have shown that equilibrium between
polyborate species is very fast and changes in equilibrium
compositions do not take place. The most extensive work on
the subject is that of Ingril:2 who postulated, on the basis of





