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Reactions of gaseous boroxine (H3B;0;) with Op and CO have been investigated by infrared absorption techniques.

measurements indicate that the reactions
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Mechanisms of Reactions with

Kinetic

H;B3O0s(g) + 1/20:(g) = HyB:0:s(g) + 1/:B:20s(s) + 1/sBaHs(g)

and

H;B;0:(g) + CO(g) = BH;CO(g) + B:Os(s)

are first order in H3B;O; pressure and approximately zero order in O; and CO pressure.

accelerated in reaction vessels coated with B;O;(s).
vessels are proposed.

Introduction

The chemical behavior of boroxine (H;B3;0;) has been
the subject of a series of recent studies.>?® Boroxine
reacts with oxygen and carbon monoxide at room
temperature to form H.B.0s;(g) and BH;CO(g), re-
spectively. Gaseous H;B;O; should be considered a
“high-temperature’’ molecule since it is a stable product
of the thermal reaction of H, with B-B;O; mixtures
at temperatures above 1000°. The compound also is
observed as a product of an explosive reaction of
B:;H;, and O.,. At ordinary temperatures H;B3Os(g) is
thermodynamically unstable with respect to B:Hg and
B,O;. However, the gaseous compound does not de-
compose rapidly, and it may be contained in Pyrex
vessels for several minutes at a few millimeters of
pressure and room temperature. For this reason ex-
ploration of the chemical kinetics of the gaseous species
is possible. In this paper results of experimental
kinetic studies of the reaction of H;B3O5(g) with Oq(g)
and CO(g) are presented.

Experimental Section

Gaseous boroxine was prepared by the explosive oxidation of
B;Hy.t In these experiments ome should exercise the utmost in
safety precautions. Since occasionally the intensity of this explosive
reaction is high emough to fracture the reaction vessel, the appartus
should be properly shielded to prevent possible injury to the operator.
It 4s important to keep the BsHy and Oz sources well isclated from
each other to prevemt accidental mixing of these reagemts during
vacuum manipulations. Pentaborane at a pressure of 10 mm
was added to a 125-ml Pyrex bulb with attached stopcock.
The gas was frozen at —196° and oxygen was admitted directly
into the bulb in sufficient quantity to give a BsHy: O, pressure
ratio of 1:3 when the system had warmed to room temperature.
The total pressure of reactants was about 40 mm at room tem-
perature. The reaction bulb with reactants was attached to a
9-cm infrared cell with KBr windows. After the cell and the
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The rates for both reactions are

Plausible heterogeneous mechanisms for these reactions in ByOs-coated

tubing joining the cell to the reaction vessel were evacuated, the
reactants were heated to the flash point (about 60°) with a heat-
ing mantle. The reaction products were then introduced into
the cell by opening the adjoining stopcock. Infrared spectra of
the products indicated that boroxine was the only gaseous
product, aside from hydrogen. The quantity of boroxine that
entered the cell was estimated by allowing a sample to decompose
according to the stoichiometric relationship

H;3B30s(g) = 1/:B:He(g) + B2Os(s) 1

and measuring the final pressure of BoIs. The initial pressure
of H;3B30s in the cell was usually between 1.0 and 3.0 mm and the
pressure of Hy was between 30 and 40 mm.

Reagents were mixed either by adding Hs;BsO; (plus Hs) to O
or CO at a predetermined pressure in the infrared cell or by the
reverse process in which the boroxine was added to the cell
first. In the latter case O; or CO was added to the cell from a
small side arm joined to the cell with a stopcock. The gas pres-
sure in the side arm was high enough to produce a flow of gas
into the cell when the stopcock was opened. The pressure of gas
introduced into the cell was calculated from the initial and final
pressures in the side arm and the volume ratio of side arm to
cell. After the reagents were mixed, the progress of the reaction
was followed by monitoring the decrease in absorbance of the
918-cm ™! band in HsB;O; and the increase in absorbance of bonds
characteristic of the products. For H;B:0; and BII;CO ab-
sorbance, measurements were taken with the bands at 885 and
2170 cm™1, respectively. Absorbance measurements were made
with a Perkin-Elmer Model 337 grating Infracord. For some
experiments the infrared cell was conditioned by deposition of
a coating of B3Os on the inner walls. The coating which ex-
tended over the Pyrex surface and cell windows was identified
from its infrared spectrum. To prepare the cell a mixture of
B;H, + O; from the reaction bulb was first expanded into the cell.
The mixture in the bulb was then exploded by the usual proce-
dure. This caused the contents of the infrared cell to flash
leaving a B2QO; coating. Boric oxide does not absorb strongly at
918 cm ™! so the coating did not interfere with the absorbance
measurement for H3B;O3(g). Other experiments were conducted
with the same cell which had not been preconditioned with a
B;0; coating. For these experiments the cell had been treated
by washing with methanol and water.

Results
H;B;05;-O; Reaction.—Since the explosive reaction
between B;Hj and O, gives only a small yield of H;B;0;,

the initial concentrations of H;B;O; could not be ad-
justed arbitrarily in these experiments. Therefore, a
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Figure 1.—Graphical determination of rate constants for the reaction of H;B;O; with O,.

series of kinetic measurements for the H;B;Os3~O, re-
action was obtained by noting the rate of disappearance
of H3B;0;3(g) as the concentration of O, was altered.
In most cases the pressure of O, was in excess of that
required by the stoichiometry

HsBs0s(g) + /20u(g) = HaB:Os(g) +
1/3Ba0s(s) + 1/sBuHs(g) (2)
The pressure range of O, was between about 2 and 30
mm. Plots of the logarithmic dependence of boroxine
absorbance vs. time for a series of runs are illustrated
in Figure 1. The slopes of these curves indicate a
pressure dependence on H3B;O;s very close to first order.
In most cases a rapid drop in H;B30; pressure was noted
when oxygen from the side arm was first added to the
cell. This probably resulted from back diffusion of
H;B;0; into the side arm. It was noted when boroxine
from the reaction vessel was added to the cell containing
oxygen, the amount of boroxine entering the cell was
limited by the pressure of oxygen. This is expected

since the rate of diffusion of H;B;O; should be low when
its backing pressure is comparable to the pressure of
O, in the cell. For these reasons, data recorded for the
first few seconds after the gases were mixed were not
considered reliable and were not included in quantita-
tive calculations.

First-order rate constants, k;, defined by the rela-
tionship

Oln PH3B303

ot

_ 0In Anamp,
Y

=k1

were evaluated from the data indicated in Figure 1,
In this relationship it is assumed that Beer’s law may be
applied to H3BsO; at low pressures. Results in terms
of the half-life, &, = 1/k In 2, from several experi-
ments with ByOs-coated and uncoated Pyrex cells are
summarized in Table I. From the data two efiects are
apparent. The first is the marked increase in reaction
rate in B;O;-coated cells over that observed in uncoated
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Figure 2.—Graphical determination of rate constants for the reaction of HsB;Os with CO.
TABLE I H;B30s(g) -+ CO(g) = BH3sCO(g) + B20s(s) )

KINETIC DATA FOR THE REACTION OF H;3B3Os(g) WITH
OxvGeEN (T = 23°)

Order of
mixing Run Initial Po,, tiye,
Cell surface reagents sequence mm sec
BgOs coated 02 1o HaBaOa 1 4.4 27.8
2 16.1 18.7
3 7.6 27.5
4 26.8 20.5
5 14.9 21.1
Uncoated 0. to H3B30s 1 7.6 162.7
2 3.3 162.3
3 16.6 165.4
4 28.6 144.1
B0; coated H3zB;O;to O, 1 4.5 33.6
2 15.0 17.9
3 8.5 13.0
4 28.0 25.0
Uncoated H:;B;0; to O, 1 15.0 175.9
2 7.8 159.7
3 3.5 148.5
cells. The second is the insensitivity of reaction rate

on the initial pressure of oxygen.

H,B,0,-CO Reaction.—The reaction between gaseous
boroxine and carbon monoxide was studied by the same
procedure as that described for the reaction with oxy-
gen. Series of kinetic measurements were made in
ordinary Pyrex cells and in cells coated with ByOs(s).
The partial pressure of CO was in excess of that re-
quired by the stoichiometry

The dependence of reaction rate on the initial pressure
of CO is illustrated in Figure 2. Slopes of these In 4
vs. titne curves indicate the reaction is very close to first
order with respect to H;3B3O; pressure. Data taken
within the first 50 sec after the stopcock joining the
boroxine and CO sources was opened were discarded
in order to allow for back diffusion and time for gas
mixing, A summary of the kinetic results is given in
Table II. These data show that the rate of disappear-
ance of H3B30; in the reaction with CO is nearly in-
dependent of initial CO pressure and is greater in cells
coated with B.,Os; than in uncoated cells. In these
respects the reaction of H3B3O3; with CO is similar to
the reaction with O except the reaction with CO is
slower under the same conditions of pressure and surface
treatment.

Diborane was always observed as a product in these
experiments, It was essential therefore to determine
how rapidly H;B;O; decomposes in the absence of
another reactant. Absorbance measurements indicated
that the time required for decomposition of half of a
sample of H3B30; was about 60 min in uncoated cells
and about 17 min in coated cells used for the same ex-
periments with CO and O..

The stoichiometry for reaction 2 requires that

AHsBaOa = AOHsBsoa - ClAH?BZOB (5)
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and that

b 11’1 AHaBaOs _
ot B

Oln (A OHEBQOS — AHszOs)
ot

(6)

where A%,p,0, and A4°,p,0, are initial and final ab-
sorbances for H;B3;O; and H,B:O;, respectively, and €y
is a constant. Similarly for reaction 4 we may write

Amp,0, = A%,p,0, — Cidpmco (7N
and
O In Ap,s,0, _0oln (A%srco — Apmco) )
ot ot

where A%mn,co is the final absorbance for BH;CO and
(. is a constant. Checks on the rates of disappearance
of H3B;O3; were made from initial rates based on the
appearance of products. Values for A%p,0, and
A%mco first determined graphically by extrapolation

TaBLE II

KineTic Data FOR THE REAcTION OF H3B3Os(g) WITH
CarBON MONOXIDE (T = 23°)

Order of

mixing Run Initial Pco, b2,

Cell surface reagents sequence mm min
B203 coated CO to H3B3OQ 1 14.6 9.5
2 28.4 5.0
3 9.1 7.3
4 3.7 8.2
Uncoated CO to H:B30; 1 2.7 35.6
2 6.1 39.7
3 14.6 39.4
4 23.5 52.5
B.O;coated H;B;Osto CO 1 3.5 9.8
2 9.5 6.9
3 14.5 7.9
4 26.0 5.3
Uncoated H;B;05to CO 1 3.5 30.3
2 9.0 46.8
3 15.5 58.6
4 25.0 36.4

Inorganic Chemistry

of absorbance data (Figure 3) were, in turn, obtained
at 50-sec time intervals by interpolation of absorbance~
time curves. Rate data were obtained by plotting
In (4% — A) vs. time as in Figure 4. The rate constants
for the respective reactions were then compared with
the rate constants obtained previously. This compari-
son may be seen in Table III.

TaBLE III
CoMPARISON OF RATE DATA OBTAINED BY T'wo PROCEDURES
Disappearance Appearance
Initial Initial of of
Cell Po,, Pgo, H3B30s, product,
Reaction conditions mm mm t1/2, sec t1/2, sec
H:B30s-0: Uncoated 15.0 176 173¢
7.8 160 152¢
H;B30:-CO B:20s coated 3.3 589 5730 (459)°
28.4 300 2830 (238)¢

¢ Based on evaluation of 4%, qque¢ from least-squares slope of
absorbance curves (Figure 3). ? Based on evaluation of A%sy,co
from limiting slopes of absorbance curves (Figure 3).

Discussion

The catalytic nature of the B,O; surface in the re-
actions of H;B;0; with O; and CO in coated cells is
evident from the kinetic data in Tables I and II.
From the initial pressures of B;Hg and O, the quantity of
B.0O; deposited on the cell walls was calculated to be be-
tween 3 X 10™%and 6 X 10~% mole, assuming a minimum
of 1 and a maximum of 2 moles of B,O; are produced for
every mole of B;H, in the explosive reaction. The coat-
ing covered a surface with an area, calculated from the
cell dimensions, of 134.1 em? Since ByO; is produced
in these reactions with H;B3Os, firm conclusions regard-
ing the nature of the catalytic surface in runs with
“uncoated’ cells cannot be drawn. However, the near
independence of reaction rate on initial pressure of O,
or CO indicates that the reactions are occurring by a
heterogeneous path, regardless of the nature of the
active surface site. The order of mixing reagents does
not alter the rates significantly so it is unlikely that the
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Figure 3.—(a) Plot used for evaluation of A4°H,B,0,.

(b) Plot used for evaluation of 4AsH,c0.
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Figure 4.—(a) Graphical determination of rate constant for the
H:B30:-0; reaction based on appearance of HyB;O;. (b) Graph-
ical determination of rate constant for the H;B;O;—CO reaction
based on appearance of BH3;CO.,

effects are due to nonhomogeneous mixing. Conditions
with regard to the coated cells are better defined since
we know the gross composition of the surface. For
both reactions the rates in coated cells are increased by
a factor of 5 to 6 over those observed in uncoated cells
for the same initial pressures of reactants. It seems
reasonable to suspect that the active sites are present
in the surface structure of the B.O; coating.

ReacTIONS OF H;B3O; witH O anp CO 1333

On the basis of the foregoing observations, the follow-
ing mechanism for the H;B;0; -+ Oj reaction in B.O;-
coated vessels is proposed

slow
HSBBOa(g) =+ Oz(BzOs surface) —_ H2B203(g) =+ HBOz<adS)

2HBOs(ads.) —is; Oy(g) + 2HBO(ads.)
1/:BsHe(g) + BaOs(s)
fast
3HBO(ads.)

fast

H;B:Os(g)

FEarlier work has shown® that when H;B;0; reacts with
80y, the product is mostly HyB%0®0,, indicating that
the reactant Op molecule is retained in the product.
This is consistent with the first step of the proposed
mechanism. Subsequent steps in the reaction are
postulated to account for the formation of B.He and
B203(s). To lead to these products H-BO, or other
intermediates would require a structure that retained
an H-B bond. In a separate experiment a sample of
H;B;0; containing 919, 80 was allowed to react with
ordinary oxygen. Mass spectral analysis of oxygen in
the product gases indicated an enrichment in 0..
This qualitative result lends support to the inference
that oxygen is regenerated in some stage of the reaction.
No infrared spectral evidence could be found for the
formation of solid HOBO (metaboric acid) as a stable
product. Some variation in rate constants or half-life
with change of initial O; pressure is expected if the
mechanism of oxidation involves competitive absorp-
tion of the reactants. In this type of mechanism the
rate should not show a strict zero order dependence on
oxygen. The rate data (Table I) suggest that this may
be the case since the rate appears to have a maximum
when the O, pressure is between the limits indicated.

For the reaction of H;B:0:(g) and CO we propose the
rate-determining step

[H;B305(g) + CO(B;0; surface) —> BH;CO(g) + B:Os(s)

The rate is not strictly zero order in CO pressure. The
data in Table II indicate a rough trend toward a lower
half-life as the initial CO pressure is increased. This
suggests that the mechanism may depend on competi-
tive adsorption of the reactants. Half-life data from
measurements of the rate of disappearance of H;B:Os
were in agreement with values obtained from measure-
ments of the rate of appearance of BH;CO(g) only when
the value of A%mco was obtained from the initial
slope of the absorbance curves (Figure 3). The
discrepancy encountered in using A%mco values ob-
tained by least-square fitting of the data may be at-
tributed to the thermal decomposition of BH;CO
subsequent to its formation in reaction 4. It should be
noted that BH,CO produced in these experiments by
the homogeneous reaction between BsHs and CO can
be neglected® in the evaluation of rate data since this
reaction at low pressures is much slower than the
heterogeneous reaction between H;Bs;0;(g) and CO.
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