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ABSTRACT

An investigation of the explosive oxidation of tetraborane
and the partial oxidation of tetraborane was undertaken, The explosive
oxidation of tetraborane was studied in Pyrex glass bulbs of different
diameters and with the added inert gases helium and nitrogen as well
as in Pyrex glass bulbs packed with glass wool. A study of the explo-
sive reaction which occurred when lead tetraethyl was added as an
inhibitor was also undertaken in Pyrex glass bulbs., The partial oxi-
dation of tetraborane, mixtures of tetraborane and diborane, and
tetraborane and argon was studied in an infrared gas reaction cell,

The partial oxidation reaction was brought about by the controlled
slow addition of oxygen to the reactant gases contained in the infrared
reaction cell,

Mixtures of tetraborane with oxygen, and with oxygen and
inert gas were prepared at known pressures and temperatures in the
reaction bulbs; these mixtures exploded on heating. The data obtained
indicated a branching chain reaction with chain initiation in the gas
phase and chain breaking on the wall of the vessel., The entire range
of pressures and temperatures investigated shows the behavior generally
attributed to the first explosion limit of a branching chain reaction.
lead tetraethyl was found to inhibit the reaction erratically and in

some cases prevented explosion.
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The partial oxidation of tetraborane was brought about by the
slow addition of oxygen to tetraborane in the infrared gas reaction
cell, Upon admission of oxygen, a reaction occurred which produced
diborane, partial oxidation product, hydrogen and boric acid anhydride.

The main reaction can be represented by the stoichiometric equation
BaHio *+ 5 Oz = BoHg + BzHz05 + Hy

while evidence is presented that the ByH;0, slowly reacts as follows,
at the temperatures and conditio. s studied
BpH205 = B205 + Hp.

Mixtures of tetraborane and diborane to which oxygen was
slowly added reacted similarly except that the net change in the
moles of diborane in the reaction was much less than expected,

The inert gas argon had no effect on the system under the
conditions studied.

When a few millimeters of water vapor or diethyl ether were
present in tetraborane, no reaction occurred on the slow addition of
oXygen.

A proposed mechanism for the oxidation of tetraborane

follows:
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B4Hyo

BH, + 0,

0 + BgHye
BH,0 + BgHy,
B,H,0 + 0,
BoHZ0,

2 BH,
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— BH, + BH,
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-§» Destruction at surface
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PART 1.

INTRODUCTION

A, Historical Review of Tetraborane

Tetraborane was the first of the compounds of boron and hydro-
gen produced by Stock® in his classic work which extended over the
period from 1912 to 1931, It was generated by the decomposition of
magnesium boride with hydrochloric acid in the absence of air, and iso-
lsted and characterized as to its physical and chemical properties by
him and his coworkers. Since this borane is thermally quite unstable,
it received little attention from other workers, who were inclined to
work with more stable boranes which were casily stored and handled,

Tn 1952, Burg® »nd Stone investigated the reaction of tetra-
boresne with trimethyl smine and ethanol., Thev rerorted the formetion of
(CH4)aNBH, end [(C}Ia)_,N:’xBH recording to +the reaction

BeHio + (3 + x)(CHy)aN = 3 (CHy),NBH, + [(CH3)3N]xBH.
This type of reaction was also verified by Edwards® and coworkers and
Kodama® and Parry who isolated the compounds (CH;),NBH; and (CH,),lirgH,
as products of the reaction of tetraborane with trimethyl amine. Their
reported results were
BgHjo + 2 (CH;3)aN = (CH;),3NBH; + (CH;)3NBaH,
and

ByHjo + (3 + x)(CHy)sN = 3 (CHa)NBH, ¢ [(CH3)3N:'XBHo

Parry® and Edwards have explained much of the chemistry of tetraborane

on the basis of symmetrical and nonsymmetrical cleavage of the donble-

tridre bond and the behavior of borane reactive species as Lewis acids




and bases,
B4Hyo = BH; + B3H, (symmetrical cleavage)
. ' { -j
H, ,.‘ H—-P-—H )i .
RHip =» ! B P (nonsymmetrical cleavage)
LA h--P--H H’
l H !

- -

Todd® and Koski investigeted the kinetice of the exchange of
deuterium between diborane and tetraborane and found it to be complex,
The results indicate that the exchange proceeds by two different paths;
one involves two hydrogen positions in tetraborane, and the other in-
volves the remaining eight or all ten positions. The major reaction is
interpreted in terms of a rate determining reaction of BED; from diborane
with B4Hyo while the minor reaction is envisaged as a rate-determining
activation of two sites in tetraborane followed by rapid deuterium ex-
change with BzDg. Boron atoms also exchange in this system.

Shapiro’ and Weiss have investigated the alcoholysis of boron-
boron bonds in a number of the higher hydrides of boron, including
tetraborane. The overall reaction of tetraborane can be shown by the
ecurtion

FsHio + 12 FOH » Ly P(OR), + 11 H,
vhere the numter of moler o moleculsr hydrogen in excess of the number
of hydrogens in the boron hydride represent the number of boron-boron
bonds that must be broken and two ROH molecules are required for each of
these boron-boron bonds. Reaction of the isolopically labeled reagent

CzHsOD with a compound such as tetraborane shows that a deuteride is

created from the alcoholic deuterium during the breaking of a boron-boron




bond. The ethoxy group apparently attaches itself to one boron atom,
and the deuterium goes to the other boron atom, visz,,
\B-B/ + CaHgCGD -~ B-——0CgHg + DB/.
/ \ \

The thermal decomposition of tetraborane was investigated by
Pearson® and Edwards at 60°; 30°, and 100°C. They interpreted the re-
sult in terms of a kinetic order of unity with estimated rate constants
1.8 x 1075, 1,1 x 10™*, and 7.9 x 10™* sec ™ at the above temperatures,
respectively. The reaction occurred predominantly in the gas phase with
the production of diborane, pentaborane-11, hydrogen, and yellow solid
polymers, Smaller quantities of pentaborane-9, decaborane, and hexabo-
rane were also formed. These authors suggested two simultaneous paths,
both firet order, to exrlain the data thev obtained:

ByHyo = RH, + PyH;
ByHip = BHy + Hy,

The actual experimental order veried from about 0.7 t~ 1.L, #nd the csl-
culated energy of activation varied from 21,2 to 25,9 kcal/mole over the
range of 60° to 100°C.

At the present time, the utilization of the high heats of com-
bustion of the boranes has spurred large amounts of work with systems of

20 23 and deca-

diborane and air or oxygen,® *® pentaborane 9 and oxygen,
borane and oxygen;22 all these boranes are relatively stable. However
very little has been done with the reactions of the thermally unstable

boranes with oxygen, and this work was undertaken as an effort to begin

to fill this gap.




B, Properties of Tetraborane

1, Physical Properties of Tetraborane

At room temperature tetraborane is a colorless liquid or gas
having a peculiar highly disagreeable odor. Its physical properties are
difficult to determine preciselv due to its thermal instability. Table

I showr & list of some of these properties.

2. Moleculer Structure of TetrsboraneZ*

The molecular structure and data perteining to it are shown in

Figure 1.




TAPIF I.

Properties of Tetraborsne

Molecular weight®3 . . . . . . . .. .. ... .. 53.36
State at room temperature®> 20°C , . . . ... .. gas
Melting point® . ¢ . . v v v it i e e e e . -120°C
Boiling point & &+ ¢« o « o ¢ 6 o 6 6 o o 6 s o o s +16.1°C

Half life for first order decomposition of ByHjg
at 25°C (calculated from Parry end Edwards'
data’ ) L L4 o -4 ° e © © o e o ° L] * ] o © o o 0 lo © 8 hours

Vapor pressures at selected temperatures:

Vapor pressure (mm Hg) Temperature (°C)
1 -90.9
10 -6L.3
Lo -LkL.3
100 -28.1
Loo +0.8

760 +16.1




Figure 1

Molecular Structure of Tetraborane

Reference List

B - B3 = 1,845 4

B - B* = 1,75 A

B - R? = 2,786 A
/ B¥B*B? = 98°
RM = By
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PART II,

THEORY

A, Chain Reactions

1. Explosive Reactions

a. The concept of the thermal explcsion, introduced by Semenov?®
and coworkers in 1927, was the first successful attempt to systematize
explosion phenomena. The sharp transition between slow reaction and ex-
Plosion is explained as follows: Under certain conditions of tempera-
ture and pressure the resction rste reaches a critical value for which
the equality between the hest release due tn resction snd heet removal
into the surrounding medium becomes impnseible. This disruption of the
heat balance lends to self-hesting and suto-accelerstion of the rate end
is observed as an explosion., This phenomenon is represented by the

equation28

=2ln

1+ K
PCI' = KTO eXp(NRTO)

where P, . is the critical pressure,
K is a constant ;elated to the mole fractions of the reactants,
the overall order of the reaction, and the gas constant.
To is the temperature of explosion.
E is the energy of activation,
N is the overall order of the reaction.
R is the universal gas constant.
b. The concept of the brenchine chain exrlosion w2e 8leo intro-

duced bv Semenov<®

and coworkers, 1027..1929, #nd the isothermesl chrracter



of this type of explosion was subseauently proved by specisl exreriments
and celculations, A branching chain reaction can be shown by the equa-
tion

R+MaagR+M
where a is greater than unity. That is, one chain carrier (R) produces
two or more chain carriers (a R). When reactions of this type occur to
a sufficient extent that the rate of destruction of the chain carfiers is
much smaller than their rate of formation, an explosion may occur. This
phenomenon can be represented by the equaticn®®

B‘\
+ A(1 - a)

fg + fg
vhere F represents the rate of chain initiation;
fg represents the rate of destruction of the radicals at the sur-
face;
f_ represents the rate of destruction of the radicals in the pgas
vhese; -
A rerresents s function releted to the brenching chein rrocees;
a is the number of chsins formed for each chain used;
v is the velocity of the reaction.
When a is large enough so that A(l - a) is equal to or greater than
fg + fg then the velocity becames infinite. At this point, we have an
explosion limit. Branching chain reactions show three limits, and these
three limits are explained as follows: The first limit is obtained where

the rate of chain branching is equal to the rate of destruction of chain

carrier at the surface of the vessel, and occurs at low pressures where

the mean free path of the reactive species is relatively large. This

o
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limit is sensitive {; the surface area of the vessel, and the ability of
the Furface.to destroy chains, which varies with the surface material
and its treatment; The second limit is obtained when the rate of chain
branching is equal to the rete of destruction of the chain carrier in
the pas phase, and occurs at moderate pressures where diffusion of the
chain carriers to the wall is no longer important due to the short mean
free path, This limit is insensitive to surface area, the surface mate-
rial, and its treatment. Because of the insensitiveness of the second
limit to surface effects, this limit is most directly amenable to theo-
retical treatment., In a number of systems, a continued increase of
pressure results in a turning .of the explosion boundary and formation
of a third limit having a negative slope characteristic of a thermal
limit; This designation "third limit" refers to a limit that is a
kinetic consequence of reactions in the gas phase which occur predomi-
nantly on the vessel surface at the lowgr pressures of the second limit,.
Experimentally, it is difficult to distinguish between such a third
limit and & thermal limit which may intersect the =econd limit et high

prescures .27

2. Slow Reactions

The concept of the chain reaction was first introduced suc-

8

cessfully by Christiansen,2 "33 Herzfeld and Polyani in 1919 to explain

the kinetics of the hydrogen bromide reaction which had been investi-
gated by Bodenstein thirteen years previously. The proof of the tran-
p32 33

sient existence of free radicals by Panet and coworkers in 1929

and the subsequent investigation of the thermal decomposition of

B
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hydrocarbons by Rice®* and coworkers in 1932-3L showed that the thermal
decomposition of many hydrocarbons could be explained by free radical
chain reactions; This concept has been so successful in explaining slow
(nonexplosive) reactions and explosive reactions th~t its utility has
been virtu»lly accented bv #11 workers in the field of reagtion kinetice.
The frest ntility, yet eimplicity, of this concept cen be fummed un by
listing the main types of redicel reactions which mey occur in ch#in re-
actions and noting their number. The mair typesof radical reactions>®
are:

(1) Substitution reaction

Ry + RpRy = RyRy + Ry,

where Ry, Rz, Ry are atoms, free radicals, or other reactive species.

(2) Reactions of addition to a multiple bond or to an atom with
unpaired electrons or its reverse, decomposition of a radical or a reac-
tive species.

R+ Ay = A, =Ry - A

or RAy - A, = R + Ay = A,
or ﬁ)A - ﬁ, + A,

(3) Iromerization of free rsdicels.

Re-Ae-A » A—-Re-A,

These, and special carer of these genersl types, exrlein prec-

ticelly all the reactions which occur in chain type processes.
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PART IIZI,
EXPERIMENTAL PROCEDURES

A, Procedure in the Investigation

of the Explosive Oxidation of BgHjq

1., Material

a. Diborane. Diborane3®

was made by the reaction of boron tri-
fluoride ether complex with lithium aluminum hydride in diethyl ether,
The boron trifluoride ether comrlex was Baker and Adamson technical
prade; It was distilled at 90 mm He and 78°C. A clear liquid was ob-
teined as the distillation product which turned yellow brown upon
#ping. The 1lithium sluminum hvdride was obtained from Metal Hvdrides,
Inc,, 95% oure prnde; After evnthesie, the diborene wee nurified by
distillation from & -112°C tren to # <195°C trap, snd no impurity was
detected by infrared analysis.

b. Tetraborane, Tetraborane®” was synthesized by the pyrolysis of
diborane in a hot-cold tube reactor which gquantitatively converts dibo-
rane to tetraborane, The tetraborane was separated from the diborane by
distillation from a =130°C trap to a liquid nitrogen trap at -195°C,

The tetraborane was separated from higher hydrides by distillation from
a -78°C trap to a liquid nitrogen trap at -195°C. Final traces of dibo-
rane were removed by holding the tetraborane 1n a trap at -130°C and

opening it to the vacuum pumps.

c. Oxygen, Oxygen, 99.5% pure, manufacturer's analivsis, was ob-

tained from Linde Air Products. The oxypen wes liquefied in a trap by
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liquid nitrogen. The first third was pumped off, the second third was
expanded into an oxygen storage vessel for later use, the third part was

pumped off,

d. Lead tetraethyl. Lead tetraethyl was obtained from the Ethyl
Corporation of Detroit, Michjgan; It was distilled under its own vapor
pressure of sbout O;SO mm He from » trap at room temperature to a -195°C
prnp; A clear heavy liquid was obtesined which turned yvellow.orange upon
aging.

e; Nitrogen. Nitrogen, 99.5% pure, manufacturer's anelysis, was
obteined from Linde Air Products. It was used directly from the tank
without further purification.

f. Helium, Helium, 99.8% pure, manufacturer's analysis, was ob-
tained from the Matheson Company. It was used directly from the tank

without further purification.

2, Apparatus

a, Diborane synthesis system. The apparatus used in the synthe-

sis of diborane is illustrated in Figure 2, The reaction system was
demruntable and was assembled each time diborane was made, Attachment

to the vacuum line was made by 2 pround-glass, ball-joint connection;

The resction veseel, » three-liter, three.necked flaesk, wee atirred
m»rneticnlly; Thirty-cix millilitere of toron trifluoride ether complex
were diluted to 100 ml with diethyl ether and placed in & dropping fun;
nel which fitted into one neck of the reaction flask. One hundred milli-

liters of ether were added to the reaction flask, and six grams of

lithium aluminum hydride were added to the flask and stirred to dissolve




Figure 2
Diborane Synthesis Apparatus and Degassing

System for Explosion Limit Bulbs

Reference list
A - Silicone 0il Baths
B - Traps for Condensation of BzHg
C - Reactor
D ~ Dewar Drv Ice Trer to Remove Ether
E < Drorping Funnel
F - Nitrogen Inlet
G - Ground Joints for Reaction Bulbs
H - Nitrogen Outlet

J = Closed-end Manometer

K - Three-liter Storage Bulb

13
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it in the ether, The reaction vesrel was swept with dry nitroren during
the entire course of the resction., Boron trifluoride ether complex was
admitted from the dropping funnel at such a rate that complete addition
was effected in two hours., The product gas and nitrogen were swept past
& cold trap at -78°C which returned the ether to the system but allowed
the diborane and nitrogen to pass through. The diborane was condensed
in traps maintained at -195°C and the nitrogen was vented through a one-
way mercury valve, The diborane was purified by distillation from a

~112°C trap to a -195°C trap,

b,. Tetraborane synthesis system. The apparatus used in the syn-
thesis of tetraborane is illustrated in Figgre 3, After the diborane
was prepared, it was purified by fractional condensation from a -112°C
to » .195°C trap. Sufficient diborane was distilled into the tetrabo-
rene synthesis reesctor to maintein the vapor pressure of diborane »at
-78°C. The inner tube of the reactor was filled with ethyvlene rlycol,
and the temperature was sdjusted to 120°C by means of » gquertz immersion
heater., The bath was stirred continually. The liquid nitrogen basth
around the outer wall of the reactor was removed and a Dry Ice bath at
-78°C was placed around it, The pressure in the reactor was monitored
by means of a blowout manometer. The pressure rose to 1,400 mm Hg
faeirly rapidly and then more slowly to 1,700 mm Hg where it slowed ab-
ruptly. The Dry Ice bath was removed, a liquid nitrogen bath was re-
placed around the outside, and the noncondensable gases were pumped off.,
This procedurs was repeated three times in order to obtain sufficient

tetraborane, The reaction may be represented by the equation

2 BgHa b d B4H)° + Hz,
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Figure 3

Tetraborane Synthesis Apparatus

Reference List
12/30 Ground Gleee Male Joint
Condensation Trap
Tetraborane Synthesis Reactor with Inner Area
Filled with Ethylene Glycol and Outer Area
Surrounded with Dry Ice Slush
Stirrer
Thermocouple Wires Comnected to Recording
Potentiometer
Spring Backed Stopcock
Open-end Blowout Manometer
Closed-end Manometer

Vent to Atmosphere

Three.liter Storage Vessel

Dry Ice Slush
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After the reaction was camplete, the hydrogen (a noncondensable gas)

was removed as before; and the tetraborane was separated from the dibo-
rane by distillation from the reaction vessel at -130°C to a -195°C
trlp; The vapor pressure of diborane at -130°C is LO mm Hg; tetraborane
is = solid; After the diborane was removed, the Drv Ice bsth was placed
arovnd the ocutside of the remction vessel, and the tetrsborene was sepa-
reted from any higher hydrides formed; Spot checks showed 1little higher
hydride formed, the reaction being quite clean under these conditions.

A yield of about 0.08 grams was obtained each time tetraborane was made.
The tetraborane was checked for purity by infrared analysis., The main
impurity was small traces of diborane which were removed by pumping at
-130°C, The tetraborane was distilled from the synthesis apparatus into
a Stock trap and was stored under liquid nitrogen until it was to be

used,

c. Infrared spectroscopic system., Gas analysis was done almest

entirely by infrared spectroscopy. The spectra were obtained with a
Perkin-Elmer Model 21 recording spectrophotometer, The gases were con-
tained in a brass reaction cell with sodium chloride windows, provided
with & manometer, and with sn oxyvren inlet sttachment, described by
Hammond®? #nd Goldstein,’° for slow oxidation stvdjes; The =ndium chlo;
ride windowr were made sirtirfht by O.ring inserts between the windows
and window holders, and small metal Hoke bellows valves were mounted on
the arm through which the cell was evacuated prior to gas loading.

d. Degassing apparatus. The degassing system, also shown in

Figure 2, was part of the system used for diborane synthesis, The reac-

tion bulbs were placed in the silicone oil bath., the temperature was
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raised to 110°C and the bulb pressures were kept at 1 x 10~* mm Hg for

twenty-four hours.

e. Bulb loading apparatus. The bulbs were loaded with tetraborane
and oxygen on the vacuum system shown in Figure L. The bulbs were trans-
ferred from the degassing system, two at a time, and pressures were low-
ered to 1 x 10°% mm Hg prior to loading with the reaction mixture.

f. Explosion limit apparatus. In explosion limit studies, bulbs

containing the mixture of tetraborane and oxygen were placed in an ice-
water bath at 0°C, The bath was heated by means of a Variac conﬁected
with a heating coil, and & rate of heating of two degrees/minute was
obtained with the Variac at 120 volts, The bath was stirred automati-
celly while being heated, and # thermometer was mounted so %hat its bulb
extended to & level eausl to that of the reaction bulb; The temmera-
tures of the explosions were noted visuslly, end the pressures of explo
sions were calculated by the gas law.

g. Construction of reaction bulb. Reaction bulbs of 6.8 cm diam-

eter and 4.0 cm diameter were used., FKeaction bulbs were made from Pyrex
glass distilling flasks after removal of the side arm and neck, A piece
of 8-mm-0,D., tubing was attachea with a L mm bore stopcock and 1L/35
ground-glass joint. In the L.0 cm diameter reaction bulbs, capillary
tubing was substituted for the 8-mm-0.D, tubing. After construction,

the bulbs were annealed for twenty-four hours prior to use.

3, Procedure,

a, Preparation cf reaction bulbs. Before each use, reaction bulbs

were washed three times with from fifteen to twentv-five ml of methanol,




Vacuum System for Loading Explosion Bulbs and Infrared Cell
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Figure

Reference List
Mercury Diffusion Pump
Condensation Trap
Three-liter Storage Vessel
Ground Glass Joints for Connection to Vacuum System
Bypass Trap to Condense out Borane Gases
‘Vacuuﬁ Manometer
Joints for Attachment of Explosion Bulbs
Attnchment to McLeod Ganpe
Attachment to Open.end Menometer

To Vacuum Pump
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and the washings were discarded. 'This removed nearly all trsces of
solid product from prior explosions. Occasionelly the methanol was
heated to remove stubborn treces of explosion products. After washing,
the bulbs were then degassed as previously described. Bulbs of 6.8-cm
diameter, in which Pyrex glass wool was placed, were broken at the stem-
bulb junction, rinsed three times as explained above, packed with 35-U45
grams of glass wool, rejoined, rinsed with a fourth washing of methanol,
and degassed as explained before.

b, Preparation of reaction mixtures., Mixtures of tetraborane and

oxygen ecould not be prepared by regular mixing techniques due to the low
explosion limits and the rapid decomposition of tetrabcrane at room tem:
perature, Even preparation of large amounts of these mixtures at low
temperafﬁre was not feasible due to the small amounts (0.08 gr) of tetra-
borane which were synthesized and siored. In view of the inherent diffi-
culties presented, a method was sdopted which, although it brought a
larrer error into the system, mede nn=sible » safe and convenient method
of mixing tetraborane and oxygen; After the reaction bult wee depesrced,
transferred to the bulb-loading apparatus, and pumped out to & pressure
of 1.0°° mm Hg, tetraborane which had been previously frozen out in a

trap connected to the system by a stopcock was vaporized at roam temper-
ature into the system and bulb until its desired partial pressure was
obtained, This pressure was read on a Gaertner Scientific cathetometer,
with a sensitivity of +£0.1 mm Hg., The tetraborane was then frozen out

in the reaction bulb by completely immersing it in a Dewar of liquid

nitrogen, With the reaction bulb at -195°C, oxygen of desired partial

pressure was added to the bulb in such guantity that upon warming to
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room temperature, the ratio of O to BJHyg was 5.5. Any error in meas-
uring theloxygen pressure was multiplied by a factor, 599$§§§EE&, or
about four. Also, it was very difficult to adjust the oxygen pressure
to the desired value of exactly five and one-half times the tetraborane

pressure,

C. Explosive reaction. After the bulb was loaded with tetrabo-

rane and oxygen, it was removed from the vacuum system while still in
the liquid nitrogen Dewar; It was then transferred to the ice-water
bath at 0°C #nd allowed to warm to thie temperature for five mjnutes;
During this time, the tetrsborsne wonld vaporize into the oxyren; If
no explosion was observed after five minutes, the bulb was heated at

a rate of two degrees per minute until explosion occurred. If no explo-
sion occurred when room temperature was reached, the bulb was immedi-
ately transferred to a silicone oil bath and heated at four degrees per
mimite until explosion occurred. Explosion was easily noted by a sharp
crack and flash of light, When the inhibitor, lead tetraethyl, was
added to the reaction bulb, a known pressure of 1nhibitor was expanded
into a known volume, and then condensed into the bulb with the liquid
nitrogen Dewar around the bulb., The inhibitor was added after the

tetraborane but before the oxygen.

B. Procedure 1in the Investigation of

the Pertisl] Oxidetion* of Tetraborane

*(Thr-ughout thies entire psper the term nartiel oxidetion ie
ueed to memn the oxidetion cerried ont in the infrared cell by the con-
trolled sdmission of oxyren to tetreborane under the conditions eneci-
fied.)
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1, Material

Diborane, tetraborane and oxygen were obtained by the same
method as was used in the explosive oxidation studies. Argon, 99.7%
pure, manufacturer's analysis, was obtained from Linde Air Products.

It was used directly from the tank without further purification.

2. Apparatus

The diborane synthesis system and tetraborane synthesis system
were the same as were used in the explosive oxidation studies. The in-
frared spectroscopic system used in the partial oxidation investigation
was similar to that used during the explosive oxidation. However, the
attachment of an oxygen reservoir and a microcapillary leak port allowed
oxygen to be slowly admitted to the tetraborane in the gas cell at a
known rate. This rate could be veried by changing the pressure of oxv-
gen in the oxygen reservoir,

Mass spectra were obtained using & Model 21-.6-20 Consolidated
Electrodynamics Corporation mass spectrometer with a modified d.c. ampli-

fier circuit for greater sensitivity.

3., Procedure

a, Determination of absorbance coefficients,

(1) Tetraborane of greater than 95% purity was condensed into
the infrared gas reaction cell. Its pressure was measured by the mercury
manometer attached to the cell, and an infrared spectrum was obtained.
Then, progressively larger amounts of tetraborane were condensed into

the trap attached to the cell and another spectrum was taken for each

decrement of pressure, Infrared spectra of known mixtures of tetraborane
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end diborane, and tetratorane and ergon, were also obtained st known
total and partial pressures for each constituent. The peak at L.65
microns (2,150 cm™) was used to identify tetraborane. No pressure
broadening was observed, No interference by other reactants or products
was observed at this peak, and a plot of absorbance versus pressure in
mm Hg gave a straight line, Figure 5. Thus, the partial pressure of
tetraborane in the cell could be obtained at any time from absorbance
measurement ,

(2) Diborane was condensed into the infrared gas reaction
cell, and the same procedure used for tetraborane was followed. Infra-
red sbsorption spectra were also determined for mixtures of diborane and
tetraborene, and diborane and oxveen., Pressure broadening at all peaks
was observed except at 5,20 microne (1,800 cm™) vhere tetrrborsne sleo
absorbs verv weakly; Thus two curves for absorbance at 5.20 microne
were prepared, one for tetraborane asnd one for diborane. If the tetra-
borane partial pressure was independently known, its absorbance contri-
bution could be subtracted from the total absorbance at 5.30 microns to
obtain that of the diborane and the partial pressure of diborane could
be obtained at any time, as shown in Figure 6, A4s the tetraborane was
consumed during the reaction, this correction for tetraborane became
progressively smaller so that by the time the reaction was three-fourths
complete, the tetraborane absorbance contribution at 5.30 microns was
negligible relative to that of diborane which was formed as a product.

(3) Partial oxidation product, Absorbance cnefficients for

thie compound were obtained from the independent work of both Hammond**

end Shapiro.®” These valnes at 11.°5 microns (882 em™) were in virtual
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Figure 5
Infrared Absorbance vs Pressure Curve for Tetraborane

at 1,65 u (2150 em™?) in 9 em Path Length
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Figure 6

Infrared Absorbance vs Pressure Curves for Tetraborane

and Diborane at 5.30 p (1890 ecm ™) in 9 cm Path length
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agreement and therefore a curve of absorbance versus pressure of partial
oxidation product at 11.35 microns was constructed from them, as shown
in Figure 7.

(L) Boric acid anhydride. The presence of the solid product,

boric acid anhydride, was qualitatively identified by comparison of its
known spectrum21 with the solid deposited on the walls and windows of
the gas reaction cell. No quantitative estimate of the amount of this
c0lid was made by absorbance methods.

(5) Absorbence coefficiente for each infrared sctive pas were

comprted using the form

A = abp
where A = absorbance measured
a = absorbance coefficient
b = path length of reaction cell in cm
p = pressure of gas measured in mm Hg.

These coefficients are shcwn in Table II1.

b. Calibration of infrared reaction cell. The infrared spgctro-
scopic gas reacﬁion cell could be manipulated so that a known rate of
flow of oxygen was delivered initially., Known pressures of pure oxygen
were expanded iﬁto the oxygen reservoir of the gas reaction cell, gener-
ally from 250 to 300 mm Hg; known pressures of air were allowed to enter
the cell itself, usually from 15 to 5 mm Hg; the stopcock separating
the two perts of the cell wess opened 2nd the oxveer was sllowed to leak
or flow elowly into the resction cell iteelf, since there vae # prese:re

difference of 220-285 mm Hg. The change in pressure versue time ~ver s

finite time interval could be obtained. Pressures were measured on the
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Figure 7

Infrared Absorbance vs Pressure Curve for Partial Oxidation

Product at 11.35 u (382 cm™) in 9 em Path Length
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TABLE II.

Absorbance Coefficients for Gamers (Tetraborsne,

Diborsne and Psrtial Oxidstion Product)

I

Gas Wave Length, microns [Absorbance Coefficient, a*
B¢Hio L .65 3,12 x 10

BgHio 5.3 1,48 x 10

Balg 5.3 6.7 x 10

BaHo04 11.35 6.2 x 10

#The absorbance coefficient, a, has units: (total
absorbance) (cm path length)™® (mm Hg pressure)~>.

27
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.mercury manometer attached to the gas reaction cell. Thus, by using a

known pressure of oxygen in the oxygen reservoir, and starting initially

with 15-35 mm of tetraborane, a known rate of admission of oxygen to
tetraborane could be obtained. Due to the relatively large pressure
difference between oxygen and tetraborane, the rate of admission of oxy-
gen to tetraborane was always linear for the first ten minutes. Rates

of oxygen admission used varied from 0,60 % , (3.2 x 1078 _%;&e_) to

cm min
2,2 ML, ( 1,2 x 1075 —g‘&L‘L)
min " em” min

c. Preparation of reactents,

(1) Tetraborane and oxygen. The oxygen reservoir on the in-
frared gas reaction cell was attached to the vacuw: rack by means of a
flexible piece of Tygon tubing with appropriate ground-glass joints in
each end and was evacuated to 1 x 10™* mm Hg. Oxygen of desired pres-
sure was then expanded into the oxygen reservoir of the gas reaction
cell, The tubing was removed from the oxygen resevoir and comnected to
the brass cell itself through the approoriate metal joint. The cell and
vacuum rack were evacuated to 1 x 10~* mm Hg and tetraborane of known
pressure was expanded into the metal cell and frozen out in the small
attached trap., Prior to the admission of oxygen, and after infrared ab-
sorption was measured in the ubsence of amy gases, the tetraborane was
vaporiged into the gas reaction cell. 7Ten minutes were allowed for this
vaporization.

(2) Tetraborane, diborane =nd oxygen. The oxygen was ex.

panded into the oxygen reservoir as explained in (1). The metal cell

was connected to the vacuum rack as was done for tetraborane, the cell
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was evacuated to 1 x 10™* mm He, and diborane of known prescure was ad-
mitted to the cell, The diborane was condensed into the trap attached
to the metal cell and this trap was cut off from the cell by means of a
Hoke bellows valve, Tetraborane was then admitted to the cell, its
appr.-ximate pressure was read on the manometer, and it was condensed
into the same trap as the diborane. When the gas reaction cell was
placed on the spectrophotometer, an infrared absorption curve was re-
corded in the absence of gases, and the two reactants were allowed to
diffuse into the cell itself. Ten minutes were allowed for diffusion
equilibrium as estimated from Einstein's law. When this equilibrium was
established, the total pressure of the gases was measured on the at-
tached mercury manometer, Since the pressure of diborane had been care-
fully measured previously, the partial pressure of tetraborane was
obtrined by difference. Presrures mescured were slwave commered with
pressures calculated by absorbence coefficients and agreed to £1 mm Hg.

(3) Tetraborane, argon and oxygen. The oxygen was expanded

into the oxygen reservoir as explained in (1). The metal cell was again
connected to the vacuum rack, and the cell was evacuated to 1 x 10™* mm
Hg. Tetraborane of known pressure was admitted to the gas reaction cell
and then condensed into the trap., The trap was cut off from the cell by
means of the Hoke bellows valve, and argon of approximately the desired
pressure was admitted to the cell, When the gas reaction cell was
placed on the infrared spectrophotometer, an infrared absorption curve
was taken with argon in the cell, Argon is infrared inactive. Tetra-
borane was allowed to diffuse into the argon for ten minutes and the

total pressure was measured on the mercury manometer. The pressure of

-
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argon was computed by subtracting the pressure éf tetraborane from
the total pressure,

d, Partial oxidation reaction. After scanning in the absence of

gases or in the presence of argon, diffusion of the gas or gases from
the trap into the cell was allowed to take place. The infrared spectrum
vas then taken of the gas or paseous mixture prior to the admieeion of
oxyren through the lesk cell spparatus. Thie pave the partisl pressrures
of the gases at time zero, Then the stopcock connecting the oxygen
reservoir to the gas reaction cell was opened and oxygen was admitted

to the tetraborane or mixture of gases at a known rate; an immediate
reaction ensued, The pen and chart drive were started and continuous
scans from 2 to 15 microns were made until the reaction ceased., Tctal
pressure was measured at two-minute intervals for the first twenty min-
utes and thereafter at five-minute intervals, Absorbance and time val-
ues at 4,65 microns, 5,30 microns and 11,35 microns were recorded each
time the speqtrophotometer scanned across a desired peak. Generally the
reaction ceased after about thirty mimutes, although oxygen and tetra-

borane were still present. Temperature of the reactants was measured

to £0.1°C and held constant through the course of the reaction.
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PART IV,
EXPERIMENTAL RESULTS

A, Results in the Investigation of the

Explosive Oxidation of Tetraborane

The explosion limite of mixtures of tetraborane and oxygen in
the rrtio of 1 to 5%/, were investipeted in 6.8 cm dismeter bulbe, L. O-cm
dismeter bulbs, and 6.8 cm dismeter bulbs packed with gless wool. Mix-
tures of tetraborane, oxygen and nitrogen, and tetraborane, oxygen and
helium in the ratios 1 to 5§ 1/2 to 5 ‘/2 were investigated in 6.8 cm diam-
eter bulbs, Pressures of tetraborane were measured at roam temperature.
Pressures of oxygen or oxygen and inert gas were measured and adjusted
at 78°K so that upon warming to room temperature the pressure ratio of
tetraborane to oxygen would be 1 to 5’/2, When an inert gas such as
helium or nitrogen was to be added, mixtures of these in a one to one
ratio with oxygen were prepared at room temperature and measured as pre-
viously described. Explosion pressures were calculated from the temper-
ature of explosion assuming no reaction prior to explosion and ideal gas
behavior. The pressures of tetrasborane which were measured at room tem-
peratures were adjusted to give pressures at 25°C for convenience in
internretation of the dets shown in the tables. Presrures of oxvren are
not given in the tables but csn be computed from the pressure ratios
shown for each set of data.

Results of the experiments are recorded in Tables III through

VII and Figures 8 through 13 which follow, The figures, in graphical

form, show the explosion points observed and a shaded area as the region




TABLE III.

Explosion Data for Tetraborane-Oxygen Mixtures in the Ratio

1 to 5%, in 6.6 cm Diameter Bulbs

32

Serial (Temp, Explosion|Pressure Explosion|Pressure BiH;q ' Ca

No. °C mm Hg m Hg, 25° Ratio g
1 33.0 2,8 3.5 5.9

2 35,0 11,6 1.6 5.9

3 38,0 19.3 3.0 5.2

L 38,0 16,9 2,5 5.5
5 39.0 L5.3 6.8 5.h

6 37.0 | L1.7 6.1 5.6

7 11.0 ! 2.6 5.0 5.k

8 32,0 .7 5.3 5.5

9 16,2 50,0 8.1 5.5
10 27,0 L9.7 7.5 5.6
11 28.0 59,1 9.2 5.
12 26,0 52,6 8.2 S.l
13 35.0 28,3 Lok 5.3




TABLE IV,

Explosion Data for Tetraborane-Oxygen Mixtures in the Ratio

1 to 5%/, in 4.0 cm Diameter Bulbs

R,

33

!

Seriel |Temp. Explosion|Preeeure Ex~losion|Pressure B,H;q 0a
Ratio
B4H1°

No. °C mm Hep mm Hg, 25°C
VA Lh.o 56.3 7.9 5.7
15 L3.0 52.4 7.9 5.3
16 L6.0 21.9 3.2 5.l
17 Lo.o 35.6 5.2 5.7
18 39.0 Lé6.0 6.5 5.7
19 L1.5 3k.9 L.8 5.8
20 39.0 Lk.0 6.7 5.3
21 L9.5 21,1 3.2 5.1




TABLE V,

Explosion Data for Tetraborane-Oxygen Mixtures in the Retio

1 to 5%, in 6.3 cm Dismeter Bulbs Packed with Glass Wool

Serial |Temp, Explosion|Pressure Explosion|Pressure BgH,q Rati 0z
No. °C mm Hg mm Hg, 25°C ° BHizo
22 62.0 3L.2 L.9 5.3
23 55.5 Lo.5 5.6 5.6
2l 71.0 20.4L 2.6 5.8
25 55.5 56.6 7.8 5.6
26 69.0 27.7 3.9 5.2
27 52.0 55.1 7.5 5.7
28 54.5 68.0 9.2 5.7
23 57.0 54,0 7.2 5.8
30 65.0 L8.6 6.2 5.7




TABLE VI,
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Explosion Data for Tetraborane-Oxygen-Helium Mixtures in the Ratio

1 to 5°/5 to 5%/2 in 6.8 cm Dismeter Bulbs

Serial

Temp. Explosion

Pressure Explosion

Pressure BgHjzq

Ratio —2
No. °C mm Hg m Hg, 25°C Paltao
31 1.0 58,0 9.5 5.7
32 11,0 L3.0 7.0 5.5
33 9.0 22.8 3.7 5.6
3k 17.0 38.3 5.9 5.7
35 20.0 16.1 2;6 5.3
36 19.0 17.7 2.7 5.7




TABLE VII,

36

Explosion Data for Tetraborane-Oxygen-Nitrogen Mixtures in the Ratio

1 to 5%/ to 5%/> in 6.8 cm Diameter Bulbs

Serial |[Temp. Explosion|Pressure Explosion|Pressure B.H;, 0a
Ratio s
BeHj30
No. °C mm Hg mnm Hg, 25°C
37 23,0 32,0 4.9 5.6
38 19.0 26,0 3.9 5.7
39 21,5 L0.0 6.0 5.7
Lo 19.0 L5.0 7.1 5.5
L1 36.0 1.8 2.4 5.0
L2 34.0 20,2 3.0 5.6
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Figure 8

Explosion Region for Tetraborane-Oxygen Mixtures

in the Ratio 1 to 5%/, in 6,8 cm Diameter Bulbs
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Figure 9

Explosion Region for Tetraborane-Oxygen Mixtures

in the Ratio 1 to 5%/ in 4.0 cm Diameter Bulbs
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Figure 10
Explosion Region for Tetraborane-Oxygen Mixtures

in the Ratio 1 to 5%/, in 6.8 cm Diameter Bulbs

Packed with GClass Wool




®
O

o
e o
€
€
?g‘ 60—
7 EXPLOSION
(7)) o ‘
W)
(1
[+
(1Y ]
(1 4
P40
x
3 NO o
- EXPLOSION
2
o
-
20 o
45 55 65 75

TEMPERATURE, degrees C.




Lo

Figure 11
Explosion Region for Tetraborane-Oxygen-Helium Mixtures

in the Ratio I to 5%/, to 5%/ in 6.8 cm Diameter Bulbs

(Figure follows page Ll.)
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Figure 12

Explosion Region for Tetraborane-Oqugen-Nitrogen Mixtures

in the Ratio 1 to 5 /, to 5 /2 in 6,8 cm Diameser Bulbs
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Figure 13
Composite of Explosion Region Data

Using Mean Lines of Explosion
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of explosion since the explosion limits were not reproducible within the
limits of error of pressure, temperature, and mixture composition.
Through the middle of each shaded area can be drawn a mean line of ex-
plosion, and this mean line is shown on the caomposite figure of the ex-
plosion data, |

The reaction which occurred when the inhibitor lead tetraethyl
was added to the mixture was surprising since in a number of cases no
explosion was observed, only slow reaction, Table VIII shows this with
appropriate observations pertaining to the slow reaction. This slow
reaction in the Pyrex bulb was never observed in the absence of the in-

hibitor lead tetraethyl.

B. Results in the Investipation of the

Pertisl Oxidetion of Tetraborene

1. Slow Addition of Oxygen to Tetraborane

Slow addition of oxygen to tetraborane resulted in the immedi-
ate reaction of both tetraborane and oxygen with the production of par-
tial oxidation product, diborane, hydrogen and boric acid anhydride as
shown in Figures 1L through 19. The presence of tetraborane, diborane,
and partial oxidation product were confirmed by the infrared spectra,
Figure 20, The presence of hydrogen and unreacted oxygen at the conclu-~
sion of the reaction, as well as the presence of some unreacted tetra-
borane, the products, diborane and partial oxidation product, were confirmed
by the introduction of a portion of the reaction mixture into the mass

spectrometer, Table IX. The presence of boric acid anhvdride was con-

firmed by the comparison of the infrared spectrum of the solid dorcsited

B
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Figure 14

Partial Oxidation Reaction of

Tetraborane with (Qxygen
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Figure 15

Partial Oxidation Reaction of

Tetraborane with Oxygen
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Figure 16

Partial Oxidation Reaction of

Tetraborane with Oxygen
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Figure 17

Partial Oxidation Reaction of

Tetraborane with Oxygen
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Figure 18

Partial Oxidetion Reaction of

Tetraborsne with Oxygen
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Figure 19

Partial Oxidation Reaction of

Tetraborane with Oxygen
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Figure 20

Represenative Infrared Spectra of Pure Tetraborane

and Tetraborane-Oxygen Reaction Mixture
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TABLE IX,

Mass.Intensity Data for Tetraborsne.

Oxygen Reaction System

Intensity Intensity
n/e x 10% m/e x 10°
*2 174 L3 U
18 _ 6 Lk o
22 6 L5 10
23 26 Lé 12
2l 52 L7 20
25 32 L8 25
26 L %9 | 27
*27 56 50 ! 26
28 27 51 5
*32 120 52 2
33 1 69 2
3L 3 70 8
35 6 *71 16
36 7 72 5
37 2
38 2
L2 1

*Peaks and /or associated patterns indicate presence of
hydrogen, diborane, oxygen, tetraborane and partial
oxidation product. -
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on the cell windows with the spectrum of a known sample of boric acid
anhydride,

The immediate reaction of oxygen on its admission to the
tetraborane was demonstrated by stopping the flow of oxygen after a
few minutes and observation of any change in pressure and absorbance
of reactants and products for ten minutes. No change was noted. The
oxygen was again allowed to flow into the tetraborane for a minute and
apein the flow was stopped. Observation of the pressure and scenning
of the infrared spectrum rhowed no change for ten mimtes when the
oxyren flow was cut off, Also, the experimental total pressd}é was
checked against total pressure calculated from absorbance data at
t,/4, the time when one-fourth of the tetraborane was consumed,
assuming that all oxygen was used, and that one mole of hydrogen was
produced for each mole of tetraborane used. This is shown in Table X.
A comparison of the last two columns shows that within experimental
error the calculated pressure agrees with observed pressure indicating
the assumptions were plausible.

2, Slow Addition of Oxygen to a Mixture of Tetraborane and Diborane

Slow addition of oxygen to a gaseous mixture of tetraborane
and diborane resulted in the consumption of both tetraborane and oxygen
and the production of diborane, partial oxidation product, hydrogen,
and boric acid anhydride. However, the net change in the moles of
diborsne per mole of tetraborane used at anv time, wee much less than
was found when oxygen was added to pure tetraborane; while the amount

of partisl oxidation product formed per mole of tetraborane used was

virtually unchanged; see Figures 21 and 22,

B




TABLE X,

Comparison of Totel Presrure Bared upon Infrared Abesorbsnce

with Total Pressure Obtained Manometrically, at t;/,

Pressure of Gases, mm Hg

Total Pressure, mm Hg

Calculated [Manmmetric

Serial | ByHyo | BeHyo | BzHg BpHz05| Hz* |Spectrometric| Pressure

No. |Initial{at t,/4|at ty/qat ty/qlat 33 /4| Pressure, Measured

~ mm Hg +] mm Hg
Sk 27 20 9 8 7 LL L3
55 23 17 L 6 6 33 31
56 23 17 8 5 6 36 37
57 23 17 6 6 6 35 37
58 28 21 12 6 7 L6 L
59 22 16 7 7 6 36 3L
60 2L 18 7 7 6 38 36
61 a 16 5 5 5 1 29
62 18 13 5 5 5 28 26
63 ) 10 2 5 L 21 20

mole of BiHjo consumed.

$Estimated on the assumption of one mole of H; formed per

ta/, is the time required for one-fourth of the tetraborane to
react while oxygen was added at a constant rate.

All pressures have been corrected to a temperature of 23.0°C.

Pressures of BHjyo, BgHg and ByHp0, are from infrared absorb-
ance measurements,
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Figure 21

Partial Oxidation Reaction of Premixed Dibiorane

and Tetraborane with Oxygen
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Figure 22

Partial Oxidation Reaction of Premixed Diborane

and Tetraborane with Oxygen
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3. Slow Addition of Oxygen to a Mixture of Tetraborane and Argon

Slow addition of oxygen to a gaseous mixture of tetraborane
and argon resulted in immediate reaction of both tetraborane and
oxygen and the production of diborane, partial oxidation product,
hydrogen and btoric acid anhydride. The number of moles of diborane
formed and the number of molee of partial oxidation product formed at
half time showed no significant difference from the data obtained for
the reaction of tetraborane and oxygen without any added gas, see

Figure 23.

L. Inhibition of the Reaction by Additives

The reaction of tetraborane on slow addition of oxygen was

either inhibited or prevented when 1-2 mm of water vapor and diethyl

ether were added to the original tetraborane.

57
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Figure 23

Partial Oxidation Reaction of Premixed Argon

and Tetraborane with Oxygen
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PART V,
DISCUSSION

A, Discussion of Results of Explosive Reaction

(Developments in the theory by Semenov have

influenced the interpretation of the data.>®)

1, Chain Initiation and Termination

The data from Figures 8 through 12, respectively, show a net
result of chain initiation in the gas phase and chain breaking at the
wall, In the L.0 cm diameter bulbs, the mean line of explosion tempera-
tures are raised by five to nineteen degrees Centigrade over those in
a 6.8 em diameter bulb; see Figure 13. This may be explained by a change
in the surface to volume ratio from 5%; to % in poing from 6.8 cm diem.
eter bulbe to L.O cm dismeter bulbe, As the effect of surfsce chein
breaking becomes more importent, hirher temperatures sre required to
bring about explosion. In the 6.8 cm diameter buibs packed with glass
wool, the mean line of explosion temperatures are raised by twenty-
eight to thirty-four degrees Centigrade over those in unpacked bulbs;
see Figure 13. In these bulbs, the surface area of the Pyrex glass wool
is very high and therefore affords enhanced chain breaking.

In the 6,8 cm diameter bulbs filled with the reaction mixture
plus the inert gas He or N, the mean line of explosion temperatures are
lowered by twelve to twenty-one degrees for helium and nitrogen; see
Figure 13, This shows that the inert gas prevents diffusion of reactive
species to the wall and prevents chain breaking, thus facilitating ex-

plosion.

Thie experimental reenlt eupgeste that the explosive resction
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is a branching chain reaction. The addition of helium to a mixture of
tetraborane and oxygen will increase the thermal conductivity of the
mixture quite markedly over the addition of nitrogen to a mixture of
tetraborane and oxygen. The ratio of the difference in thermal con-
ductivity can be approximated by the following:

Thermsl conductivity helium mixture _ X3kKa *+ Xzka + X5ks
Thermal conductivity nitropen mixture = Xjyky + Xpkp + X kg

= 3.3

vhere X3, X;. X5, X4 are the mole frections of tetraborene, oxyren,
helium #nd nitropen respectively, and ki, ka, k3, ks #2re their respec-
tive coefficients of thermal conductivity. For a thermal reaction, an
explosive 1limit is reached when the rate of heat produced in the reaction
bulb equals or exceeds the rate of conduction of heat from the bulb,
This jnability to maintain heat balance leads to acceleration of the
reaction rate and explosioh° If an inert gas such as helium is added

to the reaction mixture the thermal conductivity of the mixture will be
increased. This will enable heat to escape from the reaction vessel
more rapidly, and in order to facilitate explosion the critical tempera-
ture rmust be raised. Thus, the explosion limit will be shifted toward
higher temperature in the presence of helium, That this is not the case
is clearly seen in Figure 13, Actually, the presence of helium and
nitrogen tends to lower the region of explosion. Thus, the reaction

ie not affected by a marked incresse in thermal conductivity. This,
coupled with the demonstrated presence of surface effects showe thet

a heterogeneous step is operative in the reaction mixture. For a ther-

mal explosion26 the pressure of critical explosion is independent of

the nature of the vessel surface,

———

=




61

2, Wall Effect

When the surface ares irs raised bv a large factor, on packing
the bulbs with glass wool, the temperature of explosion rises only
thirty to forty degrees, showing moderate inhibition., This indicates

that the wall may be acting to form reactive species as well as to de-

stroy them, although not to such a great extent,

3. Inhibitor Effect

In the fifty explosions conducted without addition of lead
tetraethyl to the tetraborane-oxygen mixture, no slow reaction was
ever observed, When lead tetraethyl was added to the test mixture,
no explosion was observed in six trials. Since the role of inhibitors

is not definitely known, no attempt to explain these results was made,

L. Errors

Determinate errors exist in the measurement of pressure cof the
resctant gaces, tempersture of explorion and concentrestion of the reect.
ants. The pressure of the gas in the reaction bulb could normellv be
read to #0,1 mm., However, tetraborane reacts with or dissolves in Hg
end destroys the round meniscus, preventing precise readings. Therefore,
after taking a reading five times it was estimated that the limit of
error was 0,40 mm, The limit of error in the pressure measurement is

at least

Epp = Ep + TOOM LeMp g = 10l + L x +0.4 = 2,0 mm Hg.
BgHjyo .

78°K 02
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The error in temperature readings at the exact instant of explosion was
estimated to be £0,5°C, Examination of the data in Tables III through
VII shows that the reproducibility of the explosion is not as good as
expected fram estimated experimental error and must be influenced by

some unknown factor. This other factor is thought to be the inability

to control the nature of the wall in the reaction vessel. Regions of
explosion were drawn on the graphs, Figures 8-12, and mean lines of
explosion were then shown on the composite explosion limit graph,

Fipure 113.

B. Discussion of Rerults of the Pertisl Oxidetion

of Tetrabtorane (See Tables XI, XII, XIII.)

1, Results of the Reaction

When the oxygen was admitted at & known rate to the tetra-
borane an immediate reaction occurred. The overall reaction at half
time with respect to tetraborane consumption is represented by the
following equation:

BeHyo + 1.6 Op =~ 0.9 BzHg + 0.9 BpHz05 + x Hy + y Bp0,
where x and y are unknown, and the number of moles of oxygen reacting
per mole of tetraborane was obtained by measuring the ratio of the
initial rate of oxygen addition to the initial rate of tetraborane
consumption, assuming oxypen is not accumulating. This ratioc is shown
in column 7 in Tables XI, XII, and XITI. The three averages for the
reaction under different conditione were 1.6, 1.7, #and 1.7. The mole

retio of diborane formed to tetraborene used wes 0.9 with tetraborane

alone, see Table XI, and 0.9 with a mixture of tetraborane and argon;
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rsee Table XITI, The net chenge in the molee of ditorane per mole of
tetraborane used when tetraborane end diborane were premixed vas O, 3;
see Table XII, (Column 3, Table XII, is actually the net change in
moles of BpHg per mole of ByHjo used, but it can be compared to column
8 in Tables XI and XIII,) Furthermore, the ratio of moles of partial
oxidation product formed to moles of tetraborane used is about 0.9,
with or without the presence of excess diborane, This indicates that
the kinetic steps which involve diborane production do not need to lead
directly to the formation of partial oxidation product. Thus the reac-
tion may be understood more readily if represented approximately as

follows:

BgHyo + 5 Op = BoHg + B,H05 + H, (Rapid Reaction) (1)

ByHaly = R0, + Hy (Slow Resction) (2)

2. Prrtial Oxidation Product Identificetion

Identification of the pertisl oxidetion product BpH;0, was
made by comparison of its mass spectrum and infrared spectrum with those
obtained by both Hammond and Bauer,21 and Shapiro38 independently in
the oxidation of pentaborane-9, During the course of the reaction be-
tween tetraborane and oxygen, the pressure of partial oxidation product
was seen to rise to a maximum and then recede, Figure 2L shows the
change that occurs in the infrared gas reaction cell after the oxygen
flow has been stopped. The mixture was allowed to stand for about
three days and an infrared spectrum was obtained. The results show
that in about seventy-two hours 2,0 x 10 °moles em~2 of tetraborire

are lost, 2,3 x 10~° moles em~3 of diborane are formed, 5.3 x 10~°F
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Figure 24

Partial Oxidation Reaction of Tetraborane with Oxygen,

Reaction Mixture Allowed to Stand Three Days
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moles cm~3 of partial oxidation product are lost and a total molar gase-
ous concentration change corresponding to +2,7 x 10-® moles cm™3 is ob-
served, Since tetraborane will thermally decompose to give both hydrogen
and diborane, this would account for an apparent increase in concentra-
tion of 2.0 x 10™% to 2.3 x 10~° moles em~> while actually an increase

of 2,7 x 10~5 moles em™® was observed. The concentration of partial
oxidstion product drops from 6.8 x 10"% t0 1.5 x 10~° moles cm™> during

thie interval. Any change in the number of gaseous molecules due to its

decomposition should be either plus or mimus 5.3 x 10-° moles em™3,

Since such a large change is not observed, this could be explained by
the reaction

BeHz03(g) = B203(s) + Haz(g)
where no change in total molar gaseous concentration would be observed,
Direct verification of this could only be obtained by studying the be-

havior of partial oxidation product under controlled conditions.

3. Interesting Features of the Partial Oxidation Reaction

In the course of studying the partial oxidation of tetraborane,
it was observed that one mm Hg of water vepor completely stops the re-
actionf One to two mm Hg of diethvl ether inhibite or completelv stops
the reaction; see Table XIV, The remction does not prcceed in the same
menner if tetraborane is lesked rlowly into oxyren or if tetraborsne
and oxygen are premixed and heated; rather, an explosion mey result.

The order of admission of one reactant to another is important, and we

observe the partial oxidation does not proceed if the partial pressure

of oxygen is high relative to the partial pressure of tetraborane, rather
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exrloeion may result, It is believed that water vapor reacts much more

rapidly with BH, groups then anyv other borane resctive species=, and

would be considered an excellent scavenger4° for BH, groups.

L. Requirement of Any Reaction Mechanism

Any reaction mechanism to explain equations (1) and (2), page
66, would be quite complicated since a product, partial oxidation prod-
uct, is decomposing during the reaction period, Furthermore, in the
presence of the reaction product diborane, the reaction proceeded with
a changed net production of diborane from tetraborane, There is an
indication that the diborane which is present in the infrared reaction
cell is reacting as shown in Figures 17, 21 and 22. The diborane con-
centration is seen to rise to a maximum and recede as the partial oxi-
dation of tetraborane proceeds.
Any reaction mechenism to exnlain the exnlosive.nonexnlosive
rvetem of reactions shovld tee intn eeceount the following:
2. Show BH, &s & reacting group because of the inhibition
of the reaction by water vapor.
b. Explair the formation of relatively large amounts of
diborane.
¢, Explain why explosion always results in the presence of
high oxygen concentration, This was shown in the fifty
explosions using Pyrex glass bulbs where the oxygen was
added to tetraborane in the condensed state and the

mixture was allowed to warm to room temperature and then

heated to explosion, On the other hand, the partial
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oxidation of tetraborane could be obtained by a slow

addition of oxygen to tetraborane through a microport

but not by the controlled addition of tetraborane to

oxygen.,

Explain why the partial oxidation does not appear to

go to completion; that is, all the tetraborane is not
consumed although oxypen and tetraborane are present

when the reaction cesses,

5. Discuesion of Error Sources in the Partisl Oxidetion Rerction

Experimental errors in the investigation of the pesrtisl oxida-

tion were estimated to be the following, at least:

a,

Error in reading the mercury manometer attached to

the infrared gas reaction cell +1,0 mm Hg.

Error due to the temperature change during the course
of the reaction £0,1°C,

Error in obtaining pressure from absorbance values x10%.
The error in obtaining pressure from absorbance values
is much larger at high absorbances due to campression
of the log scale; however, the relative error remains
about the same since the pressure is increasing as the
error in absorbance increases. Thet the total pressure

of pases mearured exrerimentally eprees with the rree.

sure calculated from sbsorbance values assuming the
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equation
BeHyo + 3 Oz = BaHe + BoHz0, + Hp

at ty/4 can be seen in Table X, the last two columns.




PART VI.

CONCLUSION

4., Nature of the Explosive Reaction

Calculations on the dissociation of oxygen show there are
practically no oxygen atoms present on initial mixing of oxygen and
tetraborane at 300°K; therefore chain branching would be the only
rearonable way for transition from no explosion to explosion. Kp for

the reaction Oy 2 2 0 ie sbort 1077 st 200°K,

Pp = 207° [P,

where PO is the pressure of oxygen atoms at 300°K. Therefore the con-

centration of oxygen atoms is about 0.48 atoms oxygen per em’.  If we
take 1 atom of oxygen per em® of reacting material, gnd each oxygen
atom regenerates an oxygen atom upon reaction, the rate of reaction

would be no greater than the collision frequency

A7

\T = -10 17 =
ZNOI\B4H10 lO X l x 10 1U .

So 107 molecules per cm® per second would react, and if we have about

7
10
On the other hand, if the reaction involved one oxygen atom

30 mm pressure it would take = 10%° seconds for reaction.
regenerating two oxygen atoms or two free radicals (that is, we have

one forms two, and two forms four, etc.), thenl + 2 + L +8 ., ., , .

10’7 or anproximately 2" = 107, then n = 85 collisione st 100% effi-
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ciency. FEven at efficienciee of one nercent, only 8,500 colliirione are

needed. If we have 107 collirions per second, we need only about

8.5 x 10~* seconds to complete the reaction. Thus, chain branching

provides a more logical picture of what is happening at 300°K to the
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reaction mixture of tetraborane plus oxygen.
One result of the explosion limit data indicates that the
region where a hamogeneous reaction may be found is above 70 mm Hg

total pressure, or in other words, the entire region investigated

appeares to be the region of the firet explosion limit, %® Any further
explosion 1limit work should include the region from 70 mm Hg to 760 mm
Hg with the proper safeguards which would be necessary to underteke
this work, Somewhere in this region we would expect the explosion
limits for the reaction in bulbs of varying diameters to merge, indi-
cating that the wall of the vessel no longer plays such an important

role in the reaction.

B. Mechanism of the Oxidation Reaction

A mechanism for the cxidation of tetraborane which takes
into account other oxidations, pyrolysis reactions, and the main charac-

teristics of the oxidation reaction, is proposed as follows:

B4H1¢') BH3 + B3H7
BH, + O, BH,0 + O
O + P‘QHJO Bqao + B3H7

BH,0 + B,Hio BoHg + ByH,0

B,H,0 + O BaHp0, + BHy + Ha
BoH0, By0, + Ha
2 BH, BoHg

BaH-, Destruction at surface

BH,0 Destruction at surface

[5 Jo ] > o fn i o o =[]

0

Destruction at surface
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The first steps given in the mechanism are the reactions of
decomposition of tetraborane to form BH, and B3H,, and the recombina-
tion of these two groups to form tetraborane, These reactions are
proposed since the presence of BH, was inferred from the inhibition of
the reaction by water vapor. Also, much of the chemistry of tetraborane
has been explained by Parry® and Edwards, and Pearson® and Edwards,
using these reactions, Reaction 2, the attack of BH; on 0z, was first
proposed by Roth® and Bauer in the investigation of the explosive oxi-
dation of diborane., In this reaction, two materials are being formed
which can carry the chain, BH,0 and O, and this coupled with reaction 3

produces two BH,O groups for one BH; group used.

BH, + O, 2 BH,0 + O

0 + B,Hip 2 BH,O + BjH,
Furthermore, both the BH50 group and the oxygen atom formed in reaction
2 would be expected to react with the substance in largest concentration,
tetraborane,

BH,0 + ByHyq &, BoHg + B3H,0
Thus, the BH30 group in reaction L can react with tetraborane to produce
diborane which is a reaction product in the infrared cell, and B,H-0
which is capable of further reaction. The reaction of BaH,0 with O; is
proposed to explain the formation of partial oxidation product and
hydrogen as was observed in the infrared reaction cell, as well as to
provide another source of BH, groups.
B,H,0 + 0O —En BaHa04 + BHy + Hy

The remctive species BH, ies furnished by the decomposition of tetrsborane

as vell »e by reaction 5 end ie removed bv reactione R, 2 snd 7 as shown
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below.

of these three possible reactions, reection with 0Oy would be most prob.
able since it is in largest concentration in the glass bulbs. Reaction
6, the decomposition of partial oxidation product,is included since
evidence for it was previously given. The further removal of the re-
active species BH;0, O, and BjH, by collision with the wall of the ves-
gel is proposed to explain the results of the explosive oxidation of
tetraborane. The net result of chain initiation in the gas phase and
breaking on the wall as was observed, and the facilitation of explosion
by the presence of inert gas in the reaction mixture are the basis for
inclusion of these steps., The reaction which proceeds in the infrared
reaction cell is believed to be one of extreme rapidity, which is lim-
ited by the supply of the reactant oxvgen. Reaction 2 would be an ex-
tremelv rarid reaction and 1onld certainly be limited if the concentration
of oxvren were small, The nromosed mechanism includee 8 chsin initiating
resction, the tetraborsne decomposition, # chein brenching reection, 2,
and several chain propagating reactions, 3, 4, and 5, as well ae the
chain breaking steps R, 7, 8, 9, and 10,

The proposed mechanism is undoubtedly an oversimplification of
the true reaction mechanism and is deficient to the extent that it does
not explain why the partial oxidation reaction does not go to completion,
The presence of reactions other than those proposed is certainly possible

in such a camplicated system, but it is felt that these reactions postu-

lated explain most of the experimental facts,
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Since the explosive oxidation and the partial oxidation of
tetraborane show nany similarities to the oxidation of pentaborane-9,
it would be interesting to study the explosive reaction of tetraborane
in the presence of the inhibitor iron nentacsrbonyl as wae done by
Beden. 2° The discoverv of » nonexrlosive reaction between tetraborane
and cxygen in the presence of lead tetraethyl should be pursued further
due to its unusual behavior contrasted with tetraborane and oxygen
alone, The role of the inhibitor would undoubtedly involve experimental
work on an important chemical problem.

Now that the oxidation of tetraborane and the oxidation of
pentaborane-9 have been studied and thei:* similarities noted, the oxi-

dation of pentaborane-1l1 would be of great interest since one could not

help but expect similarities in the reaction of this compound with oxygen.

Work should now be undertaken to investigate the behavior of
partial oxidation product. Since this compound has been found in the
reaction systems of diborane, pentaborane-9, and tetraborane with oxy-
ren, ite mechanism of decomposition and ~pparent stsbilityv as a gas and
inetebility in the condensed state decerve further ettention. Turther-
more, the esilibrium between diborene and pertiel oxicdetion nroduct se
proposed by Shapiro®® &nd Coldetein’® should be investipated.

A more concentrated effort should now be undertaken to put the
oxidation of the boron hydrides on a basis which explains the experimen-
tal facts these reactions have in common: specifically, the production
of partial oxidation product from the oxidation of diborane, tetraborane

and pentaborane-9, and the formation of diborane from the partial oxi-

dation of tetreborane and pentaborane-9.
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PART VIII.
APPENDIX

Mass Spectrometric Evidence for Heptaboran.e41

In mass spectrometric examination of tetraborane prepared by
the method of Klein,>” Harrison and Solamon, the mass versus intensity
pattern of a new group of peaks from 77 through 89, with a maximum at 83,

was noted. This was attributed to a B, compound B,Hyg for which other

independent data had been presented by Riley Schaeffer,*?




