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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 general.y

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

B4HIo + 2 02 * B2H6 + B2 H2 0 3 + H2

while evidence is presented that the B2H2 03 slowly reacts as follows,

at the temperatures and conditio. s studied

B2H2 03 " B2 03 + H2.

Mixtures of tetraborane aAd 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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B4 H'o0  - BH3 + B3 H7

BH3 + 02 -- BH30 + 0

0 + B4 HI.o 3. BH3 0 + B3H7

BH3 0 + B4 H1, .- B2 H6 + B3H70

B3H70 + 02 - B2 H2 03 + BH3 + H2

B2 H2 0 3 6, B203 + H2

2 BH3 7L B2 H6

B3H7 -8 Destruction at surface

BHO -9.+ Destruction at surface

0 10 Destruction at surface
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PAPT I.

INTRODUCTION

A. Historical Review of Tetraborane

Tetraborane was the first of the compounds of boron and hydro-

gen produced by Stock1 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-

lated 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 easily stored and hinrf-ed.

In L952, Burp 2 Pnd Stone investigated the reaction of tetra-

borone vith trimethyl Pmine PnO ethanol. They reported the formation of

(CH,),NBH3 tnd P(C11)01NxBH Pccrc@np to +be re~ction

BH + (3 + x)(CH.3),N -3 (CH3)3NBH3 + [(CH,),N]XBf1.

This type of reaction was also verified by Edwards 3 and coworkers and

Kodama 4 and Parry who isolated the compounds (CH3 )3 NBH3 and 'CH 3 )3I,'3H7

as products of the reaction of tetraborane with trimethyl amine. Their

reported results were

B4H~c+ 2- (CH3 )3 N -. (CH3 ) 3 NBH 3 " (CH3 )3 NB3 H7

and

S+ (3 * x)(CH 3 )3N - 3 (CH3 ),3 NBH3 * [CH3 )3 NXBH.

Parry5 and Edwards have explained much of the chemistry of tetraborane

on the basis of symmetrical and nonsymmetrical cleavage of the dou)bie-

Tridre bond and the behavior of borane reactive species as Lewis acids
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and bases.

B4HIo BH3 + B3 H7  (symmetrical cleavage)

H
5H H--P-H. 'i

P4H I B-P + (nonsyimetrical cleavage)
Iw'\j H-P--H'H

Todd6 and Koski investirPted the kineticr 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 BD, from diborane

with B4HIo while the minor reaction is envisaged as a rate-determining

activation of two sites in tetraborane followed by rapid deuteriim ex-

change with B2D6. Boron atoms also exchange in this system,

Shapiro7 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

ee'uption

P *4Ho + 12 MrI -4 P('-)F): + 11 H2

vherc the nunmber of roles o" molecultr hydrogen in excer 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 isotopically labeled reagent

C2 H5 0D with a compound such as tetraborane shows that a deuteride is

created from the alcoholic deuterium during the breaking of a boron-boron
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bond. The ethoxy group apparently attaches itself to one boron atom,

and the deuterium goes to the other boron atom, viz.,
\ /

B-B + C2 H5OD - B-OC2 H5 + DB

The thermal decomposiUion of tetraborane was investigated by

Pearson8 and Edwards at 60°, 80°, and 100'Co They interpreted the re-

sult in terms of a kinetic order of unity with estimated rate constants

1.8 x 10-5, 1.1 x 10-4, and 7.9 x l0-4 sec at the above temperatures,

respectively. The reaction occurred predominantly in the gas phase with

the production of diborane, pentaborane-ll, hydrogen, and yellow solid

polymers. Smaller quantities of pentaborane-9, decaborane, and hexabo-

rane were also formed. These authors suggested two simultaneous paths,

both first order, to ex'nlin the Oata they obtained:

P414- 0 ppýo - PH: I. H ;

P4H3o- P4 H9 + F 2 .

The actual experimental order varied from about 0.7 to 1.4, •nd the cal-

culated energy of activation varied from 21.2 to 25.9 kcal/mole over the

range of 60' to 100lCo

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

diborane and air or oxygen,9-19 pentaborane. 9 and oxygen,20 21 and deca-

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

havinF a peculiar highly disagreeable odor. Its physical properties are

difficult to determine preciselv due to its thermal instability. Table

I showr a list of some of these properties.

2. MoleculAr Structure of Tetraborane 2 4

The molecular structure and data pertaining to it are shown in

Figure 1.



TAPLE 1.

Propertir• of Tetrabormne

Molecular weight 2 3 ................ 50.36

State at room temperature 23 20.C ......... .... gas
pit2312°C

Melting point ................... -120 00

Boiling point . .6. . . . . . . . . +6.c

Half life for first order decomposition of B4H10
at 25'C (calculated from Parry and Edwards'
data) ..... .. . . .. ........ 10.8 hours

Vapor pressures at selected temperatures:

Vapor pressure (mm Hg) Temperature (°C)

1 -90.9

10 -64.3

0o -hh. 3

100 -28.1

LOO +0.8

760 +16.1



Figure 1

Molecular Structure of Tetraborane

Reference List

B1 - B3 = 1.845 A

B3 - B4 = 1o75O A

B1 - 2 = 2 086

/B 2 B4 B2 = 980

- B~I
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PART II.

THEORY

A. Chain Reactions

1. Explosive Reactions

a. The concept of the thermal explcsion, introduced by Semenov 2 5

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 reaction rate reaches a critical vwlue for which

thr equality between the hept release due to reaction And hept removal

into the surrounding medium becomes impossible. This disruption of the

heat balance lends to eelf-heating And auto-acceleration of the rate and

is observed as an explosion. This phenomenon is represented by the

equation 
2 6

2
i+

Pcr = KTo exp(•-)

where P., is the critical pressure.

K is a constant related 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 pas constant.

b. The concept of the brpnchinr chain exrlo•ion wPP Pleo intro-

ducr by Semenov 2 5 and coworker?., 1027--1929, Pnd the isothermpl ch-racter



8

of this type of explosion was subsequently proved by special exieriments

And calculations. A branchinp chain reaction can be shown by the equa-

tion

R + N a R +

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 carriers is

much smaller than their rate of formation, an explosion may occur. This

phenomenon can be represented by the equation 28

V=F

fs + fg + A(1 - a)

where F represents the rate of chain initiation;

fs represents the rate of destruction of the radicals at the sur-

face;

f represents the rate of destruction of the radicqlq in the pas

phpse;*

A renresents a function relted to the brAnchinr chain rrocerp;

a is the number of chains formed for each chain used;

v is the velocity of the reaction.

When a is large epough so that A(l - a) is equal to or greater than

fs + f£ then the velocity becomes 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
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limit is sensitive to the surface area of the vessel, and the ability of

the Purface to destroy chains, which varies with the surface material

and its trestment. The second limit is obtained when the rate of chain

branching is equal to the rate of destrn.ction of the chain carrier in

the gas 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 lower pressures of the second limit.

Experimentally, it is difficult to distinguish between such a third

limit and a thermal limit, which may intersect the .econd limit P•' hiph

prerrures 27

2. Slow Reactions

The concept of the chain reaction was first introduced suc-

cessfully by Christiansen, 2-3. 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-

sient existence of free radicals by Paneth 3 2 33 and coworkers in 1929

and the subsequent investigation of the thermal decomposition of
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hydrocarbons by Rice 3 4 and coworkers in 1932-34 showed that the thermal

decomposition of many hydrocarbons could6 be explained by free radical

chain reactions. This concept has been so successful in explaining slow

(nonexplosive) reactions and explosive reactions thpt its utility has

been virtuilly accented by 11 workerp in the field of reaction Vinetics.

The Freot utility, yet rimrliciti, of this concept c~n be Pummed trn by

listing the main types of rpdicAl reactione which may occur in chain re-

actions and noting their number. The main typesof radical reactions 3 5

are:

(1) Substitution reaction

Ra + R2 R3 "* RR 2 + A 3

where RX, R2, R3 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+ A, - A2 =Rl - A2

or k3 - A2  P + Al = A2

or RA k. , + A.

(3) Isomerizstion of free rx'dicals.

P-.-A-..*A.--R-A.

These, and special carer of these generpl types, explpin nrac-

tically all the reactions which occur in chain type processes.
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PART III.

EXPERIMENTAL PROCEDURES

A. Procedure in the Investigation

of the Explosive Oxidation of B4 H, 0

1. Material

a. Diborane. Diborane3 6 was made by the reaction of boron tri-

fluoride ether complex with lithium aluminum hydride in diethyl ether.

The boron trifluoride ether complex was Baker and Adamson technical

Frade. It was distilled at 90 mm Hp and 78°C. A clear liquid was ob-

tained as the distillation product which turned yellow brown upon

aPinp. The lithiuim Aluminum hydride wms obtained from Metal H drides,

Inc., 95% •ure pr~de. After synthesis, the diborpne wvp nurified by

distillation from a -112'C trpn to P .195°C trap, And no impurity was

detected by infrared analysis,

b. Tetraborane. Tetraborane3 7 was synthesized by the pyrolysis of

diborane in a hot-cold tube reactor which quantitatively converts dibo-

rane to tetraboraneo The tetraborane was separated from the diborane by

distillation from a -130'C trap to a liquid nitrogen trap at 195°Co

The tetraborane was separated from higher hydrides by distillation from

a -78°C trap to a liquid nitrogen trap at 199Co Final traces of dibo-

rane were removed by holding the tetraborane in a trap at -130 0C and

opening it to the vacuum pumps.

c. Oxygen. Oxygen, 99.5% pure, manufacttrer's analysis, was ob-

tained from Linde Air Products. The oxygen was 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, Michigan. It was distilled under its own vapor

pressure of xbout 0.50 mr Hp from A trap at room temrerature to a -195°C

trpp. A clear heAvy lipuid w•r obtained which turned yellow-oranpe upon

a&ing,

e. Nitrogen. Nitrogen, 99.5% pure, manufacturer's analysis, was

obtained 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.

2o 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 a 'round-plass, bal1-joint connection.

The reaction vessel, P three-litpr, +hree.necked flnpk, w•, ,tJrred

mptrneticlly. Thirty-rix milliliters of Iboron trifluoride ether comnlex

were diluted to 100 ml with diethyl ether Pnd placed in a 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
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Figure 2

Diborane Synthesis Apparatus and Degassing

System for Explosion Limit Bulbs

Reference List

A - Silicone Oil Baths

B - Traps for Condensation of B2H6

C - Reactor

D - Dewar Dry Ice Trpr to Remove Ether

E - Dropping Funnel

F - Nitrogen Inlet

G - Ground Joints for Reaction Bulbs

H - Nitrogen Outlet

J - Closed-end Manometer

K - Three-liter Storage Bulb
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it in the ether. The reaction vespel was swept w4th dry nitrogen during

the entire course of the reaction. 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

a 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

-1120C trap to a -195°C trap.

b.4 Tetraborane synthesis system. The apparatus used in the syn-

thesis of tetraborane is illustrated in Figure 3. After the diborane

was prepared, it was purified by fractional condensation from a -ll2°C

to A -195°C trap. Sufficient diborane was distilled into the tetrabo-

rxne synthesis reactor to maintain the vapor pressure of diborane Pt

-78*C, The inner tube of thp reactor was filled with ethylene plycol,

and the temperature was adjusted to 120°C by means of P quartz immersion

heater. The bath was stirred continually. The liquid nitrogen bath

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 1,00 mm Hg

fairly 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 procedure was repeated three times in order to obtain sufficient

tetraboraneo The reaction may be represented by the equation

2 B2 H6 -. B4H1o + H2 ý
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Figure 3

Tetraborane Synthesis Apparatus

Reference List

A - 12/10 Ground Glac Mile Joint

B - Condensation Trap

C - Tetraborane Synthesis Reactor with Inner Area
Filled with Ethylene Glycol and Outer Area

Surrounded with Dry Ice Slush

D - Stirrer

E - Thermocouple Wires Connected to Recording

Potentiometer

F - Spring Backed Stopcock

G - Open-end Blowout Manometer

H - Closed-end Manometer

I - Vent to Atmosphere

J - Three-liter Storape Vessel

K- Dry Ice Slurh
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After the reaction was ccmplete, 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 -195oC

trap. The vapor pressure of diborane at -13 0 "C is 40 mm Hg; tetraborane

is A solid. After the diborane was removed, the Dry Ice bath was placed

around the outside of the reaction vessel, and the tetraborane wAs sepa-

rated from any higher hydrides formed. Spot checks showed little 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°Co 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 almost

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 A manometer, and with Pn oxyg en inlet Attachment, described by

Hammond 2 1 Pnd Goldstein,"° for ,lov, oxidation studies. The rndium chlo-

ride windowr were made airtjFht by O.-ring inserts between ihe 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 ll0OC and the bulb pressures were kept at 1 x 10-4 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 4. The bulbs were trans-

ferred from the degassing system, two at a time, and pressures were low-

ered to 1 x lO- 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 O°C. The bath was heated by means of a Variac connected

with a heating coil, and a rate of heating of two degrees/minute was

obtained with the Variac at 120 volts. The bath was stirred automati-

cally while being heated, and p thermometer was mounted so that its bulb

extended to a level enual to that of the reaction bulb. The temrera-

tures of the explosions were noted visually, And thf prespures 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. Reaction bulbs were made from Pyrex

glass distilling flasks after removal of the side arm and neck. A piece

of 8-nm-OoD. tubing was attached with a mn bore stopcock and 1h/35

ground-glass joint. In the 4.0 cm diameter reaction bulbs, capiliary

tubing was substituted for the 8-mm-OmD. tubtng, After construction,

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

3. Procedure.

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

were washed three times with from fifteen to twenty-five ml of methanol,
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Figure 4

Vacuum System for Loading Explosion Bulbs and Infrared Cell

Reference List

A - Mercury Diffusion Pump

B - Condensation Trap

C - Three-liter Storage Vessel

D - Ground Glass Joints for Connection to Vacuum, System

E - Bypass Trap to Condense out Borane Gases

F - Vacuum Manometer

G - Joints for Attachment of Explosion Bulbs

H - AttAchment to McLeod Ohiipe

I- Attachment to npen end Monometer

J - To Vacuum Pump
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and the washings were discarded. This removed nearly all traces of

solid product from prior explosionp. Occasionally the methanol was

heated to remove stubborn tr~ces of explosion products. After washinp,

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 35-45

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 could not be prepared by regular mixing techniques due to the low
I

explosion limits and the rapid decomposition of tetraborane at room tem-

perature. Even preparation of large amounts of these mixtures at low

temperature was not feasible due to the small amounts (0.08 gr) of tetra-

borane which were synthesized and stored. In view of the Inherent diffi-

cultirs presented, a method was Adopted which, althouph it brought a

lorrer error into the system, mAde rssible A safe And convenient method

of mixing tetraborane and oxygen. After the reaction bulb was deg'ssed.

transferred to the bulb-loading apparatus, and pumped out to a pressure

of .0-5 mm Hg, tetraborane which had been previously frozen out in a

trap conmected to the system by a stopcock was vaporized at room 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 ±0ol 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 quantity that upon warming to
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room temperature, the ratio of 02 to B4H~o was 5.5. Any error in meas-

uring the oxygen pressure was multiplied by a factor, room temp, or78"K

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 flC And allowed to warm to this temperature for five minutes.

During this time, the tetrobormne wo,?id vaporize into the oxyFen. 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

minute 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 inhibitor was expanded

into a known volume, and then condensed into the bulb with the liquid

nitrogen Dewar around the bulb. The inlibitor was added after the

tetraborane but before the oxygen.

BR Procedure in the Investigation of

the Pprtip] Oxidation* of Tetraborane

"*(Thr-uFhout this entire perer the teerm rnrtie] oxiciption is
used to mean the oxidation c~rrred oit, in the infrared cell by the con-
trolled Admission of oxygen to tetrAborene i•nder the conditions sneci-
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

knoam rate. This rate could be vpried by changing the pressure of oxy-

gen in the oxygen reservoir.

Mass spectra were obtained using a 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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Pnd diborane, and tetraborane and argon, were also obtained Pt known

total and partial pressures for each constituent. The peak at L.65

microns (2,150 cm"1) 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 absorption spectra were also determined for mixtures of diborane and

tetraborane, and diborane and oxygen. Pressure bropdeninF at all peaks

wap observed except at 5,10 microns (1,890 cm"1) '-here tetrpborpne Pln

absorbs very weakly. Thus two curves for absorbance at 5. 0 mricrons

were prepared, one for tetraborane and one for diborane. If the tetra-

borane partial pressure was independently known, its absorbance contri-

bution could be subtracted from the total absorbance at 5230 microns to

obtain that of the diborane and the partial pressure of diborane could

be obtained at any time, as shown in Figure 6. As 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 coefficients for

thiy compound were obtained from the independent work of both Hammond 21

Pnd Shapiro.4 These vallies at 11. 5 microns (882 cm"-) were jn virtual



23

Figure 5

Infrared Absorbance vs Pressure Curve for Tetraborane

at L.65 L (2150 cm 2-) in 9 cm Path Length



60

E

w

I Ix20

0 0.5 1.0
ABSORBANCE



Figure 6

Infrared Absorbance vs Pressure Curves for Tetraborane

and Diborane at 5.30 , (1890 cm-1) 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.

(4) 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

solid was made by absorbpnce methods.

(5) Absorbpnce coefficients for each infrared Pc+ive pas were

comptted 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 II.

b. Calibration of infrared reaction cell. The infrared spectro-

scopic gas reaction cell could be manipulated so that a known rate of

flow of oxygen was delivered initially. Known pressures of pure oxygen

were expanded into 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 15 mm Hg; the stopcock separating

the two parts of the cell wAs opened Pnd the oxyFer was Pllowed ±o leak

or flow slowly into the reaction cell it-self, since there v-, P rresslre

difference of 220-285 mm Hg. The change in pressure versus time over 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 p (582 cm- 1 ) in 9 cy Poth Length
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TABLE II.

Absorbance Coefficientp for Gaoep (Tetraborpne

Diborane and Partial Oxidation Product)

Gas Wave Length, microns Absorbance Coefficient, a*

B4HIo 4.65 3.12 x 10

B4H30  5.3 1.48 x 10

BzH6  5.3 6.7 x 10

B2H20 3  11.35 6.2 x 10

*The absorbance coefficient, a, has units: (total
absorbance) (cm path length)-3 (mm Hg pressure)-.
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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 mm , (.2 x 10"6 cm-.m~le to

2 .ý mam , f 1,2 X lO"-5 Mole incm r

" min Cm3 min

c. Preparation of reactants.

(1) Tetraborane and oxygen. The oxygen reservoir on the in-

frared gas reaction cell was attached to the vacuurý rack by means of a

flexible piece of Tygon tubing with appropriate ground-glass joints in

each end and was evacuated to I x 10-4 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 connected to

the brass cell itself through the appropriate metal joint. The cell and

vacuum rack were evacuated to 1 X 10-4 x m 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 hbsence of any gases, the tetraborane was

vaporized into the gas reactJon cell. Ten minutes were allowed for this

vaporization.

(2) Tetraborane, diborane ond 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 Hg, and diborane of known preseure 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 diboraneo 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 mearured previously, the partiql pressure of +etraborane was

obtrined by difference. Prerrures measured were Plways com'-red with

pressures calculated by absorbance coefficicnts and agreed to al mm Hg.

(1) 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"4 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 of tetraborane from

the total pressure.

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

gases or in the presence of arpon, 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 Fas or pxseous mixture prior to the adm3prion of

oxyFen through the leak cell spnaratus. This Fave the parti•1 pressures

of the gases at time zero. Then the stopcock connectinp 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. Total

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 4o65 microns, 5,30 microns and 11.35 microns were recorded each

time the spectrophotometer scanned across a desired peak. Generally the

reaction ceased after about thirty minutes, although oxygen and tetra-

borane were still present. Temperature of the reactants was measured

to &O.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 limits of mixturep of tetraborane and oxygen in

the rptio of 1 to 53/2 were investijpted in 6.8 cm diameter bulbs, h.O-cm

diameter bulbs, and 6.8 cm diameter bulbs packed with glass wool. Mix-

tures of tetraborane, oxygen and nitrogen, and tetraborane, oxygen and

helium in the ratios 1 to 5 /2 to 5 1/2 were investigated in 6°8 cm diam-

eter bulbs. Pressures of tetraborane were measured at room 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 51/2. 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 calutlated from the temper-

ature of explosion aseuming no reaction prior to explosion and ideal gas

behavior. The pressures of tetraborane which were measured at room tem-

peratures were adjusted to give nrersures at, 25°C for convenience in

interpretation if the dpts shonn in the tables. Presrur,-' of oxygen are

not given in the tables but c~n be computed from the pressiire 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



12

TABLE III.

Explosion Data for Tetraborane-Oxygen Mixtures in the Ratio

1 to 5'/1 in 6°8 cm Diameter Bulbs

Serial Temp. Explosion Pressure Explosion Pressure B4 Hjo
Ratio -2

No. OC mm Hg mm Hg, 25°C B4Hjo

1 33.0 24.8 3.5 5.9

2 35.0 11.6 1.6 5.9

3 38.0 19.3 3.0 5.2

4 38.0 16.9 2.5 5.5

5 39.0 45.1 6°8 5.4

6 37.0 bl.7 6.1 5.6

7 'Al.0 f 12.6 5.0 5.4

8 12.0 •lao7 5.1 5.5

9 16.2 50.0 8.1 5.5

10 27.0 149.7 7.5 5.6

11 28oO 59.,o 9.2 5.14

12 26,o 52o6 8,2 5.,4

13 35,0 28.3 14.o4 5.3
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TABLE IV.

Explosion Data for Tetraborane-Oxygen Mixtures in the Ratio

1 to 5/2 in 4.0 cm Diameter Bulbs

Seripl Temp. Explosion Preppure Ex-losion Pressure B4 Ho Ratio 0

No.Cc mm HF mm Hg, 25*C

S44.0 56.3 7.9 5.7

15 143.0 52.o4 7.9 5.3

16 46.o o219 3.2 5.4

17 hO.O 35.6 5.2 5.7

18 39°0 146.o 6.5 5.7

19 41.5 314°9 4,.8 5.8

20 39.0 414o 6.7 5.3

21 49.5 21.1 3.2 5.1
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TABLE V.

Explosion Data for Tetraborane-Oxygen Mixtures in the Betio

1 to 51/2 in 6.3 cm Diameter Bulbs Packed with Glass Wool

Serial Temp. Explosion Pressure Explosion Pressure B4H 0 Rtio0

No. °c m Hg mm Hg, 25-C

22 62.0 14.2 4.9 5.3

23 55.5 40.5 5.6 5.6

24 71.0 20.,h 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.o 9.2 5.7

29 57.0 54.o 7.2 5.8

30 65.0 48.6 6.2 5°7
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TABLE VI.

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

1 to 51/2 to 51/2 in 6.8 cm Diameter Bulbs

Serial Temp. Explosion Pressure Explosion Pressure B4H aioRatio 0BH%_
B4Hjo

No. °C mm Hg mnHg, 25°C

31 1.0 58.0 9.5 5.7

32 11.0 43.0 7.0 5.5

33 9.0 22.8 3.7 5.6

34 17.0 38.1 5.9 5.7

35 20.0 16.1 2.6 j 5.1

36 19.0 17.7 2.7 5.7
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TABLE VII.

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

1 to 5/2 to 5%3 in 6.8 cm Diameter Bulbs

Serial Temp. Explosion Pressure Explosion Pressure B4 HIo Ratio 02

B4 HIo

No. mm Hg mm Hg, 25"C

37 23.0 32.0 4. 9  5.6

38 19.0 26.0 3.9 5.7

39 21.5 40.0 6.0 5.7

o0 19.0 45.o 7.1 5.5

41 36.0 14.8 2.4 5.o

42 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"/2 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 I to 51/2 in 6.8 cm Diameter Bulbs

Packed with Glass Wool
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Figure 11

Explosion Region for Tetraborane-Oxygen-Helium Mixtures

in the Ratio 1 to 53/2 to 51/2 in 6.8 cm Diameter Bulbs

(Figure follows page 41.)
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Figure 12
Explosion Region for Tetraborane-Oxygen-Nitrogen Mixtures

in the Ratio 1 to 5 /2 to 5 /2 in 6.8 cm Diameter 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 composite 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

P.rtisl Oxidotion of Tetraborpne

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 14 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 rresence of boric acid anhydride was con-

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



0
03C 0 03

.4) 4~4) V 0 V
+) '*)- Q)t- *. f 1 942

Sa 0 0 Cd A r f00
0~~~~~ 0O~ 0~)2~~

0 04 10 r0 0 IU2
0H r1 Hde-H40 r .0 4-

vi 41 9) U) 0.. d

o0 0~ 0 00 0 0 003 +

H a) 00 0 4 H0

0 ) ~ +~4) 4) .- ,+3 4)V..Q -
4) p P 4 P 4) 000; 441 &4Ifi 2

H H a 9 al 0 A 01)4

00. 0 0w 0 0 a H

0~ Go _ W __ _ W_ _ _ _ _ _ 000

cc E10ý0E0rac 0 0 F

oo co '-0-' \ 1~4 \ 0 C 1#3

H 03 0 0 0 C)

10 00-044044 - L

0 4-1 4 4 3 4- 34
mr- cr9a )o +3L- +D 4'J 4 r

W SL t 0 c .

0 0) 0 0-)H 0

4k) 04 4;c

'05 0

0c) 4)

0Q 0\ 00 0M

t; 0rc~-\ O-m 0i H- C\1J

4 0~



45

Figure 14

Partial Oxidation Reaction of

Tetraborane with Oxygen
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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 Oxidation Reaction of

Tetraborpne vith Oxygen



i2

RATE OF 02 ADMISSION
1.2x 10"SMOLES CM- 3 MIN-1

01.5

0 * B2H203
0 A B He

Z

zw
z

05

0 10 20 30
TIME, minutes



50

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 Tetraborane-

Oxygen Reaction System

Intensity Intensity

m/e x 102  m/e X 10,

#2 174 43 14

18 6 44 14

22 6 45 10

23 26 46 12

24 52 47 20

25 32 48 25

26 54 *49 27

*27 56 50 26

28 27 51 5

*32 120 52 2

33 1 69 2

34 3 70 8

35 6 *71 16

36 7 72 5

37 2

38 2

42 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

again the flow was stopped. Observation of the pressure and scanning

of the infrared spectrum showed no change for ten minutes when the

oxygen flow was cut off. Also, the experimental total pressure was

checked against total pressure calculated from absorbance data at

t3/ 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

diborpne per mole of tetraborane used at any time, wos much less than

was found when oxygen was added to pure tetraborane; while the amount

of partial oxidation product formed per mole of tetraborane used was

virtually unchanged; see Figures 21 and 22.
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TABLE X.

Comparison of Total Prespure Baved upon Infrared Abrorbsnce

with Total Pressure Obtained Manometrically, at t,/ 4

Pressure of Gases, mm Hg Total Pressure, mm Hg

Calculated Manometric
Serial B4 Hjo B4 H1 o B2 H6  B2 H2 03  H2 Spectrometric Pressure

No. Initial at tj/ 4 at t1 / 4 at t3/ 4 at t1 / 4  Pressure, Measured
I mm Hg tl mm Hg

54 27 20 9 8 7 44 43

55 23 17 4 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 46 44

59 22 16 7 7 6 36 34

60 2h 18 7 7 6 38 1 q6

61 21 16 5 I 5 5 11 29I I
62 18 13 5 5 5 28 26

63 14  10 2 5 4 21 20

*Estimated on the assumption of one mole of H2 formed per
mole of B4 H1 o consumed.

t 1 / 4 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 23.0OC.

Pressures of B4 Hio, B2 H6 and B2 H2 03 are from infrared absorb-
ance measurements.
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Figure 21

Partial Oxidation Reaction of Premixed Diborane

and Tetraborane with Oxygen

IL
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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,

hyvdropen and boric acid anhydride. The number of moles of diborane

formed and the number of moles 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.

4. 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.
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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. 3 9 )

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 4.0 cm diameter bulbs, the mean line of explosion tempera-

tures are raised by five to nineteen degrees Centigrade over those in

a 6.8 cm diameter bulb; see Figure 13. This may be explained by a change

in the surface to volume ratio from 3 to 2- in going from 6.8 cm difm-
3.4

eter bulbs to L.0 cm diameter bulbs. As the effect of surface chain

breaking becomes more important, hifher temperatures are required to

bring about explosion. In the 6.8 cm diameter bulbs 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 N2 , 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.

This experimental re-iilt suggests that the explosive reaction
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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:

Thermal conductivity helium mixture Xlkl + X2 k2 + X3 k3

Thermal conductivity nitrogen mixture Xtk3 + X2 k2 + X4 k4 4

rhere X1, X2 , X3, X4 are the' mole frsctions of tetrmborpne, oxygen,

helium Pnd nitrogen respectively, and ki, k2 , k3 , k4 Pre their respec-

tive coefficients of thermal conductivity. For a thermal reaction, an

explosive limit 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 inability to maintain heat balance leads to acceleration of the

reaction rate and explosion. 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 must 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 repion of explosion. Thus, the reaction

is not affected by a mArked incremse in thermal conductivity. This,

coupled with the demonstrated presence of sirface effects show- that

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

mal explosion 26 the pressure of critical explosion is independent of

the nature of the vessel surface,
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2. Wall Effect

When the surface arep is raised by 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.

b. Errors

Determinate errors exist in the measurement of pressure of the

reactant gases, temperature of explorion and crncentrotion of the repct-

ants. The pressure of the gas in the reaction bulb could normally be

read to &0.1 mm. However, tetraborane reacts with or dissolves in Hg

and 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

EPT = E PB4H room 78Ktemp EPo = ±O.h + 4 x +0.4• t =2.0 mm Hg.
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The error in temperature readings at the exact instant of explosion was

estimated to be *0.5 0 C. Examination of the data in Tables III through

VII shows that the reproducibility of the explosion is not as good as

expected from 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,

Figure 13.

B. Discussion of Results of the Pprtipl Oxidvtion

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

1. Results of the Reaction

When the oxygen was admitted at a 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:

B4Hjo + 1.6 02 - 0.9 B2H6 + 0.9 B2 H2 03 + x H2 + y B2 03

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 oxygen is not accumulating. This ratio is shown

in column 7 in Tables XI, XII, and XIII. The three averages for the

reaction under different conditions were 1.6, 1.7, And 1.7. The mole

r~tio of diborane formed to tetraborane used was 0.9 with tetraborane

alone, see Table XI, and 0.9 with a mixture of tetraborane and argon;
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Per Table XIII. The net chpnre in the moles of dilorane ier mole of

tetrnborane used when tetraborane mnd diborane were premixed vas . 30;

see Table XII. (Column 8, Table XII, is actually the net change in

moles of B2 H6 per mole of B4 Hjo 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:

B4Hjo + 2 02 - B2H6 + B2 H2 03 + H2 (Rapid Reaction) (M)

B2 H2 ()3  P OP20 + H2 (Slow PeAction) (2)

2. Pprtial Oxidation Product Identification

Identification of the pprtial oxidetion product B2 H2 03 wsS

made by comparison of its mass spectnum and infrared spectrum with those

obtained by both Hammond and Bauer, and Shapiro independently in

the oxidation of pentaborane-9o 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 2. 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 10-5 moles cm- 3 of tetrabortrne

are lost, 2.3 x 10" moles cm-3 of diborane are formed, 5.1 x 109
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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 i0-5 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 i0-5 to 2.3 x 10-5 moles cm- 3 while actually an increase

of 2.7 x 10-5 moles cm"3 was observed. The concentration of partial

oxidation product drops from 6.8 x 1O-5 to 1.5 x 105 moles cm"1 during

this interval. Any chanpe in the number of paseous- molecules due to its

decomposition should be either plus or minus 5.3 x 10-5 moles cm- 3 .

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

the reaction

B2 H20 3 (g) -a. B2 03 (s) + H2(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 thpt one mm Hp of water vapor completely stops the re-

action. One to two mm Hg of diethyl ether inhibits or completely stops

the reaction; see Table XIV. Thp reaction does not proceed in the same

mrnner if tetraborane is lepked ,lowly into oxygen or if tetrxborpne

and oxygen are premixed and heatedj rather, an explosion may 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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ex-lopion may result. It is believed that water vapor reacts much more

rapidly with BH3 groups thpn any other borane reactive •pecies, and

would be considered an excellent scavenger 40 for BH3 groups.

4. 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 mechpnism to exnlain the exnlosive-nonexrIopive

rystem of reactions should tWe in+o Pccount the followinp.

a. Show BH3 as a reacting group because of the inhibition

of the reaction by water vapor.

b. Explain the formation of relatively large amounts of

diborane.

c. 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.

d. Explain why the partial oxidation does not appear to

go to completion; that is, all the tetraborane is not

consumed although oxygen and tetraborane are present

when the reaction cexses.

5. Discusion of Error Source, in the Partial Oxjdption FNc-tion

Experimental error, in the investigation of the partial oxida-

tion were estimated to be the following, at least:

a. Error in reading the mercury manometer attached to

the infrared gas reaction cell tl.o mm Hg.

b. Error due to the temperature change during the course

of the reaction +O.10Co

c. Error in obtaining pressure from absorbance values ±10%.

The error in obtaining pressure from absorbance values

is much larger at high absorbances due to compression

of the log scale; however, the relative error remains

about the same since the pressure is increasing as the

error in absorbance increases. That the total pressure

of gases measured exnerimentally xpreep with the rrep-

sure calculated from Pbsorbance values assuming the
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equation

B4HIo+ 2 02 -# B2H6 + B2 H2 03 + H2

at t 1 / 4 can be seen in Table Ip the last two columns.
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PART VI.

CONCLUSION

A. 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

reasonable way for transition from no explosion to explosion. KP for

the reaction 02 2 0 is abort 1O-• at 0O0 *K,

P - 10-19 \/P ,'

where P0 is the pressure of oxygen atoms at 300 0 K. Therefore the con--

3
centration of oxygen atoms is about Oo48 atoms oxygen per cm . If we

take 1 atom of oxygen per cm3 of reacting material, and each oxygen

atom regenerates an oxygen atom upon reaction, the rate of reaction

would be no greater than the collision frequency

10 17 7
ZNONB.H, lO- X 1 x = i0.

So 107 molecules per cm3 per second would react, and if we have about

30 nm pressure it would take 1- = 110 seconds for reaction.10 7

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

regenerating two oxygen atoms or two free radicals (that is, we have

one forms two, and two forms four, etc.), then 1 + 2 + b + 8 .

10 7 or Pproximately 2n ,10 17, then n = 85 collision, at 100% effi-

ciency. Even at efficiencies of one rercent, only 8,500 co ip-onme are

needed. If we have 107 colliions 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 0 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 homogeneous reaction may be found is above 70 mm Hg

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

appemrp to be the region of the first explosion limit. 26 Any further

exploion limit work Phould include the region from 70 mm Hg to 760 Mm

Hg with the proper safeguards which would be neces-ary to undertake

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 oxidation of tetraborane which takes

into account other oxidations, pyrolysis reactions, and the main charac-

teristics of the oxidation reaction, is proposed as follows:

FB4IO *F-- BH3 + B3 H7

R

PH. + 02 2• BJ 3O + 0

0 + P 4 HIo - BH3 0 + BR3 F7

BH30 + B4H2 o0 _. P 2H6 + BjH'O

B3 H7 0 + 02 5+ B2H2 03 + BH3 + H2

B2 H2 0 3 6 B2 0 3 + H2

2 BH3 7 B2H6

B3 H7 -t Destruction at surface

BH3 0 -9 Destruction at surface

o 1 Destruction at surface
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The first steps given in the mechanism are the reactions of

decomposition of tetraborane to form EH3 and B3H7, and the recombina-

tion of these two groups to form tetraborane. These reactions are

proposed since the presence of BH3 was inferred from the inhibition of

the reaction by water vapor. Also, much of the chemistry of tetraborane

has been explained by Parry5 and Edwards, and Pearson8 and Edwards,

using these reactions. Reaction 2, the attack of BH3 on 02, was first

proposed by Roth 9 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, B130 and 0, and this coupled with reaction 3

produces two BH3 O group, for one B13 group used.

BH3 + 02 -2- BH3 0 + 0

0 + B4H3o 32 BH3 0 + B3 H7

Furthermore, both the BH3 0 group and the oxygen atom formed in reaction

2 would be expected to react with the substance in largest concentration,

tetraborane.

BH3O + B4Hjo 4-e- B2 H6 + B3 H7 0

Thus, the BH3 0 group in reaction 4 can react with tetraborane to produce

diborane which is a reaction product in the infrared cell, and B3H70

which is capable of further reaction. The reaction of B3H70 with 02 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 BH3 groups.

B3HO + ()2 5 H2203 + BH3 + H2

The reactive species P3H is furnished by the decomposition of tetrpborAne

ar well As by reaction 5 and is removed by reactions F, 2 ond 7 as shown
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below.
B3H7 B4 H,°

BH.q -BH 3 O + 0

B2H6

of these three possible reactions, reaction with 02 vould bF 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 BH3 O, 0, and B3H7 by collision with the wall of the ves-

sel 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 lin-

itee by the supply of the reactant oxygen. Reaction 2 would be an ex-

tremelv rarid reaction and vo•ld certainly be limited if the concentration

of o-rTen were small. The rroroped mechanism includep a chain initiating

resction, the tetraborAne decomposition, P chain branching repction, 2,

and several chain propagating reactions, 3, 4, and 5, as well ar' 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 complicated 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 many 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 nentacxrbonvl as wvP done by

Bpden. 20 The discovery of % nonexnlopive reaction between tetrAborane

and oxygen 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 theiL similarities noted, the oxi-

dation of pentaborane-ll 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, its mechanism of decomposition And Ppparent stability as P gas and

instability in the condensed st~te de-erve further Pttention. Further-

more, the e'-rilibrium between Oibor'np and pprtipl oxidation nroduct Pq

proposed by Shapiro38 and Coldstein ° should be investigated.

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 tetraborane and pentaborane-9.
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PART VIII.

APPEND3X

Mass Spectrometric Evidence for Heptaborane4'

In mass spectrometric examination of tetraborane prepared by

the method of Klein, 3 7 Harrison and Solomon, 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 B7 campound B7H1 5 for which other

independent data had been presented by Riley Schaeffer. 4 2


