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Abstract

The pyrolysis of diborane has been examined using & chemical shock
tube as a reactor. Additional evidence for the existence of hexaborane-
12 and heptaborane-ll and -13 has been obtained. The presence of a large
net normal isotope effect in the formation of tetraborane and hexaborane
and a net inverse isotope effect in the formation of pentaborane-9 are‘
observed. A mechanism, consisting of a series of competitive reactions
and equilibria, in which tetraborane is the precursor of pentaborane-ll
end hexaborane but not of pentaborane-9 is shown to be compatible with
the observed isotope effect. Data obtained by examining the pyrolysis
of various mixtures of boron hydrides are also comsistent with the
mechanism.

Introduction

It has long been known that the boron hydrides are unstable with

respect to he.tz
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considerable tesearch in the past. The various studies have been sum-

marized by Morey and Hill,’ and I.ipscombh and consequently will not de
repeated in detail here. Briefly, however, kineti¢ etudieas and work

on the various isotopic exchange retau.:ti.ons6 indicate that the initial

"two steps in the pyrolysis of diborane. are the rapid borane equilibrium

followed by a rate-determining attack of BH3 on diborane, However, the

folloving steps whereby tetraborane, pentaborane-9 and -11, hexaborane,

ete,, a.fe formed are in some doudbt. For example, some aut'.lmrs5 T tend

" to write BsH;; as being formed directly from diborane and an intermediate

product, thought to be BaHy, produced directly from diborane. However,
it is Scheeffer's view that the work of Klein, et 31.9 on the decomposi-~
tion of diborane in a hot-cold reactor tends to suggest that tetraborane
is first formed from BgHy, subsequently being converted to BsH;;.

Kinetic studies on the conversion of tetraborane to pentaborane-111°/1%

indicate the possible existence of two intermediates, B Hg and BgHy.

Later work on the rate of formation of BeHgCO ™~ tended to confirm the

existence of the former. This species also seems a likely intermediate

. in the tetraborane-diborane exchange]'3 and the pentaborane-ll-diborane
‘exchange.lh In general, the existing evidence tends to favor a rather
” complex mechanism cdnsist:lng of a series of competitive reactions and

' équili‘bria.
The present research was based on the idea that if the bo:-on lwdrides

were subJected to & heat pulae of some type, one might expect to pmduce
higher concentratione of :lntemediatee for short yerioda of time‘ As a
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result of these higher concentrations and the short period of the tempera-
ture perturbation, new unstadble boron hyd.ﬂdes could very well appear in
the final products. In contrast, one would expect under the conditions

at which the interconversion of the boron hydrides has been studied in
the past (temperatures of the order of 100°C and times measured in minutes)
that unstable species would be destroyed nearly as fast as they are formed;
COnsequentiy , 88 the simple shock tube is a ¢onvenient means of producing
heat pulses of varying strength in a mixture of gases, it was used in

the work presented.

Experimentall5

The two inch i.d. shock tube used in this work and shown schemati-
cally in Fig. 1 consisted of & two foot brass driver section separated.
from an eight foot pyrex pipe reactant section dy a 0.001'' aluminum
foil diaphragm. The end plate of the latter section was replaced by

another 0.001'* diaphragm which, when ruptured by the shock wave, allowed

the products to enter a large evacuated trap at 77°K. This device .

© allowed all the condensible products to be collected immediately after

the shock perturbation had subsided. Provision was made for moving the
products from this trap to the separation apparatus utilizing & stream
of helium.

A driver pressure of about 1} atm. of helium or hydrogen initiasted
the shock wave by spoutaneous diaphragm rupture in most cases. The reace

tant gas at a pressure qf approximately one cm Hg generally consisted of




. & typical run. It may be seen that the rarefaction wave overtakes the

b,

a mixture of &n inert gas aad/or hydrogen with one of more of the vola-

tile boron hydrides.
The velocity of the incident shoc¢k wave was measured utilizing a

- 8schlieren system. For He/Ar shock waves, the velocity compared favorably

16

 vith that caleulsted from the diaphregn pressure retio. The measured -

)velocity permitted fh‘e calculation of the temperature behind the incident
- vave using an average heat capacity, where available, for the boron ‘ '
hydride, Corrections were not made for the heats of reaction” as on.'lyl'_j ; i

- -an estimate of the shock strength was desired.

An indication of the conditions to which a typical sample i3 sube -

Jdected is given by the wave diagram in Fig. 2, vhich was calculated for

" shock wave shortly after it reflects from the secondary diaphragm. It

18 probable that the diaphragm does not break immediately’® and conse-

quently the gas is subjected to the reflected wave vhich roughly doubles

the temperature of the gas. If the diaphragm still has not broken, the

<. interaction of the shock wave with the comtact surface in this case would . .

R A Bl

result in two shock waves moving in opposite directions. Further inter- f«,} e

actions become very complex » especially vhen the diaphragm ruptures

' ailo»&ng the gas to expand into the cold trap. For this reason it
" would not be very fﬁxitml to try to trace the subsequent events. It
. suffices to say that it is doubtful that the cooling in tpe .trap.is

* efficient enough to prevent some reheating of the gas due to deaccelera-

tion at the trap wa].la - The rarefaction wave does aid in cooling the

‘ products, hawever. Thia vaa aubstant:lated :Ln the case of Baﬂxo and Ha,

Ty
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With a Hp driver, the wave diagram is about the same as that in Fig. 2.
vhile with a He driver the rarefaction does not reach the secondary
diaphragm until a relatively long time after the shock wave. Conaider- -
ably more unstable products and less solid were formed in the former |
case than in the latter, other conditions being equal. Despite the

vagueness of the actual history of the sample, it is subjected to a

temperature perturbation of short duration which, as this study was initi-

" ated along preparative lines, was the desired result.?

The separation of the products was accomplished using & *‘codistile.

lation fractionation apparatus '’ constructed essentially as described

20

by Cady and Seigwarth. The general operation of this apparatus is as

follows., The products are carried by a stream of helium gas from the

shock tube trap to a copper ‘'U'' tube packed with magnesium metal filinga'

to vhich a temperature gradient between 77°K and 300°K has been applied.

The vertical position in the tube where the various substances condense
» depends 6n the substances' boiling points. The temperature gradient is

" gredually raised allowing the rings to move towards the bottom of the
''Y'' tube. Upon reaching this point they distill off and are carried
awvay by the helium stream. As the compound leaves the column it is

detected by & thermal cqm‘iuctivi.ty.qeu: that forms oneam of a Ybridge
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circuit. The unbalance of the bridge is monitored with a recorder giving .

a visual record of the distillation. A typical record is shown in Fig.

3. The vertical dotted lines refer to the scale changes shown, while. E

- the decaying curve is the output of a copper-constantan thermocouple

attached to the bape of the column..
A schematic diagram of the actual apparatus constructed for this

research is shown in Fig. 4 and the parts used are given in the legend.

. Selected products could be efficiently trapped in the detachable spiral

glass traps and carried to the mass spectrometer for identification.
This method of geparation is very suitable for separating unstable
volatile compounds such as the boron hydrides for two reasons. First,

the column contains no absorbing substances that may hold water and 11;

- may be baked out under vacuum. Secondly, the entire distillation is

finished before the column reaches 0°C eliminating the problem of decom- -

position.al It vas particularly applicable to this work as about
5 x 10”7 moles of a stable product could be trepped and identified on

the mass spectrometer. The mass apectrometer showed that compounds

«

purified in the apparatus had total impurities of less than 0.2 per cent.

As the area under each curve on the distillation record (Fig. 3)
is prOporﬁional to the amount of material present, the composition of
the mixture of volatile products could be determined with suitable cali-
bration. The area of each peak was taken to be the height times the
width at half-he"ight.-‘ Peaks were trapped and the area per unit pressure

he composition of & run vas

determined. As é check on the procedure ,4t
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determined by area and also by trapping. The total amount of material
was equal within ) per cent; however, the pentaboranes were over > per
cent off, vhich is not surprising es one peak falls practically on the
other,

- The amount of solid produced in a given run was taken as the total
amount of volatile material collected in & blank run minus the amount
collected in a nomall run. The blank run and the normal run were
corrected for any differences in starting pressures and the calculations
were done in texrms of méles of boron. The absolute accuracy of this
method of composition determination is probably not better than 10 per
cent of the composition values and is particularly bad for small peaks s
in that it tends to give too small percentages. However, all that was
desired was a relatively easy way to compare various runs and for this
purpose the accuracy is quite sufficient.

The diborane of normal isotopic content used in the pyrolysis
experiments was purchased from the Callery Chemical Compeny, Callery,
Pennsylvania. It was purified by trap-to-trap distillation before use,
The tetraborane was obtained from the same compeny. It was found to
contain small amounts of hydrocarbon and alkyl substituted diboranes;
consequently, it had to be purified on the distillation apparatus
described above. The pentaborane-9 used was some that had been previously
prepared in the laboratory.za The pentaborane-1l1l was prepared as ade-
quately described by Burg and Stone.a The hexaborane used was prepared
in the shock tube-and purified on the distillation apparatus. The deuters

ated B*! diborane vas some that was previously prepared in this labo-
2h




wvas used. Helium from the same source was used with the fractionation

" apparatus except it was run through a drying tube and large packed
. volved,

while the deuterium was obtained from the Stuart Oxygen Company.

' separated and identified as described above, Considerable amounts of . ij}f‘
‘ﬂ

. BaoHze.
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For the driver gas, helium obtained from Air Reduction Corporation .

-
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copper column at T7°K before entering the flow system. These precautions. .

\

were taken in the latter case as much larger amounts of helium were in-
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The argon used was Matheson reagent grade which was certified
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99.99% pure argon. Electrolytic hydrogen was also obtained from Matheson %
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Results and Discussion

The volatile products BzHe, BeHyo, BsHo, BsHyy, BeHio, vere all . i

solid were produced in these runs ‘and samples were analyzed on the mass -
spectrometer. BioHi4 was present along with possible traces of

25,26 Most of this solid material was non-volatile, however. : [ ,

Detection of Unstable Products.--Besides these ''normal products'',

unstable products were formed and their identity was determined as follows. 'ffk

In certain runs (low shock strength, excess hydrogen) thé distillation

| record had several peaks that were not due to known hydrides. As the

magnitude of the difference in thermal conductivity between the reference

. and sample cells of the detector is directly proportional to the vapor

pressure 61‘ the substance distilling at a certain column temperature, an g

unknown vapor pwessufe kca}n_be determined with suitable calidbration. It

”
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vas found that the temperature at which the vapor pressure of a compound

was 0.1 mm corresponded to the temperature at which the compound first
appeared on the distillation record. This 18 shown in Tablé I for a
few selected runs. Vapor pressures for the boron hydrides are given in
references 27 and 28, As can be seen, the correspondence is.very good
and is quite reproducible. It is felt that the values determined for
the unstable products are as good.

‘The most abundant intermediate found was BgHy». This molecule was
first suggested by Stock,2 and later some mass spectral evidence for
its existence was offered by Gibbons et a1.29' The latter consisted of
ion peaks at m/g 77 and 78 in the spectrum of freshly prepared hexa-

borane,

In Fig. 58, a reproduction of the distillation curves of the penta- .

'boranes and hexaboranes from a 16% BoHg, 5T% B2, 2T% Ar run is shown.
Using selective trapping and mass spectral analysis of the cuts, the

_ first portion (before the first maximum) of the pentaborane curve was

shown to consist of & mixture of BsHy and BsH;, vhilé the second portion

was BsHg alone. The second part of the hexaborane curve was shown to
be BgHyo. The first part of the hexaborane peak has a mass spectrum
containing ion peaks at m/e 77 and 78 not unlike the.ion pesks at m/e
65 and 66 in the mass spectrum of 35311.30 These peaks were not caused
by instrumental peculiarity as both fractions were run in succession.
One sample had m/e 77 and 78, and one did not. The samp.‘l.e size admitted
to the mass spectrometer had no effect on the exiatence of these peaks

either. By comparieon vith the cade of the pentaboranea, it 1s evident

PSS
L

n ™ T T T . N
[ P A AP S S SRt N

e md TRECLF o

mcmne @ n L PR
A

S e

v i



9.

that the first part of the hexaborane distillation curve consiste of a
mixture of BgHio and Bgﬂm'. It 1s obvious that in order to obtain a
pure sample of BgH;» by this method of separation it would be necessary
to prepare it in greater amounts than BgHjo. Unfortunately, no condi-
tions in these experiments led to the formation of BgHj» 1g excess.

In Table I , it can be seen that the vapor pressure of BgHi» seems
to besdlightly larger than that of BgHio for a given temperature although
this 1is not obvious from the distillation curve shown in Fig. 58.3 1

Besides BgHi >, one or more heptaboranes were formed in shock waves
through B Hyo and Hp. A partial mass spectrum of a heptaborane believed
to be ByH;~» has been pv.xb].ished.3 2 Similar evidence for other hepta-
boranes has also been put :‘Z’orw_tmcl.25’29’3 5 The evidence for B+H;» con-
sists of ion peaks at mass numbers 77-89 with the principal peak at
mf/e 83 in a mass spectrum of & mixture of ByHyo, BsHe, BsHiy and BeHjo.

In Fig. 5b and c are reproductions of the BgHio distillation curves
including peaks attributed to heptaboranes. Attempts were made to trap
these peaks singly; however, none vere successful. The resulting mass
spectra consisted of mixtures of small amounts of BpHas, ByHyo and BsHg
indicating d‘ecompoéition had occurred., This is not too surprising as
the total area of the peak trapped represented about 5 x 10°7 moles of
material., This amount of BgHyo could be trapped and identified; however,
& sample of BsHjyy of similar size suffered considerable decomposition.

To identify these peaks s the hem_abome and heptaborane were trapped
together. 1In this way, it vas hoped that the BgHo would both !‘carry'!’
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the heptaborane into the inlet of the mass spectrometer and also ' 'pro-

tect'' it from decomposition, especially on the metal walls of the expan-

sion chamber. This turned out to be the case and the partial spectra
of ByHy; is shown in Pig. 6a vhile that of a mixture of B7H,; and BsHs
is showvn in Fig. 6b. It 1s to be noted that the envelope of the frag-

"- - ment ion distribution of BoH;; is similar in shape to that of

BeHip. This may indicate that ByH3, has a structure similar to BgHio
except with seven borons in the basal ring. The spectrum in Fig. 6b is

very similar to the one previously published for 37312.3 2

The temperatures at which the heptaboranes have vapor pressures of

0.l mm are given'in Table I and as the difference between the values
given is small they probably differ by two hydrogens. Therefore it is
" thought that these compounds are B7Hyy and ByHys, although the pair

ByHi3, B7Hys 18 also possible.

The Mechanism and Isotope Effect.--The effect of shock strength on the

product distribution was examined initielly. Fig. 7 shows that there
is no real change in the volatile product distribution with increasing

shock strength.ju

However, the amount of solid material produced in-
creased. The invariance of the volatile product distribution suggests
that the distribution may be thought of as a ‘'steady state'' distri-
bution in the prod.uction of solid. This is interesting in that it suge -
gests that the solid 19 not. produced directly from diborane but it is
the end product of several steps, It also 1mplies that molecules once
formed can easily decompqag and re-énﬁexf the @éeompositian“ schemé.

o
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To provide a basis for the discussion of the results, a proposed
mechanism for the pyrolysis of diborane is given below. It is composed
partly of steps previously set forth by workers in this field and partly

of the authors' proposals.

(1) BzHg + 2BHg
(2) BHs + BoHg -» Ballp
(3) BaHp # BaHy + Ho
(4) BaHy + BoHg = BeHio + BHs
(5) BsHg + BzHg = BgHe + JHe
(6) B4Hyo = BsHy + BHs
(7) BgHio = ByHlg + He
(8) By4Hg + BoHe —* BsHia + BHs
(9) BsHg + BzHe = BeHia + Ha
(10) BeHio = BgHyo + Ha
(11) BsHyy = ByHg + BHs
(12) BaHy + BgHyo -* Byl + 2H
(13) BeHys = ByH;y + Ho
(14) nBgHg -* m(solid) + pHa

The short reaction times available in this study reguire that the
initial and propagating steps in the reaction mechanism be very fast.
It is possible then that under ''normal'' pyrolysis conditions other
slover reaction steps could contribute to the formation of products.
However, it is reasonable to expect that in the latter case the fast

reactions would also dominate.
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Evidence to support this mechanism is found from the examination
of the isotope effect occurring during pyrolysis. This was done in
the following mannér. Shock waves were run through mixtures of B'lpXs,
X2 and Ar at about the same shock strength (X = H,D); These compounds .
contained various smounts of the isotope H. The products were trapped
as before and the $H determined from their mass spectra. Unfortunately,
the BsX;3 was present in amounts too small to be separated completely
from BsXg. However,an upper limit for the $H in BsXyj could be deter-"
mined. To obtain the $H, the spectrum was runm about 1 volt above the
appearance potential of the parent peak. This automatically gave the .
distribution of ioms containing all D, all D except 1H, etc. In the
cases where the parent peak was too weak for this procedure, corrections
hed to de applied for the various contributions to & pesk, Because of
a the somewhat ardbitrary nature of thiq correction, the resulting values
are not es good as those of the first method in an absolute sense,
However, they are as good for comparative purposes.

Two different isotopic contents were used in the runs made. The
first, type I, employed mixtures of 10-20% deutersted diborane containing
1.6% H, 60-70% deuterium ges containing 1.01% H, and 10-20% argon. The
average protium contents of the prbducts of three runs gﬁder nearly the

same conditions are as follow: diborane, 1.4% H; tetraborane, 11% H;

pentaborane-9, 1.0% H; pentaborane-ll, < 3% H; and hexaborane-10 , 25% B,

. It 18 fairly evident that the protium vﬁicb appears in the tetraborane
- and hexaborane is part of the protium lost by diborane. As the latter
compound is in considerable excess, the total amount of protium iost is
more than sufficient to account t"qz" that foynd, = .

.
[




The type II run was made in & mixture of 16% deuterated diborane
containing 20% H, 60% deuterium gas containing 30.8% H and 24% argon.
The results vere: residual diborsne, 26% H; tetraborane, 30% H; penta-
borane-9, 268% H; and hexaborane-10, 4B% H. In this case complications
arise es the diborane may gain protium by exchange with the hydrogen
gas and this seems to bave occurred.. ’

The explanation of this striking example of the isotope effect 18
. intimately connected with the mechaniem of the reaction. Unfpmmately,
the unavailability of reaction times and the molecular parameters of

. some of the species involved render any flgorous theoretical considere |

ation of this effect on the basis of the proposed mechanism virtually
impossible. It may de cbserved, however, that the end result of the
entire reaction is analogous to a process of isotopic enrichment. As
the proposed mechanism consists of & series of éteps, each of which may
exhibit the normal or inverse isotope effect, the following considera-
-tions are enlightening. .

Consider the hypothetical system in which only the reactions leading '

to the formation of tetraborane are allowed to occur. These are essene~

tially (1), (2), (3), (4), and (6), vhich may be- wmteny;] ‘

!, R

(1) BeXe = 2BXs

A (2)'-j%4'.32x6—033x8 - T
(3) BaXe = BoXy + Xe - ,
() BeXy 4 Bae ® Bio +BKs &

tow & < e L
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Initially let the system contain n moles of BaHs, n' moles of BzDe,
m moles of Ho, and m' moles of Da. Reaction is then allowed to occur
at & certain temperature with no mixing of isotopic species until a
steady state is reached. Provided (2), which is generally accepted as
the rate-determining step in diborane pyrolysis, is 8 8lov step with
respect to the other reactions and diborane and hydrogen are in large
excess, one can write the following equation for the protium comntent of
tetraborane. |
o SR g

Here N is the mole fraction of H in the product, No is the mole fraction
of H in the diborane before reaction, Ky 18 the equilibrium constant
for reaction i, where i = 1, 3, and 4, ko 18 the rate constant for reac-
tion 2 and the primes refer to parameters of the deuterated compounds.
In general, the protium content of the product will not equal that of
the reactants.

In an enrichment process, the final enrichment may be written in
terms of an enrichment factor, R, defined by Evanajfa

N/{(1-N 25 =
Re No/ (1-No *

N and No will have the same significance as above if the reactant di«

borane is considered as the original mixture and the products as the
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enriched or impoverished fractions. If there is more than one step in

the process, R is the product of the enrichment factors for the indi-

vidual steps. As the equation above, for the protium content of tetra-

borane, may be rearranged in a form equivalent to the equation for a
Process of enrichment (or impoverishment) with an enrichment factor,

m' , K
Refle e (o

~ the analogy of this sysf.em to a process of 1sotopic enrichment becomes

. evident,

An estimate of the expected enrichment on the basis of this model '
could be made if the k's and K's were known. As ka/ka' for D and T

has been estimated as 1.6, 1.7 would be an acceptable value for H and
D.3 6 It K;/K;' is calculated from the vidrational frequencies contained
in Ref. 3 and 37, a value of 1.7 is obtained at 298°K, decreasing with

higher temperatures. It is not unreasonable that Ks/Ka' and K4/Ks'

would have approximately the same value. If, in fact, one uses ka/ko'=l.7 -

and Ki/K:l' = 1.6 and substitutes in the expression above values for No
and m' /m corresponding to the reactant mixtures used, a protium content
of 10% is found for type I runs and 3T% for fype II as compared to ob-
served values of 11% and 30% respectively. Modelé similar to the pro-
posed mechanism may also be set up for‘ Pentaborane-9 and <11 and hexa-
boi'ane. :Agreemeut here for bothtypes of.lruns._ is.as reasonable as with

Y
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tetraborane. In the non-equilidbrium system, products once formed can

decompose and re-enter the reaction scheme. Therefore, the possibility

exists that a greater effective number of steps ihan those shown could .
be involved in the formation of & final product. In this case, even

a small difference in the rate constants for the two isotopes would

Yield a measurable effect. .

If nothing else, the agreement of the model with two different sets
of data shows thst this large, apparently ;bnormal, isotope effect is
not at all unreasonsble for this type of mechanism. In spite of the
additional complexity, both in the mechanism and the reacting system,
it 1s evident that the mechaniem presented could very well yield the
enrichments found.

Evidence that products once formed can undergo additional decom-
position and reaction is obtained when the various possible products
are themselves subjected to the conditions behind the shock wave., In

contfast to the invariance of the product distribution with change in
shock strength, a large effect in the distribution was observed on
changing the concentration of initial reactants, The results are qnite"
interesting when interpreted in 1light of the above mechanism.

Tetraborane was the compound examined most thoroughly as it was
found thét this compound produced larger amounts of the unstable species
described above tban did diborsne., Fig. 8 shows the product distribu-
tions as a function of the per cent Hp in the initial mixturg. The run

with 0% Ho contained 91% He to retain approximately the eame'conditions. B
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The basiec trends on Hz addition can be explained as follows. Reaction
(6) is provably faster than (7) in the absence of hyﬁrogen.]"'a’l3 Most
likely a large excess of hydrogen would considerably slow the production

~ of BgHg vwhich in turn would lower the production of solid. This corres-
ponds to the observations. The reduction in the rate of (7) would allow
(6) to effectively contribute to the decomposition at large Hz concentra-
tions. The presence of the hydrogen, however, would remove the BaHy in
reaction (3). The BaHp thus formed accounts for the increase in BsHg
observed. The increasing contribution of (6) should also increase CBgHe)se
due to BHs recombination with increasing (Hz), and this too appears to

be the case. Finally, (BsH ) decreases at high (Hz) in agreement with
(8) while (BeHjo) also seems to decrease slightly as indicated by (9)

“and (10).

As tetraborane systems produced by far the most unstable products,
it is thought that tetraborane or an intermediate derived directly from it
is involved in their formation. (BgHip) decreases with increasing (Hz)
suggesting reaction (9) for its formation. The low concentrations of the
heptaboranes were independent of (H2) indicating their production by |
reactions (12) and (13).

In the search for new products, there vas occasion to briefly study
several other systems. Results of selected runs are shown in the com-
position profiles in Fig. 9. Shock waves in BpoHg-Ho mixtures show little
- change from BpHg-Ar mixtures (Fig. 9a) although hexaborane-12 and traces

of heptaborane, which were never obtained using inert gas alone, were




observed. Pure diborane {Fig. 9b) is also nearly the same except that

considerably more BgHya and less solid is formed. This could be the

. result of changed reaction conditions but it is believed to result from
the excess BpoHg eliminating some of the ByHg via (8) and (9) thereby
increasing (BsHyi) and decreasing the solid. The fact that (BgHyo)

- account for the fact the BgHjo has not been prepared by pyrolysis without

remains about the same implies that (8) is faster than (9). This may : ;

~ the formation of large amounts of BgHyy in spite of the apparent stability
of hexaborane when pure.

Fig. 94 is the profile of & BgHjj-Hp run. In spite of the large
concentration of Hz, 60% of the initial Bsnn'went to solid. This
confirms that BgHy; decomposes via (11) with the production of B Hg and
is thus unaffected by hydrogen concentration.

Fig. 9c shows the results of a run with BpHg and BgHyy. The only
marked change between this and pure BpHs 18 an increase in (BgHio).
BgH;y decomposing via (11) ylelds higher BgHg concentrations producing
more BgHyo and of course BgHya. It 18 interesting to note that inm this |
‘ case considerable BgHy» was produced along with some 'heptaborane vhile
- with BsHjj3-Hz none was produced.

It was found that the addition of a small amounf of BgHyo to &

BsHyo and He run tripled the amount of Belyz produced. This suggests
that (10) 1s reversible and much of the added BeHyo was “converted to

: Ce C . - H B R
BaH 3 [ Sl Cee . ’ Lot
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The results of shocking BsHg and Ar and pure BsHg are shown in
profiles 9e and f., For all practical purposes no volatile products are
produced although considerable amounts of solid are. As postulated in
~ the mechaniém , this strongly suggests that (5) is not reversible; because '
if .1t were, other products should be observed. A vwhite blue flash was
observed with strong shocks in BsHp vhich may indicate the presence of
excited BE.? It fu .quite possible that the folloving reaction takes
place: - | R |

BgHg -» BH* + ByHg
’ L solid

Although several specific steps in the proposed mechanism are still
open to debate, it has been shown that the pyrolysis of diborane may be
described as a series of competitive rea&ions and equilibria in which

- pentaborane~9 is formed by a different route than tetiaborane and hexa-

borane and in vhich tetraborane is & precursor of hexaborane. The actual .

1Y I
ot AR ol RN

steps are consistent with the product distributions odtained by pyrolys- -
ing verious mixtures of the boron hydrides., Also hembbrane-lz and tvo ‘ |

heptaboranes were identified and it appears that vhexa'borane-lz is inter-

mediate in the formation of. hexaborane-10,

S .
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TABLE I

Temperatures at which the Vapor Pressures of

the Boron Hydrides Equal 0.1 mm

Substance Temperature — Temperature at which
at wvhich Substance First Appears
Vapor Pressure During Distillation
Equals O.1 mm_ _ ;. in °0,
Run
A B ¢ D
BH . <110 -113 -4 -128 -118
B.E, W -88 -89 -91 87 -87
BH, | -80 : -80 . -82 -9
Ptz , I
Bo . T 8 6L 5T 56

BH . | b -b)
et '




Figure legends

Fig. 1 The Shock Tube and Associated Apparatus

1.

> % < g = gLl R ow xgomomw s op

High Pressure Section
Reactant Section’
Dump Section

Trap

Mix Section

High Vacuum

Rough Vacuum

Helium Inlet

To Analysis

Light Sources

S1it Systems
Photomultipliers
Knife Edges

Primary Diaphragm
Secondary Diaphregm -
1/3 Diephragn Clemp
Manometer .
Inlet for Reactants
Ball Joint Valve
Teflon-covered Magnetic Stirrer’

Amplifier

CRO Cathode-ray Oscill,opcope

P

Polaroid Camera

23.
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T Trigger
Y Y Deflection Flates
MV Multividrator
DS Diode 8witch
N Liquid Ritrogen
U Dewar
# 8topcocks
Fig. 2 D.'l'stance vs. Time for the Principle Waves in a Typical 20%
Diborane in Argon Run .
8. Incident Shock

I

Sg

C Contact Surface

Reflected Shock

R  Rarefaction
D Diephragm
Fige 3 A typical Distillation Record
Fig. 4 Fract:l.oﬁation Co-distillation Apparatus
HV High Vacuum
R Pressure Regulator
T, Fyrex Trap (for large emounts of stable product)
.T
products)
M  Gomac Microcell (Model JDC-307=Thermistor)
ST, To Shock Tube Trap

1

C ST2 From Shock Tube Trap

U Sample Freeze-out for Auxiliary S8amples’
A Standard Taper for Auxiliary Samples

> Fyrex Spiral Trap (for small amounts steble and unstable

“ .
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25.
Flowmeter (Predictabilityr 0-40 ml/min
Check Valve -
From Helium Tank
Water Trap (1/2" x 2' copper tubing packed 70-80
mesh Mg filings)
Column (3/16" x 3' copper tubing pecked 70-80
mesh Mg filings)
Devar (1 pt.)

Stopcocks (High Vacuum)

Fig., 5 Partial Distillation Curves 8howing Unstable Products

Fig. 6 Partial Fragmentation Patterns of 1wo Heptaboranes

Fig. 7 Product Distribution vs Incident Shock Strength for 20%

Diborane in Argon Runs

The main Volatile products are shown as per

cents of the total emount of volatile material

recovered. The non-volaetile material is shown

as the per cent of the starting boron hydride that

did not appear as volatile products. Pa/Pl

refers to the pressure ratio across the incident ,ﬁl
shock and corresponds to a temperature range

of 800-1200°K . '

Cm . = -

. Fig. 8 Product Distribution vs Per Cent Hydrogen in Reactant Mixture

for Tetraborane Runs

Fig. 7. The incident shock temperature is about L4OO°K !

The product distributions are plotted as in ,

~n




Fig. 9

Composition Profiles for Selected Runs
'Ihe product distributions are plotted as in

7 and the temperaturea listed are for the gas

behind the mcident shock.
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