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1. SUMMARY

. Thermodynamic calculations have been made on the following reactions and
systems:

(1) The thermal decomposition of boron hydrides to boron and hydrogen,
(i1) The formation of diborane by hydrogenation of a boron halide,
(1ii) The pyrolysis of diborane to higher boron hydrides,

(iv) Alkylation reactions.

The calculations show that in order to produce diborane from a boron
halide and hydrogen, the hydrogen must be in a very active form. The other
systems considered consist of reactions which go to completion, with the
exception of the equilibria which exists between diborane, tetraborane and/or
dihydropentaborane. The probable values of the equilibrium constants of
reactions involved in the equilibria have been indicated.

Estimated values of the free energy of formation of alkyl boranes are
given in the Appendix. :

2. INTRODUCTION

Thermodynamic calculations show that the heats of combustion of compounds
containing boron, carbon and/or hydrogen are higher than that of aviation
kerosene (1, 2.)s Boron hydrides and their derivatives have therefore a
potential importance as high energy fuels, and this report deals with the
thermodynamic aspects of reactions which may be involved in their synthesis.

Thermodynemic calculations of the equilibria and heats of reaction have
been made with the accuracy the available data will allow, all reactions
being assumed to occur at a constant pressure of one atmosphere., Thermo-

ic data have been taken from the publications of the National Bureau
of Standards(3, 4), the work of Bauer (5), and in certain cases estimated by
empirical methodse

The reactions have been grouped into four sections under the headings:

Section 3. The Thermal Decomposition of Diborane and the Higher
Hydrides to Boron and Hydrogens

Section L: The Formation of Diborane by Hydrogenation of a Boron
Halide. (The use of lithium aluminium hydride is not
included, through lack of sufficient thermodynamic data.)

Section 5. The Pyrolysis of Diborane.

Section 6. Alkylation Reactions.

JTAELE 1 eeeee
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3, IHE THERMAL DECOMPOSITION OF DIBORANE AND THE HIGHER HYDRIDES TO BORON
AND HYDROGEN

The thermal decomposition of boron hydrides to boron and hydrogen has
been considered first, since these reactions should be included in all
thermodynamic calculations of systems in which the hydrides are involved.
Over a wide temperature range of 300°K (270C) to 900°K (627°C) the
equilibrium state is that decomposition to boron and hydrogen is virtually
complete, For example, the equilibrium constant for the reaction

Bsz = 2B + 31'12 ecccsscccvee !-_

is greater than 1 x 1071 at 900°K, Table 1 summarizes the equilibrium
constants and heats of reaction for these thermal decompositions. It can
be seen that all the decomposition reactions are exothermic.

In practice however, none of the hydrides decomposes spontaneously to
boron and hydrogen at room temperature. For example, diborane can be stored
at room temperature for several days with only slight decomposition (6);
the higher hydrides and hydrogen, not boron, are produced, and even at
300°C a nonvolatile solid boron hydride is formed. For complete decomposition
to boron and hydrogen, temperatures above 700°C are required (8).

Since all the subsequent calculations were made at temperatures of 327°C

or below, the decomposition of the boron hydrides has been neglected in' the
consideration of the other systems.,

L4, THE FORMATION OF DIBORANE BY THE HYDROGENATION OF A BORON HALIDE

4.1 Introduction

The first synthesis of diborane by the reduction of a boron halide was
carried out in 1931 by Schlesinger and Burg (8), who passed boron trichloride
and hydrogen at 10 mm. Hg pressure through an electrical discharge and obtained
an overall yield of 15 per cent diborsne. Stock and Sutterlin (9) in 193k
used boron tribromide and obtained similar yields, More recently, Hurd (10)
has shown that a boron halide, with hydrogen and a hydride of an alkali
(or alkaline earth) metal yield diborane. Aluminium has also been used in
place of the metal hydride (11).

- Thermodynamic calculations have been made on the following systems:
BX3(g) + Hy(g), where X is a halogen;

BClz(g) + Hy(g) + £1(s);

Table 2, pe ) summarizes the equilibrium constants and heats of reaction
for reactions included in the systems.

/TABIE 2 eeeee
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L.2 System 1: 3013(9;) + Ho(g); BBrz(g) + H,o(g).

When boron trichloride reacts with hydrogen in an electric arc discharge,
4he main oroduct is monochlorodiborane, together with hydrogen chloride
anc. small amounts of diborane, (fable 2, opposite).

The reactions that have been chosen %o represent this system are:

(B} {maL}®
{BCL3 12 {H,}°

2 BClB + 6H2 = B2H6 + B6HCl; Kp

38 000-0000_6-

i BZHBC:L} {HC]. }5
(BaL; 2 {Hy }

2 BCL, + 5H, = BH

3 Cl + 5HCl; Kp

5

5 2
[ B BC1
6 B2I'1501 = 582}{6 + %Cls; Kp = { 2H6} i6 3} sevccee _8_
{BoHsCL }

Note., Here and below {BZH6; is used to denote "partial pressure of

Baie's

The equilibrium constant for reaction 6 varies between 6,85 x 10792 a% 300°K
and 2.72 x 10"26 at 600°K, clearly showing that only very low yields of
diborane should be expected. Schlesinger and Burg however, found that 15
per cent yields of the diborane/monochlorodiborane mixture could be obtained
in an electrical discharge apparatus. In attempting to explain this
descrepancy, the free energy of monochlorodiborane was estimated using the
equilibrium constant experimentally measured by Stock (12) for the decomposit-
ion of monochlorodiboiane (reaction _8). The equilibrium constant of 1 x 10
leads to a free energy value for monochlorodiborane of =13.4 kcal/mole. A
less accurate value of =10 kcal/mole has also been estimated, from the
rough experimental equilibrium constant of 3 x 105 (12) for the reaction

{Bp H5CL} {Hp}
{BoHg } {HC1}

ssasinl | 1D

BoH + HOL = BoHgCl + Hyj Kp =

Using the free energy value of ~13.k kcal/mole, the equilibrium constant for
the reaction of boron trichloride and hydrogen to give monochlorodiborane has
been estimated at 300°K to be 1 x 107+F; that is,very 1little monochloro-
diborane is predicted at room temperature. Iven at 600°K the equilibrium
constant would be approximetely 1 x 10722 which corresponds to only about a
1 per cent conversion of boron trichloride. Clearly the reaction of boron
trichloride and hydrogen by purely thermal methods cannot lead to the

/relatively evece

-5-
RESTRICTED



RESTRICTED

relatively high conversions achieved in the electrical discharge., Probably the
formation of highly active charged ions, which through lack of data cannot be

dealt with thermodynamically, are responsible for the high conversion obtained,
€e g

+
13013 + 6H2 + be = B2H6 + 6HCL

Similar arguments apply to the reaction of boron tribromide and hydrogen

{Bolg } fiEr P

2BBrz + 6 = B + 6HBr; X
3 Hy, = Bylig ; P
{BBr3}2 {H, P

a0 c0acssoce 11

At present, no data are available for the equilibrium between monobromodiborane
and diborane.

Le3 System 2

Bol,(g) + Hy(g) + Al(s);

This system is represented by the three equations

6
Bal, + 6H, = B + 6HCl; Kp = L2l ... 3
{BC15}2{H}
5
2By + 5H, = Bl + SHCl; Kp BaiscLipay . 7
{Bo13 32 {H, 32
A101 3
6HCL + 241 = 2MCl; + 3Hp;  Kp = e [ 12

f HC1 }6

The equilibrium constant for reaction 12 at 300°K is 1 x 10120 and the effect
of aluminium on reactions 6 and 7 is to shift the equilibrium composition

of the gases by continually removing hydrogen chloride as aluminium chloride.
Thus the overall reaction

2BC].3 + 31'12 + 2A1 = BZHG + 2 A1013 eescece !-_é

should go to completion. In practice, Hurd (11) found that, at 450°C, .
using a 6:1 ratio of hydrogen to boron trichloride, only a 30 per cent yield
of diborane was obtained. It is probable that reactions § and 7 which lead
to the formation of hydrogen chloride, are rate controlling.

B wansa
sy
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Se THE PYROLYSIS OF DIBORANE

5¢1 Introduction

The boron hydrides, other than diborane, are generally prepared by the
pyrolysis of diborane. The free energies of the reactions which may be
involved in pyrolysis experiments have been calculated and discussed by
Bauer (5), and the present work has therefore been concerned with the
calculation of the equilibrium constants for these reactions, and, in
certain cases, the equilibrium position in the gas phase. The equilibrium
constants for the reactions involving the principal hydrides are quoted in
Table 3 (p. 8).

5¢2 The Equilibria Between Diborane, Tetraborane and Dihydropentaborane

Bauer (5) has suggested that equilibria may be set up between diborane,
tetraborane and dihydropentaborane, but he was unable to discuss the
equilibria since the probable error in estimating the entropy values for
the reactions was too great. In the present work it has proved possible
to indicate which are the more probable values.

The reaction between dihydropentaborane and hydrogen to give diborane
and tetraborane (reaction 2L) was studied at 100°C by Stock and Mathing (13).
Using a 20:1 ratio of hydrogen to dihydropentaborane, they obtained a 57.6
per cent conversion of dihydropentaborane to tetraborane and also found that
very little side reaction occurreds.

. _ Byl P {BoHg)
2B + 2 = 2ZB)H + B H Kp = seecacee &
511 Hy 110 olig [Bapny 121 )2

Now, i* is a simple matter to calculate the equilibrium constant at a given
percentage conversion, and Figure 1 is a graph of the logarithm of the
equilibrium constant against percentage conversion of dihydropentaborane,
assuming an initial 20:1 ratio of hydrogen to dihydropentaborane. It can be
seen that a 57.6 per cent conversion corresponds to an equilibrium constant
of 2.8 x 1072,

Reaction % can be obtained by a suitable combination of reactions 14
and 15 (Table 3), i.ec.

2 x ZBZH6 = qu.HlO + H2 ecseccsncsesboe !-_ll-_
s 582H6 = 2B5Hll & ’+H2 oo'oo.ooooooo-l.é_

2B§H11 + 21-12 = 2Bl|.H10 + BzHG seccececense _g.)t

/TABLFJ 5 LE R NN ]
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whence szl,. = (Kplh_)z/Kp15. An examination of the equilibrium constants
for reactions 14 and 15 given in Table 3 shows that for Kpp) to have a
value of 2.8 x 10~2 at 100‘,’!0, the highest value of Kpj), and the lowest
value of Kpjs must be used,s Thus, the most probable values for the

equilibrium constants of reactions 14 and 15 have been underlined in
Table 3. —

Figures 2 and 3 are similar to Figure 1, being graphs of the logarithm
of the equilibrium constant against percentage conversion of diborane to
tetraborane and to dihydropentaborane respectively. These graphs have been
used to estimate the percentage conversion of initially pure diborane in
equilibrium with (a) tetraborane, and (b) dihydropentsborane, at temperatures
between 300° and 600°K. The results are given in Table L.

TABLE 4

Percentage Conversion of Diborane to (a) Tetraborane, and
(b) Dihydropentaborane at Equilibrium

% Diborane Converted to:
Temperature,
°K (a) Tetraborane | (b) Dihydropentaborane
300 33 59
400 21 50
500 2k L5
600 21 40

For tetraborane, the yields vary between 33 and 21 per cent conversion of
diborsne as the temperature increases from 300° to 600°Ks Similarly the
corresponding yields for the dihydropentaborane reaction are 59 to 40

per cent. Since such high conversions of diborane to dihydropentaborane

are rarely encountered in flow experiments it is unlikely that equilibrium
is ever achieved with respect to this reaction. However, there may be
instances where the rate of formation of dihydropentaborane is controlled
by the equilibria, particularly in cases where the concentration of hydrogen
is high, or when dihydropentaborane is being recirculated. Such practical
conditions may occur during certain kinetic studies.

5.3 Reactions Leading to Pentaborane and Decaborane

Apart from nonvolatile solid, pentaborane and decaborane are the most
thermodynamically stable of the boron hydrides, This is shown in Table 3,
where it can be seen from the quoted equilibrium constants that diborane,
tetraborane and dihydropentaborane all decompose completely to pentaborane,
and pentaborane can decompose almost completely to decaborane. Even when an
excess of eight moles of hydrogen per mole of decaborane formed is included

®¥The equilibrium constants_for the respective reactions at 100°C are

.20 x 102 and 4.79 x 1072, These values lead to an equilibrium constant
for reaction 24 of 3.6 x 10~2, in good agreement with the experimental
value.

-9— /in esece
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in the products, as would occur if the pyrolysis of diborane went completely
to decaborane, only 1 per cent pentaborane remains unconverted. In kinetic
experiments therefore, the approach to the gaseous equilibrium can be
entirely neglected.

In practice, most of the reactions in Table 3 are competing and the final
pr§&ucts of pyrolysis can only be determined from kinetic considerations (14,
15).

5¢4 Reactions Leading to Nonvolatile Solid

Bauer (5), assuming that the nonvolatile solid has a formula of BjoHjo,
has shown that it is thermodynamically more stable than any of the volatile
hydrides. All the volatile hydrides can therefore be converted to the non-
volatile solid, and as an illustration the equilibrium constants for the
decomposition of decaborane (reaction 23, Table 3) are 2.41 x 1095 at 300K,
and 2.35 x 1081 at 600°K,

6o  ALKYLATION REACTIONS

6.1 Introduction

Alkyl pentaboranes and alkyl decaboranes, while yielding rather less heat on
combustion than the parent hydride, have more suitable physical properties for
use as liquid fuels. Two methods of preparation are available:

(a) By alkylation of the parent hydride (17, 18),

(b) By reacting diborane in the presence of an olefine (16)

In order to investigate the thermodynamic aspects of reactions involving the
alkyl derivatives, free energies of the compounds have been estimated by the
method given in the Appendix (p. 1k).

The equilibrium constants for a number of reactions involving ethyl
pentaborane, ethyl decaborane and the diethyl derivatives have been calcul-

ated at 300°K, and the values quoted in Table 5 The relationship between
temperature and equilibrium constant may be approximated to

T
log Kb = 300 log Kpjoo

i3

T
where K:p is the equilibrium constent at the absolute temperature of T°,

/TABIE 5 L L
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TABLE 5

Equilibrium Constants and Heats of Reaction of Reactions
Involving Ethylated Boron Hydrides

) Equilibrium Constant Kp|Heat of Reaction
Reaction at 300°K AH300,
kcal/mole
25, BoHg + CpH), = BoHg.CoHg 1 x 1015 -31.1
26, BgHgeCoHs + Coffy = Byt (Colg), 1 x 1015 ~3Lek
27, XH, + CpH, = XH.CpHg 1 x 1015 + 3 -31
28, XH.OpHg + CoHy = X(Gplig), 1x1015%5 -31
29, BoHs + 6CpH, = 2B(CoHg)s 4 x 1080 -15845
30, SBHg + 2B(CoHg)s = €BoligeColly 4 x 1013 ~28.1
X = Bgly, Byofho

6.2 Alkylation of the Parent Hydride

The ethylation of a boron hydride with ethylene is indicated in Table 5 by
reaction 27, which represents equally well a straight reaction and any corresp-—
onding catalysed reactions. (17, 18): ;

XHQ + CQHL|_ > XH02H5 se00cecscecee _21

Reaction 28 represents the formlation of the diethyl derivative:

XHCZHS * CZHI.;. = X(C2H5)2 seesssvsenoee _2_§_

Consequent on the empirical method cf calculating the free energies, these
reactions all have an equilibrium constant of approximately 101 , which indicates
the greater thermodynamic stability of the alkyl boron hydrides over the parent -
hydridess These reactions are all exothermic to the extent of 31 kecal/moles

6.3 Pyrolysis of Diborane in the presence of an Olefine (eo.ges Ethylene)

When diborane and ethylene are heated together a number of reactions may
occur, several of which have been reported in the literature. If an excess of
ethylene is used at a reaction temperature of 100°C, the main product is triethyl

boron (19).
/B2H6 LR RN
-11-
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2
BoHg + 6CoH, = 2B(C.Hy) Kp = { B(CoHs) 5] PR e
e 255 % T o o, B

This reaction has an equilibrium constant of 4 x 1080, It is also well
known (7) that triethyl boron will react with diborane to give a series of
ethylated diboranes, e.gs

6
SBoH, + 2B(CoHg), = 6BHCH; Kp = {BoFistolls sssees 30
[Botig I { B(CH5) 5 12

The equilibrium constant for the reaction is large, 4 x 1013, again indicating
the theoretical completeness of the reaction to monoethyldiborane. These two
reactions, 29 and 30, may be combined to give the reaction of diborane with
ethylene to form monoethyldiborane, which, as indicated in Section 6.2, has an
equilibrium constant of 1 x 1015,

At temperatures of around 100°C, therefore, ethylene reacts with diborane
to give both triethyl boron and monoethyldiborane. At the higher temperatures
ot which diborane is converted to pentsborane, it can be seen that there are
a number of possible ways for the alkylation reactions to occur. If one
assumes that at these temperatures ethylene reacts with diborane to form
monoethylpentaborane, without the formation of intermediates,

5B2H6 + 2C2Hl+ = QBSHSCZHS *+ GHQ eeevcvoccos e _3_1.

the equilibrium constant would be 1030 greater than that for the straight

pyrolysis of diborane *
5B2H6 = 2B2H9 + 6 HQ sescscvvecee _];é.

However, if it is assumed that monoethyl diborane is a steble intermediate,
the equilibrium constent for the reaction

582H6 L 232H5C2H5 = %SIIBCZHB + 6H2 eecocnnccece _2

will be the same as that for reaction 16, Similarly, triethyl boron may be used
as the alkylating agent. Theoretically, there is therefore no reason why

. diborane and ethylene, diborane and triethyl boron and diborane and mono-
ethyl diborane should not give a high yield of ethyl pentaborane, when heated
together, Obviously as in the other reactions examined, kinetic considerations

will be of great importance in determining the actual resulte

/Wh.ilst eeses
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Thilst only the formation of ethyl pentaborane has been dealt with in

this section, similar arguments apply to the formation of the decaborane
derivatives, However, it has been reported (20) that attempts to prepare
methyl pentaborane by the pyrolysis of diborane and trimethyl boron led

to yields of 7 per cent; the poor yield mist be due to kinetic factors.

Te
1.
2e
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5e

Te
8.
%

10.

12

13.
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15.
16.
17.
18,

19.

21.
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APPENDIX

Estimation of the Free Energies of Some Alkyl Boron Hydrides

Thermodynamic data is available only for the more common boron hydrides
and the ethyl derivatives of diborane. Interest in the ethyl derivatives
of pentaborane and decaborane necessitated the estimation of their free
energies,

The free energy of formation of a compound from its elements in their
standard states 4F, is represented by the expression:

AP = AH - TAS

where AH is the heat of formation, AS the entropy of formation and T the
absolute temperatures. The heat of formation can be readily calculated by
the standard empirical method (21), while the entropy values have been
estimated by a comparison of the boron hydrides with the carbon analoguese
This method of comparison is justified for the following reasons,

(i) The entropies of a homologous hydrocarbon series show a constant
increase of 10 entropy units per CHo groupe This is shown clearly
in Table 6 for the series starting with ethene, ethylene, benzene
and naphthalene.

(ii) The entropies of methyl diborane and ethyl diborane are 11.4 and
20,6 entropy units greater than the entropy of diborane, ie.e.
and increase of approximately 10 to 11 entropy units per CHp

groupe

(iii) The boiling point and melting point difference between the alkyl
boron hydrides and the parent hydride are closely parallelled by
the corresponding hydrocarbons (see Table 7), and these physical
properties are related to the entropy valuese

(iv) The vibrational spectra of the boron-carbon bonds in alkyl boron
hydrides occur at the same wavelength as the spectrs of carbon-
carbon bonds (22), and this property of the molecule is again
related by partition functions to the entropy valuee.

The hydrocarbon series chosen for the comparison are the series starting
with ethane and ethylene for diborane, benzene for penteborane, and
naphthalene for decaboranes. Entropies of the alkyl boron hydrides have
been estimated by an addition of 10 entropy units per CHy group to the parent
hydride., Values of the heat of formation, entropy and free energy of
formation at 3000C of the alkyl boron hydrides sre given in Table 8, (p. 16).

/T-ABIE 6 X R XN J
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TABLE 6

The Entropies of Hydrocarbons, Boron Hydrides and

their Alkyl Derivatives

Entropy,
cal/deg.C.mole
Compound
Parent | Methyl Derivative | Ethyl Derivative

Diborane, BoHg 55 34 66.7 759
Ethane, CoHg 54485 644 51 Thel2
Ethylene, CoH, 52445 6348 734 0L
Pentaborane, Bglg 65.95 - -
Benzene, CgHg 6lte 3 76,42 86415
Deceborane, Byofly) 85.09 - =
Naphthalene, CjgHg | 8043 (1) 90.21 99 9k

(2) 90.83 100456

TARIE 7

The Melting Points and Boiling Points of Hydrocarbons,

Boron Hydrides and their Alkyl Derivatives

RESTRICTED

Melting Points and Boiling Points, ©C

Compound Parent Methyl Derivative Defzsg%ive
M. P. BePe M.P. B.P. M.P. BePe

Diborane -165.5 -92.5
Ethane -172 -88.3| ~189.9 | -42.17 ~135 0
Ethylene -169.4 | ~-103.9| -185 ~47.0 -130 -5
Pentaborane ~46.6 58 -85 | 104
Benzene Y 80 =95 110 ~oL | 136
Decaborane 99.6 213 ~12 223 ~-25 | 218
Naphthalene (1) 80 218 -22 240 =14 | 258
(2) 35 o5 | =19 | 251
/TABIE 8 LR N
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TABLE 8

The Heats of Formation

Boron Hydrides and their Alkyl Derivatives

Free Energy and Entropy of

Thermodynamic Function

Conpouri Heat of Formation,|Free Energy of Formation, Entropy,
AH%OO, kcal/mole AF%OO, keal/mole SO, cal/degeCoemole

Diborane T+53 19.78 550 34
Methyl diborane -8.5 10.1 6647
Ethyl diborane -11.1 15 7549
Diethyl diborane ~30 9 93
Pentaborane 15,02 39 32 65495
Methyl pentaborane -1 %3 30t 4 75+ 1
Ethyl pentaborane -3.5%3 A+ 4 85+ 1
Diethyl pentaborans -22,5 + 5 29% 7 105 + 2
Decaborane 27 71 85409
Methyl decaborane 11+ 2 61 + 95 +1
Ethyl decaborane 8.5+ 4 66 + L 105 +1
Diethyl decaborane ~10.5+ 4 60 + 5 20 & 3

-16-
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I'OTE ADDED IN PROOF

Section 4 of this report shows that in order to obtain high conversions
of a boron trihalide to diborane, an active form of hydrogen must be used.
A novel method of obtaining this active hydrogen has been patented by
Os Glemser, German Patent 94%, 943, in which boron tribromide and formalde-
hyde react on an activated copper on keiselguhr catalyst at 380° to L420°C
to give a 70 per cent yield of diborane, TIree energy changes for the
reactions

2 3013 + 6 HZCO = Bsz + 6 HC1 + 6 CcO eecsace 22

and 2 BBI'B + 6 HQCO = BzHG + 6 HBr + 6 Cco evcccee &

have been calculated at 300°, 500° and 700°K and the values obtained tabulated
below:

TABLE 9

Free Energy Changes and Heats of Reaction

Free Energy Changes, |Heat of Reaction
Reaction kecal/mole at: kcal/mole
No.

300°K | 500°K | 700°K

+36oll~ "002 "'28.4 +6108

e

+21.0 | =15.6 | =43.6 i +770

The negative free energy changes for both reactions in the temperature
range 500° to 7009K indicate the thermodynamic feasibility of the processes.
The low cost of formaldehyde and the high yield of diborane of 70 per cent
make the processes appear attractive and, while the reactions are highly
endothermic, the reaction temperature can be maintained by burning the
carbon monoxide in the product gases after the removal of the other more

valuable products.

M, Nos 42 5559
Se No. 641/JMA

=17=
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