View metadata, citation and similar papers at core.ac.uk

el wavah

NACA RM E55G26

0€69

oo ~aer gt

oL P

Copy

L=
P
brought to you by .. CORE

provided by NASA Technical Reports Server

RM E55G26

4319
nEC & bl

RESEARCH MEMORANDUM |

CALCULATED HEATS OF FORMATION AND COMBUSTION
OF BORON COMPOUNDS (BORON, HYDROGEN,
CARBON, SILICON)

By Aubrey P. Altshuller

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

Ctassification cangelled (or changgd to.lgméeﬂm(ff@ )
BY Authority ot AASE Lo ﬁ e nmcammen.
O A Lo P 7%
¢OFFICER Aumongﬁﬁ‘fﬁﬁgz"m@? ’
BY oo %
e T % 'f‘/?#?z" -

GRADE oF OFF'l.é‘E.k. .ﬁA.K.;ﬁé."c'é .......................... reeosees ves
AN LELTTTTTY VYT TYYY

CLASSIFIED DOg(ET&E
Fjon aﬂq e . Defeuse of ths ;-‘ il :.:-: e h.{c

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

' WASHINGTON
October 4, 1955

o,

bhOhhTg

a5l

et

Ml

PIY e E



https://core.ac.uk/display/42797437?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

YLLE

T-ND

TECH LIBRARY KAFB, NM

wach e 5og025 — I

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

CALCULATED HEATS OF FORMATION AND COMBUSTION OF BORON
COMPOUNDS (BORON, HYDROGEN, CARBON, SILICON)

By Aubrey P. Altshuller

SUMMARY

The heats of formation and combustion have been calculated for liquid
and gaseous alkyl- and silyl-substituted boron compounds by a semitheoret-
ical method. Alkylation and more especially silylation (substitution of
a SiHz group) reduce the hest of combustion. As the molecular welght of

the parent boron hydride increases, the reduction in the hesats of combus-
tion resulting from the substitution of a given number of slkyl or silyl
groups decreases. As many as three carbon atoms can be substituted on
boron hydrides with five or more boron atoms without reducing the heat of
conbustion below 25,000 Btu per pound. The substitution of one silicon
atom reduces the heat of combustion as muich as do three carbon stoms.
Alkyl -substituted higher-molecular-weight boron hydrides mey prove to be
satisfactory high-energy fuels. )

INTRODUCTION

Considerable effort has been put into the synthesis and investigation
of the physical, thermodynemic, end kinetic properties of liquid and solid
fuels containing boron and hydrogen, or boron, hydrogen, and carbon (refs.
1 to 15). These boron-containing fuels have heats of combustion as much
as 70 percent higher than JP fuels (ref. 7 and this report), high flame
speeds (ref. 8), and high specific impulses (ref. 9); consequently, they
afford high thrust and improved range for ram-jet and rocket spplications.

Experimental determinations of the heats of combustion of boron-
contalning compounds are complicated by the incompleteness of combustion
of the boron and carbon (refs. 10 and 11 and unpublished ILewls data).
Furthermore, it is very difficult to prepare boron hydrides or alkylated
boron hydrides of high purity and maintain such purities over appreciable
periods of time (unpublished Iewls dats). However, the experimentally
known heats of formastion available for several boron hydrides and tri-
alkylboranes can be used along with the appropriate bond energies to
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calculate the heats of formation of meny alkyl- aphd gilyl-(SiHz) sub-

stituted boron hydrides. These heats of formatioh c@n then be combined “
with the heats of formation of the combustion products to obtain the -

— .

heats of combustion of the reactants. = R T

The heats of combustion of the ethyldiborane héave been calculated :
previously (ref. 7) from bond-energy data‘by a me ho&_considerably aif-
ferent in its details from the method used in thelpreﬁent report. The
emphasis in reference 7 was on obtaining an approx1mate emplrical equa-
tion which could. be used to estimate rcughly the heats of combustion of
boron-carbon-hydrogen fuels of unknown stricture. In a recent Natlonal
Bureau of Standards report (ref. 12), the heats of formation of the methyl
and ethyldiboranes were calculated by a method vefy similar to the method E
usged in the present report. Heats of combustilon (in kcal/g) for a number -
of boron-containing fuels have been reported w1thout &ny details of the .
method of calculation in a report concerned. partieul"ly with solid pro-: = - -
pellants for rocket aspplications (ref. 14). . . — M

The heats of formation and combustion “mre celculated in this report ; oo .
for a large number of alkyl- and silyl- substituted boron hydrides. The A
depression in the heat of combustion resulting frdm {Acreasing alkylation -
or silyletion is considered. The effects on the heats of combustion of J
substitution of equal numbers of alkyl or silyl gqoups on different boron,
hydrides also are discussed. ' In addition, ‘the lowering of the heat of
combustion of a given boron hydride resulting frod alkyla$1on is compared
with that resulting from silylation. .

ik

bili1e

NOMENCLATURE ~ R -y

4 -

The nomenclature for boron compounds suggested if reference 16 is L .
used in part in the present report. For simplicitly, BEHS’ BgHg, and =~ 7 =7 =
BigHys Will be referred to in this report ap diborgne; pentaborane, and .=
decaborane rather than diborsne-6, pentaborane-9, bnd“decsborane-14, as F = =
suggested in reference 16. The substituted.compouhdsfk3B will be called

trialkylborenes (R, alkyl radical). Substituted alkyldlboranes and silyl-~
diboranes wlll be hemed as suggested in reference 16 and 1llustrated in o
the following list: -

"

By E - 5 - .

BB l,l—DimethyldJ.borane S 2

CHz :S - R [ :

CBs OBy E 7 Eee—

/BHZB\ ) l,Z—Dimethyldib?rane . éf‘

H H G = . E -
o
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SiH S1H
3. s

AR
SiH, B

1,1,2-Trimethyldiborane

1,1,2-Trisilyldiborane

The name boryl for the BHy- radical suggested in reference 16 is adopted
as are the names methylboryl and dimethylboryl for (CHz)BE- and (CHz)pB-,

respectively. Compounds of the types RyBCH,BR, and RyBCoH4BRs, will be

named in the following way:
HpBCHpBH,
HoBCH,CHoBH,
HoBCH,BHCHZ
CHzABCH,BHCHz
HoBCHo,CHoBHCHzZ

(CHz)»BCH,CH,B(CHz) 5

Diborylmethane
1,2-Diborylethane
Borylmethylborylmethane
Bis-methylborylmethane
1-Boryl-2-methylborylethane

1,2-Bis(dimethylboryl)ethane

The radicals formed by removal of a hydrogen atom from the boron
hydrides other than borane will be given the anyl ending. Thus, the
radicals BgHg and BigHqz will be referred to in the present report as

the pentaboranyl and decaboranyl radicals. Consequently, alkylated and
silylated derivatives of pentaborane and decaborsne mey be named as sub-
stituted hydrocarbons and silanes, but more common usage calls for naming
these compounds es alkyl and silyl derivatives of the various boron hy-
drides. When two radicals are joined, as in BgHgBgHg, the bi prefex will

be used as in biphenyl Cgl5CgHs -

Since the thermochemlcal informastion is

insufficient to differentiate thermally between nonequivalent boron atoms
in pentaborane and deceborane, the numbering of the skeletal boron atoms

will not be used. To illustrate,

BgHgCHz

B5HgSits

Methylpenteborane, or pentaboranylmethane

Silylpenteborane, or pentaboranylsilane
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BgHgCoHg ' Ethylpentaborane, or pe“%dboranylethane
BSHBBSHB Bipentaboramyl i E:’” j' ;
BgHgCH,BgHg ' Dipentsboranylmethare _ 0
BSHBCHZCHZBSHQ : il,Z—Dipentabo;anyleﬁhaném

ByoH13CH3 Methyldecaborane, or dé?éboranylmethane
B10813B10813 Bldeceboranyl L F o
Bjof; 3CHACH,B) 0By 5 'l,Z-Didecabogéhyletﬁaneiz }

HEATS OF FORMATION OF BORON HYDRIDES, TRIAIKYLBORANES, ATKYL AND

SILYL RADICALS, AND GASEQUS BORON AND GARBON

The heats of formstion of diborene BoHg, pentsborane BgHg, end deca-

borane BynH;, have been determined at the yationql Byregu of Stendards

(ref. 6) from the thermal decomposition of.the hydrides to boron and hy-
drogen. These values are listed in tdble I. The heat of formation of
borane BHz listed in teble IT was calculated from the heat of reaction

of 28 kcal per mole for the reactlon BgoHg-+ZBHzZ (ref 13) and the heat of
formagtion of diborane. The heats of formetion ofi Bz?é: BoHy, BoHz, BZHZ{
BgHg, and B10H13 in table II have been est}mated.py g@sting that the bond
dissociation energy for bresking the firet boron-to-hydrogen bond so as to
form BoHg, BgHg, and BipHyz and the average boron-hydrogen bond energy in
forming BoH, BoHz, and BoH, may be spproximated by the average boron-to-
hydrogen bond energy in borane. This assumption willl be discussed in more

detail in the following section on bond energiesl z

The heats of combustion of the trimethyl—, triethyl-, tri-n-propyl-,
and tri-n-butylboranes have been determined (refs. 6,710, and 15).
Complete combustion of boron-containing coﬁpounds’(refs. 10 and 15) :
is difficult to obtain. Resldues of both boron and farbon and posdsibly
partially oxidized products also often remsin after ¢ombustion. Although
the residues may be partiaslly corrected for by analySis (unpublished Lewls

data), the uncertainties in the experimental heats of combustion at presentﬁ

range from *1 to £2 percent. As a consequence, the heaits of formatiQn of
the trialkylboranés are uncertain from *5 To 15 kecal per mole. 2

S

S I-n i 3714«-

i

»
Vala et Ui
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i

(B

R



i 4VAS

NACA RM E55G26 SEETTEN— 5

The heats of formation of alkyl free radicals, for example, CHz,
CHzCH5, and CHzCH,CH,, may be obtained from the heats of formation of the

parent hydrocarbons and the bond digsociastion energies of the radical-to-
hydrogen bonds of these hydrocarbons. The bond dissocistion energies for
the radicel-hydrogen bonds are obtained from electron impact messurements
in the mass spectrograph (ref. 17), from studies of the kinetics of bro-
mination of hydrocarbons (refs. 18 and 19), and from kinetics of pyrolysis
(ref. 20). The values for the radical-hydrogen bond dissociation energies
from electron impact measurements agree within the experimental errors
with the results from kinetics of bromination. The heats of formation of
the methyl and ethyl radicals are uncertain to x1 kecal per mole, while the
heat of formetion of the np-propyl radical is uncertain to +2 kcal per
mole. The most probsble values for the heats of formation of the alkyl
free radicals are listed in teble II. The use of dissociation processes
involving alkyl free radicals, where possible, avoids entirely the un-
certainty as to the heat of sublimation of cerbon. Actually, the calcu-
lated heats of formation are independent of the choice of the heat of
sublimation of carbon as long as the gppropriate carbon-hydrogen and boron-
carbon bond energies are used with s given choice of the heat of sublima-
tion of carbon.

The heat of formation of the silyl free radical SiHz in table II is
estimated from the heat of formatlon of silane SiH, (ref. 21) and the
average sllicon-hydrogen bond energy (see following section).

The higher heat of sublimation of carbon is listed in table I. The
heat of sublimation of boron given is that reported in reference 8.

BOND ENERGIES

The experimental average Y-Z bond energles 5éxp(Y'Z) mey be ob-
tained from dissociation processes such as

YZ,(g) »+ ¥(g) + nz(g)

by using the expression

ﬁexp (Y-Z) = AHy/n

where AH, 1s the heat of stomization end n 1s the number of Y-Z

bonds broken in the dissoclation process. The experimentsl average bond
energies for the boron-hydrogen and boron-carbon bonds may be calculated
from the dissocigbion processes
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BHz(g) - B(g) + 3H(g)
and — : - o -

BRz(g)~>B(g) +-2R(s) | =

1o

where R 1s alkyl radicgl. Similerly, the experimeﬁtal average bond
energies may be obtained for the carbon-hydrogen and. silicon-hydrogen
bonds from the dissociatlion processes i I =-

CHy(g)»C(g) + 4H(g) |

RH Y

and i

SiHy(g)»si(e) + 4H(g) |

- . —

Another method of obtaining average bond energies uses Peuling's
equations (ref. 22) involving the arithmetic and geometric means oFf the
nonpolar bond energies. The equation Involving the géometric mean is |

LR T TR

more satlsfactory to use and has therefore:been emploFed to calculate the

average bond energy for the boron-silicon bond for which no experimental
data are availgble. This equation is - ; =

Dyn(¥-2) = AD(X-¥)D(2-2) +?25-06[3Y ffoJz

Where D(Y-Y) and D(Z-Z) are nonpolar bond energies, tha.t is, D(C-C),
D(C1-Cl), and so forth; xy and xg are the electronegatlvities of
atoms Y and Z (ref. 22). The D(B-B) and xp |have been obtained by
solving simultaneous (Pauling) equations using daia for the boron com-

poundst BHz, BBrz, and BRz, where the heats of formation, D(H-H), D(Br-Br),
D(C C), Xy, Xpp, and X, are known. The value of DTB-B) also has been

sition reactions for BHz, BoHg, BgHg, and BlOHlé‘I The numbers of the
various types of bonds (B-H, B-B, BHB, BBB) are taken from reference 23

The average values obtained for D(B-B) and xp are B0 kcal per mole_an@l"m_

2.0 units, respectively. (Pauling (ref. 227 previously obtained an Xg

of 1.95 using more limited data.) These values mey then be substituted
back into Pauling's equation to obtain such bond énergies as gm(Si-B)

Al]l the pertinent average bond energles obféined experimentally or from
Pauling's equation are: listed in table III

Actually bond dissociation energies such as (Bsﬂé)-H are desired, not
average energles. For example, by use of the average bond energy E(B—H)__
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in pentaborane, the assumption is made implicltly that all boron-hydrogen
bonds have equel energies. Furthermore, it is assumed that the gpex boron
in BgHg is the same as the base boron atom (ref. 3). Similarly, the four

different types of boron atom in decaborane (ref. 3) are assumed to have
equal D(B-H) velues. Unfortunately, no bond-dissocistion-energy datas for
specific dissoclations B, H,:-H are available for boron hydrides. When

more detailed information on bond energies and bond dissociation energies
of boron hydrides does become availsble, 1t msy become possible to esti-
mete the differences in boron-hydrogen bond energies smong nonequivalent
boron atoms in the higher boron hydrides.

METHODS OF CALCULATION
Heats of Formstion

The heats of formstion of boron-containing molecules for which there
are no experimental dete from hests of combustion, heats of decomposition,
and so forth, can now be computed. The method to be used involves atomiza-
tion or dissociation reactions. For example, methylpentsborsne (or penta-
boranylmethane) BgHgCHz may be (1) etomized into gaseous atoms or (2) dis-

sociated by breaking a single boron-carbon bond as follows:

BgHgCHz(g)~+ 5B(g) + C(g) + 11 H(g) (1)

BgHgCHz(g) =+ BsHg(g) + CHz(g) (2)

Where possible, the molecules of interest will be dissociated (eq. (2))
into boron hydride fragments such as gaseous penteborane and alkyl or
8ilyl radicals. For the alkylated diborylmethanes, dlpentaboranylmethane,
and didecsboranylmethanes, decompositions to gaseous carbon also are in-
volved. In such cases care was taken to use the gppropriate values for
average carbon-hydrogen snd boron-carbon bond energies (tsble III).

The heats of these dissociation reactions are teken as the sums of
the bond energies for the bonds broken in formation of the fragments.
Thus, in the dissociation reaction for BgHgCHz(g) given in equation (2),

one boron-carbon bond is broken; therefore, the heat of dissociation is
Just 89 kcal per mole.

In general, the heat of formation AHP will be given by

AH% = ZAH%(products) - MB(3igsociation)
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or by : . -

AH = z:A‘Hg(;produ.cts) 'j25(Y'Z?

The spproximate nature of the bond energiles used -means that the heats
of formetion (tsble II) calculated from them are unceftain to perhsps +5
to £15 kcal per mole, although some errors may cancel ‘each other out in
the cglculation. Fortunately, the contributions of the heats of formstion
of the alkylated and silylated boron hydrides are rer&ly greater then 5 |
percent of the heats of combustion. Hence, the uncerfainties in the heats
of formation result in uncertsinties in the heats of combustion of only 1
to 2 percent. e

‘o

Heats of Vgporization : =

The heats of formation of the gaseous molecules have been obtained by
the procedure of the preceding section. Since the! heats of formation of .
the 1lqulds are slso needed, the heats of vaporizatlon of the liquids st
be estimated., But, because most of the moleécules congidered have not been
gynthesized, neither heats of veporizstion AHvap , noT. boiling points are,

generally available.

The present investigation shows that the extremely simple expression

AByen =2 +~Zn§C, B, Si atoms?

will give AH&ap values with an average deviation of'l kcal per mole and o

less from the experimental heats of veporization at the boiling point of
the boron hydrides, trialkylboranes, alkyldiboraneﬁ, ahd alkylsilanes.

This comparison is given in teble IV. From_these palculated hesgts of va-f

———

porizetion, the heats of formation of the liquids pave been calculated )
from the hests of-formation of the gases. - i -

The heats of formation (gas phese and liquid phase) of the alkylated
and silyleted boron hydrides aere listed in teble V. ™ !

Heats of Combustion b ;i Co - I

The heats of combustion AH., of the gaseous and‘liquld alkylated
and silylaeted boron hydrides can now be calculated., =

The heats of formetion of the products of combu ﬁ?on considered are

listed in the following table: _ P .

He -

Sy

-+er'$»ﬂiild i

k-

i
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Oxide Heat of formation
(at 25° c),
AH%, keal/mole
Hy0(g) -57.80
Bo0z(crystalline) -305.4
B0z (amorphous) -301.0
€O, (8) -94.05
$10, (amorphous) -208.1

The heats of formation of water vapor and of carbon dioxide are accu-
rately known (ref. 21). The heats of formastion of crystalline and amor-
phous boric oxide (ref. 6) probebly still are uncertain to *l kcal per
mole. The heat of formation of amorphous silice 1s used (refs. 24 and 25)
because X-ray analysis shows that the silica resulting from bomb calori-
metry of silanes is amorphous (ref. 26) .

Heats of formatlion and combustion appear in table V for substances in
the liquid, solid, or gaseous state. Heats of combustion were calculated
for reactions ylelding both amorphous and crystelline boric oxlide as prod-
ucts. These values have uncertainties of £200 to 500 Btu per pound.

The hegts of combustion of the variocus series of boron compounds are
plotted in figure 1. Only the heats of combustion of the liquid boron
compounds oxidized to B;Oz(amorphous) are plotted in these figures. How-

ever, as can be seen from tsble V, the heats of combustlon for the gaseous
compound sre only 100 to 300 Btu per pound higher then those for the same
substance in the liquid state. The values plotted represent the lowest
heats of combustion of those listed in teble V. The most favorable heat-
of -combustion values, which are for the boron compounds in the gaseous
state oxidized to Bzos(crystalline), gre 100 to 700 Btu per pound higher.

DISCUSSION OF RESULTS
The heats of combustion listed in teble V and plotted in figure 1
provide date from which a nuniber of interesting conclusions cen be drawn.
The effects of alkylation or silylation of a given boron hydride and on
different boron hydrides now may be examined in detail.
Triaslkyl- and Trisllylboranes

Alkylation and silylation have e common detrimentel effect on the
heats of combustion of the parent boron hydrides. Alkylation of borane

L
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to form RzB compounds reduces the heat of combustion to a range of values _
only 10 to 20 percent higher than those for JP fuels (AH, for JP fuels,'_ -
from 18,000 to 19,000 Btu/lb). Silylation'to form B(SiH3)3 reduces the - ..

h?ag)of combustion below that of most hydrocarbons (see teéble V and fig. :
1{a = R

Alkyl- and Silyldiboranes’ o o

While diborane has e heat of combustion of more than 31,000 Btu per
pound, the heat of combustion of monomethyldiborane is 4700 Btu per pound
lower. Further alkylstion lowers the heats of combustion to between
20,000 end 24,000 Btu per pound. The monoalkyldiboranes are unstable with
respect t0 rearrangement to di- or trialkyldiboraﬁes.

f

{

|
Lalll

Bilyletion of diborane, even monosilylation,ldréﬁtically depresses
the hest of combustion. The heat of combustion of monosilyldiborene ls
as low as that of trimethyldiborene end the heats|of combustion of tri- Zl L ..
and tetrasilyldiborane are no better than those of JP fuels (teble V and

£ig. 1(b)). | . =Y

Alkyl- and Silyltetraboran¢s '; B~ -

T R .

The heat of combustion of tetrdborane itself|is only 600 Btu per
pound less than that of diborane and is sbout 1400 Btu per pound higher
then that of pentsboreme. Although the heats of combustion fall off
more rapidly with alkylation and silylation of te reborane then penta—
borane, the higher initiel heat of combustion of {he_parent compound
tetrgborane results in a higher hest of combustiop for all the alkylated
and silylated tetraborsnes considered when compared with the correspond-
ing elkylated or silylated penteboranes (see folliwiqg section). Although
tetraborane itself is rather unstable, the alkylated or silylated deriva-
tives might possibly be appreciebly more steble (teble V and fig. 1(c)).

i
iE 4 1.

[\

b

—_— . a2

Alkyl- end Silylpentaboranes ) ‘
Alkylstion of the hesavier pentaborane molecu;e hes less-drastic con-
sequences on the hegt of combustion than alkylation dbes for diborane.
The methylpenteborane (or pentaboranylmethene) has a heat of combustion
only sbout 2100 Btu per pound lower than does pentsborane itself. Even
propylpenteborane (or pentsboranylpropene) has a heet of combustion of -
gbout 25,000 Btu per pound, which is quite!an appEecidble gain over J8° ' T 7 _
fuels. Silylation -ggaln csuses a much larger dep%ession in the heats of - A
combustion than does alkylstion. Silylpenteborane (or pentaboranylsilane)
with only one silicon atom hes a hest of combustibn Bbout the s&mé ag that =
of propylpentsborane with three carbon stoms (tdb}e V and fig. 1(d)).

.

a3l

et
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Alkyl- and Sllyldecgborenes

When the even heavier molecule decgborane is considered, it can be
seen (table V and fig. 1(e)) that alkylation has & very small effect on
the heat of combustion. Methyldeceborane (or deceboranylmethane) has a
heat of combustion only 1000 Btu per pound less than does decsborane.

Of even more interest is the fact that methyldecgborane, ethyldecsborane,
and propyldecgborane all have heats of combustion larger than the corre-
sponding alkylpenteboranes desplte the higher heat of combustion of penta-
borane compaered with decgborane. Also, the silyldecaborane has a heat of
combustion over 1000 Btu per pound higher than that of silylpentsborane.
Agein, as wlth diborane and pentsborane, the heat of combustion is de-
pressed sbout as much by one silyl group as by one propyl group substi-
tuted on decdhoreane.

Diborylmethane, Diborylethane, and Their Alkyl Derivatives

Diborylmethane HoBCHoBH5, 1,2-diborylethane HoBCoH4BHp, and thelr

alkyl derivatives show no outstanding sdvantasges in their heats of com-
bustion compared with the previously discussed boron hydride derivatives.
Although diborylmethene has a high heat of combustion (26,000 to 27,000
Btu per pound), alkylation rapidly depressed the heat of combustion to
values only 10 to 20 percent higher than those of JP fuels (teble V and
fig. 1(f)). The compound 1,2-diborylethane has s heat of combustion of
only gbout 25,000 Btu per pound and alkylation depresses the hest of com-
bustio? i?to the range from 21,000 to 22,000 Btu per pound (teble V and
fig. 1(£)).

Bipentaboranyl end Bidecsgboranyl

Bipentsboranyl B-HoB-Ha and hidecaboranyl BqaE Hy = would be
5T8°578 1071310713

formed by the combination of two pentgboranyl or decsboranyl radicsls.
Their heats of combustion (teble V and fig. 1(g)) appear to be only
elightly lower than those of the respective parent hydrides, penta-
borasne and decaborane; consequently, these compounds or their alkylated
derivetives should be very good high-energy fuels.

Dipenteboranyl- and Didecsboranylalkenes

The heats of combustion of dipenteborenylmethane BgHgCH5BsHg, 1,2-
dipenteboranylethane BgHgCoHBsHg, dideceboranylmethane B10H1 3CH2B oH; 25
and 1,2-didecgboranylethane BjgH; zCoH B1nHyz also have been calculated.
The heats of combustion of these compounds are in the renge from 26,000
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to 28,000 Btu per pound (teble V and fig. 1(g)). ' Thelr heats of combus-
tion appear to be slightly higher than the methyl and ethyl derivatives of
pentaborane and decaborane. The didecsboranylalkanes hgve heats of combus-
tion as high or higher than the dipentsboranylaelkgned with the seme number
of carbon atoms. If the liquid dipenteboranyl- and didecaboranylalkanes
could be prepared, they might be very satisfactory high-energy fuels. '
Even higher dipenteboranyl- and dideceboranylalkahes, such as 1,2~
dideceborenylbutane, should have quite high heats|of ¢ombustion in the
range of 25,000 to 26,000 Btu per pound (estimated by extrapolation) and
mey have very satisfactory liquid renges, low volatilities, end fairly
high densities. g w_

L
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Beagts of Combustion of Isomeirs T e

It should be noted that many of the compounds mentioned in this re- ‘
port can have a number of isomers. For example, the alkyl group in an . .
alkylpentsborane could be stteched to either the apex or the base boron
atom in pentaborane. Agasin, in dipenteboranylmethane, the two pentaboranyl
radicals could be joined by the methylene group apex to spex, apex to base, = »
or base to base. Quite probably these isomers haye somewhat different =~ =~ — —
hests of conbustion. The present status of thermochemicsal knowledge of
boron compounds does not Justify the refinement of estimating the differ-
ences In the heats of formation of isomers, and conseguently, in their _
heats of combustion. = — i

CONCILUDING REMARKS

The present calculgtions of the heats of combustion of alkyleted and ‘
silylated boron hydrides indicate that alkylated derivatives of pentg- . _ -
borene and higher boron hydrides should be among the best high-energy =
fuels. The higher the boron content, the less alkylatlion will affect the )
heat of combustion of the boron hydride. However, 1t is also possible
that considersble alkylation would be necessary t0 obtain a liquid fuel
from a compound such as bidecaboranyl. The preparation of compounds such
a8 BgHg(CHy),BsHg and BjoH; 3(CHp),B1oH; 3 might result.in very satisfactory

liquid fuels. However, further synthetic work is necéssary before the T
exact nature of the best or several best boron- containing high-energy
fuels can be specified.

As more accurste and extensive thermochemical data become available - - -
for boron hydrldes and alkylated boron hydrides, calculations of the type
made here also can become more accurate and extendive. In view of the :
experimental difficulties involved in the thermochHemistry of boron com~ .-
pounds, the procedure of using a small smount of expeTimental dsta as a ]
base from which to mske extensive semitheoretical calculations will prob-
gbly be of vealue for some time to come. = A

im#
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It also muist be remembered that most of the compounds for which cal-
culations are made in this report have never been prepared. Furthermore,
many of these compounds may be very unsteble and undergo decomposition,
rearrangement, or polymerization reactions. The answers to such questlions
of stability await further synthesis work aend physical measurements.

The value of & given compound as a fuel ls determined by a number of
other considerations besides its hest of combustion. A compound may have
a desirsble heat of combustion but an unsatisfactory liquid range. A loss
in heat of combustion through slkylation may result in a fuel which has
a wide liquid range and also better handling characteristics. Further-
more, & higher combustion efficiency, obtailned by alkylation or possibly
silylation, may compensate or more than compensate for the loss in heat
of combustion.

Obviously, all the factors mentioned and perhaps others must be bal-
anced sgainst each other in obtaining the most desireble fuel. A boron-
containing fuel is probsbly undesireble if it has a heat of combustion
no higher or very little higher than those of JP fuels. The exception
might be a boron fuel which is beilng used for its high flame velocity and
high thrust rather than its high heat content. However, most of the boron
fuels with high heat contents elso probably heve high flame velocitles and
thrust; thus it appears that use of & low-heat-content boron fuel would
rarely be asdvantageous.

SUMMARY OF RESULTS

Estimation of the heats of combustion of several femllies of alkyl-
and silyl-substituted boron hydrides shows that

1. Alkylation and especlally silylation (substitution of SiHz groups)
of boron hydrides decrease considersbly the heats of combustion.

2. As the moleculsr weight of the parent boron hydride Increases
from borene to decsborene and then to bideceboranyl, the depresslion in
the heats of combustion resulting from the substitution of & given num-
ber of carbon or silicon atoms decresses.

3. The heats of combustion of borsne and diborene asre rapidly reduced
by elkyletion to values only 10 to 20 percent higher than those of JP
fuels.

4. The hests of combustion of borane and diborane are even more
repldly reduced by substitution of silyl groups. The tri- and tetrasilyl-
diboranes have heats of combustion very neer those of JP fuels (sbout
19,000 Btu/1b).
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5. The heat of combustion of tetrsborane is calculated to be much  ~
closer to the heat of combustion of diborane than ithat of pentaborane. _
The heats of cambustion of all of the alkyl (e.g., CHz, CpHg, CzHy) amd = =

silyl (SiHz) derivetives of tetraborane considered were higher than those
of the corresponding pentaborene derivatives (see jthe following result).

e

6. The heats of cambustion of the a.l]:ylpentaboranes BgHgR and the
alkyldecaboranes BjgHjzR with R = CHz, CpHg, and 0‘3H7 are equal
to or grester than 25,000 Btu per pound. The heats of combustion of
BgHgS1iHz and BloH]_sSin, are about the same as those of the alkylated deriv-
atives with R = CzH7. pe P L =

di

3714
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7. The heats of combustion of the alkylated diborylmethanes and
ethanes are even lower than those of the elkylated diboranes.

l
[

8. The heats of combustion of bipenteboranyl 'and bidecaboranyl are
only slightly lower than those of penteborane and decéborane. However,
the heats of combustlion of the dipentabo la.lkanes énd the didecaboranyl- -
alkanes are somewhat higher (up to 500 Btu;lb) tha.n thoge of the alkyl- = =~
penteboranes and alkyldecsboranes with the same number of carbon atoms.

9. The heats of vaporization for the large proportion of the com- ;_F
pounds considered for which there are no experimental values were esti- -
meted by the simple empirical formuls Aﬂvap = 2 + Zn(B, C, Si atoms). - -

11 = E

Experimental heats of veporization for boron hydrides 3 aJ_'k'yldi‘boranes, ‘ '

trislkylboranes, and alkylsilanes can be re;prod.uce_d within 1 kcal per R B

mole with this empirical equation. _ h o

Lewils Flight Propulsion Laboratory ? =

National Advisory Cammittee for Aeronsutics R

Cleveland, Ohlio, July 29, 1955 ? = I U,
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TABLE I. - EXPERIMENTAL HEATS OF FORMATION OF BORON
HYDRIDES, TRIALKYLPORANES, AND GASEOU_S

CARBON AND BORON ATOMS |

| ! :

[ Temperature, 259 of|

Substance Heat of formetion, AH? . |Reference
keal/mole ..
Liquid Gas
B,H, - 7.55 | 6
BsHg 7.8 15.0
B1oH14 8(crystalline) 26 3 6
(CHz)=B -34.5 3.5 | -29.3 & 35| 2P
(CoHg)=B -46.8 + 4.7 | -38.0 % 4:7 %6
-23 + 8 -14 ¥ 8 (c)
(n-CzH;)zB | -65 -54 dg
-40 £ 8 29t 8 é - (e)
(n-C4Hg),B -83.9 % 4.2 -70.8 £ 4,2 &g
-94 -81 f 15
c O(graphite) 171.7 | 21
B O(crystalline) | 141 ¢+ 5 |
si O(crystalline) | 100 % 10 ; (e)

8Private communication from W. H. Johnson and E. J.
Prosen, Nat. Bur. Standards. |-

Pyaiues of AHf(Z and AH2(g) calcula}ed from date,

in refs. 10 and 6 are essentlally thé sale as
Nat. Bur. Standards values.

Unpublished Lewls dsta. ; -
dIl’l‘cerpo].a.’ced. from experimental dats on (CZHS)SB
and (n-C4H9)3B |

Avera.ge value from data of ref. 27. ! : _

i 4

SRR
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TABLE II. - CAICULATED HEATS OF FORMATION OF ALKYL AND SILYL RADICALS

AND UNSTABLE SPECIES OF BORON HYDRIDES AND ALKYLATED BORON HYDRIDES

[Temperature, 25° C]

Substance Heat of formation, AH%, Calculated from date in
(gas) kcal/mole refs. -
CHz 32 17,18
CoHg 25 17,19
n-CzHo 22 17,20
SiHz 14 21
BHz 18 6,14 (see tables I and III)
BoHg 48
BoH, 89
BoHz 130
BoHp 171
B4H1g 19
B,Hy 60
BgHg 56
BioHi3 67 Y
B(CH3) 2CH2 19 6,21 (see tables I and III)
B(CHz)2 28
B(CHz) oH -15 -
B(CH3) (CH,)E 33
B(CHz) 85
B(CHz)H, 2
B(CHp)H, 50 Y
BgHgCHS 49 6,21 (see tebles I and ITII)
By 0H1 zCHp 60 6,21 (see tables I and III)
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TABLE ITI. - AVERAGE BOND ENERGIES
Bond Average bond Sourde
energy, D, ;
keal/mole L.
C-H 99.5 Scm, | -
Si-E 8l & 2 BS51H, | ;
B-H 93 & 2 oI
y ! :
B-(CHz) 89 x 2 °B(CH3%3 )
B-(CoHs) 8L + 4 “B(CHz) %
: !
B-(p-CzH7) 83 £ 4 93(970337)3
B-S1 83 + 5 Peuling equationd ,
' =
B-B 80 £ 5 Pauling equatlon and dissociation re-
actions of boron hydrides
3 .
(B-E-B) 107 £ 5 Dissociation reactions of boron hydrides
(B-B-B) 96 + 3 Dissociation reactions fT boron hydrides

end heat of sublimation and crystal
structure of crystalline boron

8Cglculated from date in ref. 21. Lo

bCalculated from date in refs.

CCalculated from average values of AHf(g)

(see table I).

drgking D(Si~S1) as 50 kcal/mole (see table I).

6 and 13,

for _BRz compounds
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TABLE IV. - ESTIMATION OF HEATS OF VAPORTZATION BY THE RELATION

AH = 2 + 2n(C,B,S1)

Compound Heat of vaporization, Differ- Average | Ref.
AHygn, kcal/mole ence, devia-
kcal/mole | tion
Experimental | Calculated

BoHg 3.45 4 +0.5 21
B4Hig a6.47 6 -0.5 21
B.Hy 7.2 7 -0.2 6
BioHq, 12.13 12 -0.1 0.3 (b)
B(CHz)z a5.2 6 +0.8 (c)
B(CyH5)z 2g.8 9 +0.2 6
B(n-CzH7)z 811.0 12 +1.0 6
B(n-C4Hg)x f15.1 15 +1.9 1.0 6
(CHz )5BoHy, (1,1) 5.5 6 4+0.5 21
(CHz)zBoHz 7.0 7 0 21
(CHz) 4BoHy 7.3 8 +0.7 21
(CoHg)oBoHy, (1,1) 8.1 8 -0.1 0.3 21
CHzSiHz 4.39 4 -0.4 26
(CHz ) S1H, 5.10 5 -0.1 26
(CHz)zSiH 5.82 6 +0.2 26
(CEz)4S1 6.25 7 +0.7 26
CoHsSiHz 5.33 5 -0.3 26
(CoHg)oS1Hy 7.18 7 -0.2 26
(CHy=CH)SiHz 5.12 5 -0.1 26
(n-C4Hg)SiHz 7.37 7 -0.4 26
(1-C4Hg)SiHz 7.05 7 0 0.3 26

“Experimental date on AH,,, at 25° C.

bpata from ref. 28.

“Private communication from W. H. Johnson and E. J. Prosen, Nat. Bur.
Standards.



TABLE V. - HEATS OF FORMATION AND COMBUSTION OF BORON COMPOUNDS (B,H,C,81)

Compound Heat of formation (at 25° ¢), Heat of combustion, AH_, Btu/lb
AH, kcal/mole
To By0z(amorphous) [To By0z(crystalline)
Solid or Ges
liquid Solid or Gas So0lid or Gas
liguid liquid
B 0(s) 8141.9 25,000(s) | 48,500 | 25,400(s) | 48,900
BHz 15(1) 18 32,800(1) | 33,200 | 33,100(1) | 33,500
B(CHz )= 8,b_35(7) 8,b_zg 21,200(1) | 21,400 | 21,300(2) | 21,400
B(CyHg)z 8,0_47,-23(1) | #:P-38,-14 €20,500(1) | ®20,600 | ©20,500(1} {20,600
i B{n-CzHy )z &b 65,-40(1) %19-54,-29 | ©19,900(1) |©20,100 | ©20,000(1) | €20,100
; B(n-C4Hg)3 %sP-ge,-94(1) [ #P-71,-81 |€19,500(2) | C19,600 | ©19,500(z) | 19,600
i B(SiHg)x -12{1) -6 17,700(1} | 17,800 | 17,700(1) | 17,800
g BoH 4(1) a7.5 31,100(1) | 31,300 | 31,400(1) | 31,600
# BoHsCHz -14(1) -9 26,400(1) | 26,600 6 00(1) | 26,800
BpB,{CHz )5 r L31(Y) 25 T 24,100(1) | 24,300 300(1) | '24,500
BpHz(CHz ) -48(1) ~-41 22,800(1) [ 22,900 22 900(1) 23,000
 BoHp(CHz)y . _ _-85(1) | _ _-57_ f 21,800(2) | 22,000 | 21,900(1).| 22,100
ByHECoHy _ ~14(1) | -8 24,700(1) | 24,900 | 24,800(1) [ 25,000|
ro PRy (CoEa)G [ P[P T dn (M el 22 sbo(1)t| 42,700 | 22,700(2) 22,800
BoHz(CoHs) 5 ' -48(1) -38 21,500(1) | 21,700 1,600(1) 21,800
BoHo(CoHs )y -65(1) -53 20,900(1) | 21,100 | 21,000(1) | .21,100

aExperimental value.
bPyo different experimentsl values reported (see table I).
' CAverage values.

ee
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TABLE V. - Continued. HEATS OF FORMATION AND COMBUSTION OF BORON COMPOUNDS (B,H,C,S1)

Compound Heat of formation (at 25% c), Heat of combustlon, AH., Btu/lb
AHZ, kcal/mole
To BpOz(amorphous) |To ByOz(crystalline)
3 3
Solid or Gas
liquid Solid or Gas Sclid or Gas
liquid liguid

BoHgS1Hz -8(1) -1 22,800(1) | 23,000 | 23,000(1) 23,200
BoH, (81Hz ), ~-15(1) -9 20,300(1) | 20,400 | 20,400(1) 20,500
BoHz(81Hz )= -24(1) -17 19,000{1) | 19,100 | 19,100(1) 19,200
BoHp(81Hz) -33(1) -25 18,300(1) | 18,400 | 18,300(1) 18,400
ByH) 13(1) 19 30,500(1) | 30,700 | 30,800(1) 31,000
ByHgCHzZ -2(1) 5 27,800(1) | 28,000 | 28,000(1) 28,200
ByHgCoHg -10(1) -2 26,200(1) | 26,400 | 26,400(1) | 26,600
B4HgCzH; -14(1) -5 25,100(1) | 25,300 | 25,300(1} | 25,500
ByHgS1Hg 4(1) 11 25,000(1) | 25,200 | 25,200(1) | 25,400
BgHg 87.8(1) 815.0 29,100(1) | 29,300 | 29,400(1) | 29,600
BHgCHz -7(2) 1 27,000(1) | 27,200 | 27,200(1) 27,400
BeHCoHx -15(1) -8 25,700(%) | 25,900 | 25,900(1) 26,100
BsHgCzHy -19(1) -9 24,800(1) | 25,000 | 25,000(1) 25,100
BgHgS1Hz -1(1) 7 24,600(1) | 24,800 | 24,800(1) |- 25,000
ByoH14 88(a) 826 28,200(s) | 28,500 | 28,500(s) | 28,800
By oH;3CHz -1(1) 12 27,200(1) | 27,400 | 27,300(1) 27,700
By oH13CoH5 -9(1) 5 26,400(1) | 26,600 | 26,700{1) 26, 80O
By H13C3Hy ~13(1) 2 25,800(1) | 25,900 | 26,000(1) 26,200
B oH13z51Hy 5(1) 18 25,800(1) | 25,900 | 26,000(1} | 26,200

8Experimental value.
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TABLE V. - Concluded. HEATS OF FORMATION AND COMBUSTICN OF BORON COMPOUNDS (B,H,C,S51)
Compound Heat of formation (at 25° C), Heat of combustion, AH,, Btu/1b
, kcal/mole
To B,0g(amorphous) |To 0, (crystalline)
Solid or Gas Bz 5
11duid Solid or Ga Solid or Gas
liquid liqui
HyBCH,BH, 12(1) 17 26,300(1) | 26,500 26,500(1) | 26,800
HZBCHZBH(CHS) -7(2) -1 23,900(1) | 24,100 24,100(1) | 24,300
e niom ~27(11 -Te' 29 nnf 1) 29 £AN a9 cnanfa a0 ann
uzwuzu\vus Jz [0 \ Irl o WS HH’UUU\ Ul l.aLn,UVU Ln(.-,UU\J\ h‘] L.La,U\JU
(CHz )EBCH,BH(CHz ) -27(2) -20 22,500(1) | 22,600 22,600(1) | 22,800
(CHz JEBCH,B(CHz ), -47(1) -39 21,500(1) [ 21,700 21,600(1) | 21,800
(CHz )>BCH,B(CHz) 5 -66(1) -57 20,800(1) | 21,000 | 20,900(1) | 21,100
HoBCoE,BH, 10() 16 24,500(1) | 24,700 | 24,600(1) | 24,800
HoBCoH,BH(CHz) -8(1) :1\ 23,000() | 23,100 | 23,100(1) | 23,300
. BO.E BICE.) I 0z(7) _1E an Annd ) an onn ' a0 100l ¥y aa TAn
213\;211413\\;23}2 av\ &) p s ﬁﬂ,UW\b) m:.,c.w GG,J_UU\ L) G&,DUU
(CHz )HBC,H,BH(CHz ) -26(1) -18 22,000(1) | 22,100 22,100(1) | 22,200
| (CHzJEBCoB,B(CHz)o | _ -41(2) [ -32 | 21,300(2)| 21,500 |  21,400(1)_| 21,600_

(035)2302343(033)2 -56(1) . -48 | 20,800(2) | 21,000 | 20,900(2) | 21,100
i b o o ki ik | I'f(prlhl?" -Jmi R TRE i1 : e R ALY 1) [
35H8B5H8 20(1) . 32 26,800(1) | 29,000 29,100(2) | 29,300
BgHCH,BsHy Coa(r) 15 27,600(1) | 27,700 [ 27,900(1) | 28,000
B TN TR A _alf1y - 0o oa nnf 1) o ann a7 nnnd 1) 27 onn
ophgualigbolig (oL ] o LOg (WU &) G0y J Ll VU &) GigoUv
BqgHyzB10H 3 32(1) 54 28,200(2) | 28,300 | 28,500(1) | 28,600
ByoH15CHsB o1 3 14(1) - 37 27,600(1) | 27,700 | 27,900(1) | 28,000
By0H13CoH4B1 0B 13 12(1) %6 27,100(1) | 27,300 | 27,400(1) { 27,600

¥e
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Heat of combustion, Btu/lb
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