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Abstract

4 comprehensive investigation of methods for the preparation
of hydrides of wolfram has been made, & wolfram (IV) hydride-aluminum
hydride mixture has been prepared and its Ny and thermal stability
determined for its evaluation as a nuclear radiation shield materisl.
Aluminum borohydride has been shown to reduce wolfram (VI) chloride to
a subchloride. The alkall borohydrides alsc reduce hexavalent wolfram,
but in no case has & wolfram borohydride been isolated.

Introduction

According to various authorities, the gamma attenvation and
neutron moderation characteristics of wolfram coupled with its sbundence
and high density make it an excellent material for nuclear radiation
shields(1l}, Tt has the disadvantages of low probabllity of neutron
capture and relatively high secondary gamma production. Boron, with
its high-neutron capture and, of course, hydrogen would be desirable
additives, Consequently this investigation was undertaken to study
likely methods for the preparation of hydrides and borohydrides of the
heavy metals,

istorical

The absorption of hydrogen by wolfram metal has been shown
to be limited to the forration of a surface £ilm(2-13}, *hile the
hydrogen is believed to be present in the ratio of one molecule of
hydrogen per two atoms of surface metal, this falls far short of a
stoichiometric ratio in massive metal. Even treatment of wolfram with
hydrogen in the activated atomic state has failed to produce a hydride(5).

Weichselfelder(lé} is widely credited with having prepared a
wolfram hydride (“H3} through the reaction of wolfram hexachloride and
phenyl magnesium bromide in an atmosphere of hydrogen. Iron, cobalt,
and nickel hydrides were claimed(15-20) to have been prepared in this
manner but have not been substantiated by later workers(Rl, 22), The
evidence in suoport of wolfram hydride formation is based entirely on
the measured absorption of hydrogen by an ethereal mixture of wolfram
hexachloride and phenyl magnesium bromide, In the case of nickel, it
has been demonstrated(17-19} that catalytic hydrogenation of the ben-
zene nucleus can account for sizable hydrogen absorption. To the best
of our knowledge, subsecucnt attempts to prepare wolfram hydride by
this method have been unsucecessfull{23,24),

The borohydrides zre a relatively new class of compounds,
The first to be prensred was slumlnum borohydride 25) in 1939. Since
then this compound has proved a valuable tool in the preparation of
other borohydrides when reacted with the metal halides, i.e,, uranium(26),
thorium, hafnium, zirconium, and titanium borohydrides(27), Ain attempt(28)
was made to prepare the borohydrides of chromium and lead by the reaction
of aluminum borohydride with the respective halides, but thlis resulted
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in chromium boride and elemental lead., Diborane has also proved a
valuable preparative agent in the synthesis of borohydrides by reaction
with the metal alkyls, i.e., aluminum, beryllium{2%), 1ithium(30}, and
magnesium(31} borohydrides, and by reaction with the methoxides and
methoxy borohydrides of sodium(32) and potassium(32), In every instance
the borohydrides of the heavy metals have proved to be the most volatile
. compounds of that oxidation state of the metal., This volatility has
offered a convenient means of purification in many cases.

Yuch less work has been done with the aluminohydrides, no
heavy metal aluminohydrides having been reported in the literature.
The trimethyl amine addition compound of aluminum hydride was the first
to be prepared by Wiberg(33). Yore recently Sehlesinger, Finholt, and
Bond(34) have prepared lithium aluminohydride and an aluminum hydride
etherate by the reaction of lithium hydride and ethereal aluminum
chloride. _In a similar manrer the aluminohydrides of sodium(35) and
caleium(35) have been prepared, although more elaborate technioues have
been necessary to obtain good yields and purity.

Lithium aluminohydride has been employed in several previous
attempts(36) to prepare other metallic aluminohydrides but has resulted
either in the primary hydrides, l.e., Sil;, GeH,, SnH,, AsH3, Sbis,

MgHy, and BeHy, or in the free metals, i.e., Ti and FPb., Then the reactions
are carried out in diethyl ether and the product sought is precipitated,

it is contaminated with lithium chloride. In such cases it is convenient
to resort to aluminum hydride which avoids the coprecipitation of a
lithium salt.

Discussion of Results

Aluminum borohydride reacts vigorously with wolfram hexachloride
at the melting point of the borohydride (-65° C} probably according to
the equation:

(I) ¥Clg ¢ AL(BH,)3 -3 "Cl3 + AlC1y ¢ 3/2ByHg + 3/2H;

Simultaneously a portion of the excess aluminum borohydride loses hydro-
gen to form the non-volatile polymer of the approximate composition
A1B3Hg. The reduction of the wolfram to the trivalent state is demon-
strated by the corsistent liberation of 1,5 moles of diborane per mole
of wolfram, Separation of the aluminum chloride from the solid reaction
products by sublimation has further shown that only one mole of aluminum
chloride is formed per mole of wolfram., Two moles of aluminum chloride
would result if a trivalent wolfram borohydride were fcrrmed:

(IT) "Clg s 281(BH)3- -3 ™BgHyp ¢ 241C13 + 3/2BaHg + 3/2Hp

*hen the solid products of the wolfram hexachloride-aluminum
borohydride reaction are extracted with liquid aluminum borohydride
(chosen because it is the only knowr solvent for the non-volatile polymer
A1B.Ha), a furiher reduction apparently tekes place to an indefinite
oxiéagion state as evidenced by the liberation of more diborane and low
' recovery of chloride in the leached product. This apparent increased

reducing power of liquid over gaseocus aluminum borohydride has been
observed before in its reaction with chromium ehloride(zs).
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"hen the hexafluoride of wolfram is used, a more vigorous reac-
tion occurs with considerably more hydrogen evolved, Treatment of the
s0lid portion of the product with methyl alcohol converts boron present
as borohydride to methyl borate according to the equation:

(111} BH,' + 4CH0H  B(OCHy}3 + CH30™ ¢ 4H,

The methyl borate thus formed may then be isolated by distillation to-
gether with methyl alcohol and aralyzed. Non-labile or boride boron is
unreactive and has been shown to be present in the ratio of three to
one with the wolfram, The insoluble and non-volatile nature of the
aluminum fluoride formed prevents distinguishing between the possible
ecquations:

(TIV) "Fg + 2a1(BH,)3 - > "F3 + AlF3 # AlB3 # 3/2BHg + 15/2H,
and ‘
(V) "Fg ¢ 221(BH;); —p ¥B3 = 241F3 + 3/2B2Hg + 15/2H;

However, there seems to be no apparent reason why one mole of aluminum
borohydride should dehydrogenate as in Equation IV. Such a degree _
of irstability has not been observed in other reactions which result in
aluminum fluoride-aluminum borohydride mixtures. Following the reduction
of the wolfram hexafluoride to the trivalent state, there is perhaps a
metathetical reaction which forms an unstable wolfram borohydride, which
in turn decomposes to form a wolfram boride or a mixture of wolfram

metal and boron. The reaction of aluminum borohydride with a double

salt of trivalent wolfram (such as Na™F,) would be the next logical

step, but such compounds are not availaéle to us at the present time.

Diborane apparently has no tendency to react with the wolfram
hexahalides for gasecus mixtures with the fluoride can be successfully
fractionated, This is in direct contrast to the reactlions observed
with the analogous sluminum hydride.

Solid lithium borohydride reacts very slowly with wolfram hexa-
chloride at room temperature to liberate diborane and hydrogen. “hen
the tempersture of the solid-solid mixture is raised to ircrease the
vapor pressure of the wolfram hexaehloride, a violent reaction occurs
which liberates approximately one mole of diborane per mole of wolfram,
"olfram hexafluoride with a high vapor pressure at room temperature
reacts more readily with lithium borohydride but with the same result.
These reaetions appear to take place more smoothly when a solvent such.
as diethyl ether is employed. This has not proved satisfactory, however,
because of the contamination of the products with lithium compounds., In
no case has there been any positive evidence of the formation of a wolfram
borohydride,

Sodium borohydride does not react with either wolfram hexa-
fluoride or hexachloride. Fther does not promote the reaction, while
isopropylamine in which sodium borohydride is quite soluble is unsatis-
factory because of aminolysis of the wolfram hexahalide.

36
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"hen diethyl ether is employed as a solvent, aluminum hydride
reacts with wolfram hexachloride to precipitate a wolfram (IV} hydride
probably according to the equation:

(VI) "Clg + 2A1H;  YH, + 241C15 ¢ H,

Because of the tendency of aluminum hydride etherate to form an insoluble
polymer, this hydride is contaminated with 2 variable amount of aluminum
hydride. ™ith lithium aluminum hydride, a similar reaction takes place,
but in this case lithium chloride is coprecipitated with the wolfram
hydride.

*olfram hexafluoride was also employed in these investigations
because of its greater ease of handling in the vacuum line. "hile the
reactions were found to be identical with wolfram hexachloride and
helped to determine the course of the reaction, the products were neces-
sarily conteminated with insoluble aluminum fluoride. The reduction
of the wolfram to the tetravalent state was inferred from the constant
liveration of one mole of hydrogen per mole of wolfram.

The wolfram hydride-aluminum hydride etherate mixture is an
extremelg pyrophoric white powder which is stable in a vacuum up to
about 60~ C. The powder density of a sample in which the ratioc of
aluminum to tungsten was 2.8 was determined by the helium displacement
method (H.".K.)} to be 1,3 g/ce. This corresponds to an Ny (including
ether hydrogen} of 5.0. These properties are extremely disappointing
with relation to the use of wolfram hydride as a shield when compared
to the dense material expected.

Fxverimental

Apparatus ~ The vacuum lire apparatus used for this work has
been described by Stock{37), Burg(38), Schlesirger, and Walker(39), and
Dorinson 28), and will not be discussed in detail unless s special
technigque is involved.

Yaterials

¥olfram Hexachloride - Prepared from wolfram oxide by reduc-
tion with hydrogen followed by chlorination and sublimation(40}, a4, D,
YacKay material was used in the early work, but the vacuum sublimation(41)
necessary to remove the oxychlorides present proved too arduous,
Moderately high purity was indicated by the analyses; wolfram, found
46.3, 44.8%, theory 46.3%; chlorine, found 54.5, 55.2%, theory 53.7%.

¥Yolfram Hexafluoride - Obtained through the courtesy of
General Chemical Co., and purified by distillation in vacuum with con-
densgtion at -80° C. Purity was checked by its vapor pressure of 378 mm,
at 0” C.

Alumirum Borohydride - Prepared by the reaction of aluminum
chloride and sodium borohydride with the volatile impurities removed
by passing through a trap cooled to -80° C. The purity was checked
by its vapor opressure of 119 mm. at 0° C.
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Diborane - Obtained as a by-produet in the vreparation of
aluminum borohydride. The purity was checked by its vapor pressure of
225 mm, at -112° C,

Lithium Borohydride - Commercial product of Metal Hydrides Inc.

Sodium Borohydride - Commercial product of Metal Hydrides Ine.

Aluminum Chloride - Reagent anhydrous Merck,

Lithium Aluminum Hydride - Yetal Hydrides Inec. product puri-
fied by crystallization from ether-benzene mixture followed by ether

extraction. Analysis by hydrogen evolution indicated 99,1% purity.

Aluminum Hydride Ftherate - Prepared as a 1% ether solution
by the reaction:

A1C13 + 3L1ALH, LALH, 4 3ni01(34)

Diethyl Fther - Commercial anhydrous grade purified by distil-
lation from lithium aluminum hydride in an atmosphere of dry nitrogen.

Isopropylamine - Sharples Chemicals Co. commercial anhydrous
material purified by treatment with sodium hydride and distillation
from sodium borohydride in an atmosphere of dry nitrogen.

¥olfram Hexafluorjde-Aluminum Borohydride Reaction

0.898 m-moles of wolfram hexafluoride (20.1 cc at STP} were
condensed on an excess of gluminum borohydride (5.43 m-moles, 121.8 cc
at STP) at -196° C. The reaction mixture was warmed to -80° C by re-
placing the liquid nitrogen bath with a dry ice-acetone bath, At this
temperature a violent reaction occurred which blew the black solid
product throughout the vacuum line, After remaining in contact with
solid for ten hours, the gaseous products were removed and the volume
of the mixture measured, The mixture was then passed successively through
traps cooled to -112° ¢, -112° C, and -196 C, and thence through the
pumpsa, The material condensable at -112° C-was identified as aluminum
borohydride by its vapor pressure of 119 mm at 0° C. The material which
passed through the -112° C traps but was condensed at -196° C was
identified as diborane by its vapor pressure of 225 mm at -112° C, The
non-condenseble gas was measured by difference and was assumed to be
hydrogen., In this manrer 2,54 m-moles of unreacted aluminum borohydride
(56.9 cec at STP), 1,375 m-moles of diborane (30.8 cc at STP), and 6.45
m-moles of hydrogen (144.1 cc at STP) were obtained, No wolfram- or
fluorine-containing compounds were found among the gaseous products.

The proportions of products and reactants in this and subsequent reac-
tions of aluminum borohydride are given in Table VI. For convenience
in comparison, all values are related to one m-mole of tungsten,
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"olfram Hexafluoride-Aluminum Borohydride Reaction with Determination

of Non-labile Boron Formed

0.924 m-moles of wolfram hexafluoride (20,7 cc at STP) were
condersed on an ,oxcess of aluminum borohydride (4,83 m-moles, 108.1 cc
at STP) at -196° C. The reaction mixture was then warmed slowly in an
isopentane bath, At -100° C a slow pressure rise commenced, At -65° C
(approximately the melting point of aluminum borohydride}, a vigorous
reaction occurred which blew the black solid reaction product throughout
the vacuum line. The gaeseous products were removed, fractionated, and
measured. They consisted of 2,40 memoles (53.8 cc at STP)} of unreacted
aluminum borohydride, 1.365 m-moles (30.5 cc at STP) of diborane identi-
fied by its vapor pressure of 225 mm at -112° C, and an undetermined
volume of non-condensable gas.

Methanol was then condensed on the solid reaction products and

allowed to react at room temperature. Under these conditions borohy-
dride ions should react acecording to the equation:

(ITT) BH,' + 4CH30H ~% B(OCH3)3 ¢ CHy0' o 4H,
A boride or elemental boron would not be expected tc react. The methanol
together with the methyl borate formed was then distilled to a flask
and removed from the vacuum line. The boron was determined after
dilution and sddition of mannitol by titration with 0,1 N NaOH, A
material balance of the boron is presented in Table I.
Table I
Material Balance on Boron in WFé-Al(BHL)B Reaction
B introduced as Al(BH4)3 = 14.49 m-at, wts,
B recovered as Al(BHy)3 = 7.20 m-at. wts.
2,73 m-at, wts,
1.82 m‘&t' th.
11.76 m-gt., wts.

B recovered as BpHg

B recovered as (CH30)3B

Total B recovered
B unrecovered = 2.73" m-at. wts,

2.73 mrat., wts, of non-labile boron remain with 0,924 m-at. wts, of
wolfram. On the basis of 1,00 m-at. wts. of wolfram, we have the em-
pirical formula, "1 00B2, 96.

' This non-labile boron is readily explained by assuming the
presence of ¥B3 in the reaction products which would be formed according
to the equation:

* Note that unrecovered B exactly equals B liberated a8 diborane. This

should be sc if diborane arises from decomposition of intermediate W(BH‘)é

V(BH;)g B3 e 1. 582H6 % 7,500,
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(V} “Fg + 2a1(BH,}; = "By ¢ 2A1F3 ¢ 3/2BHg ¢ 15/2H,

but might also be explained by the presence of an aluminum boride as in
the hypothetical equation:

(IV}) *Fg + 281(BH,); -~» YF3 ¢ A1F3 ¢ 41B3 ¢ 3/2BpHg ¢ 15/2H;

¥Yolfram Hexachloride-Aluminum Borohydride Reaction - Aluminum Chloride
Sublimation '

7.32 m-moles of eluminum borohydride (163.8 cc at STP) were
condensed on 1.72 m-moles of wolfram hexachloride at -196° C. The reac-
tion mixture was warmed directly to room temperature and after remaining
in contact for four days, the gaseous products were fractionated and
measured. 68,7 cc of unreacted alumimum borohydride, 62,9 cc of diborans,
and 196,.5 cc of hydrogen were obtained. The s0lid residue was then
heated to 100~115° C for 3-4 hrs. and the aluminum chloride sublimate
trapped in a U-tube cooled to -80° C. 1.09 m-moles of aluminum chloride
woere obtained per m-mole of wolfram. This is slightly more than required
by the ecuation:

(I} *Clg + AL(BH,)3~~3» "Cl3 ¢ A1Cl3 + 3/2ByHy + 3/2Hp
but it is to be noted that it is in exact agreement with the slightly
high values (approximately 1.63 m-mole) of diborane liberated so that
this presence of adsorbed chlorine in the original wolfram hexachloride
is suggested. See also the analyses on p 8. The analysis of the residue

from the sublimation further confirms the presence of wolfram (III)
chloride as demonstrated in Table II.

Table II
Analysis of Product of “016-A1(8H4)3 Reaction Following

Removal of 41C14 by Sublimation

Flement % Molar Ratio
L 57.8 1.00
c1 30,27 2.7
Al 4.3 0.51
B 7.2 2.11
H _0.5 1,55
Total 100.0

* By difference since HCl was inadvertently lost during hydrolysis.
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Yolfram Hexachloride-Aluminum Borohydride Reaction - Aluminum Borqugggg_
Extraction

2,05 m-moles of wolfram hexachloride were loaded on disc A and
side arm B was sealed off, Following evacuations 5,38 m-moles of
aluminum borohydride (166.9 cc at STP) were condensed on the sample at
-196° €. The reactarits were warmed slowly from -112° C to room tempera-
ture in a carbon disulfide bath in contact with a volume of sufficient
size so that the aluminum borohydride and the diborane formed were in
the gaseous phase when the reaction mixture reached room temperature.
After remaining in contact for 24 hrs., the gaseous products were frac-
tionated and measured. They consisted of 80,0 cc of diborane, 59.5 cec
of unreacted aluminum borohydride, and 149.1 cc of hydrogen (all at STP).

1-2 cc of liquid aluminum borohydride were then corndensed at
F and continuously refluxed over the residue on the sinter by condensing
the liquid with dry ice at D. 25.2 cc of diborane and an undetermined
amount of hydrogen were liberated during this step suggesting further
reduction of the wolfram, The aluminum borohydride was then pumped off
leaving the inscluble product on the sinter A and a non-volatile extrset
at E, The residue was recovered in an argon-filled dry box and follow-
ing hydrolysis of a welghed portion on the vacuum line was analyzed
completely,

Table III

Analysis of Alide Insoluble Product of WCl6-Al(BHZ)3 Reaction

[N

" Flement y 4 Molar Ratio
L 50.0 1.00
cl 13.8‘ 1.43
Al 14.3 1.95
B 16,7 5.68
H -3:66
Total 98.5

The total amount of diborane liberated both by the reaction
and later during the extraction is 1(6.2 cc or 4.74 m-moles. On the
basis of one m-mole of wolfram, this becomes 2.3l m-moles of diborane
per m-mole wolfram and corresponds to a reduction in the valence of
the wolfram to 1.38 (possibly a mixture of lower valence chlorides
and free metal) which is in good agreement with the value of 1,43 to
be seen in Table ITI. It is to be assumed that the reduction is car-
ried further because of the presence of liguid alide.
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¥olfram Hexachloride-Aluminum Borohydride Reaction - Benzene and Ether
Extraction

A reaction was carried out in the usual manner and the residue
extracted with benzene and ether under argon., Confusing results were
obtaired as evidenced by the analyses aprearing in Table IV. -

Table IV
dnalysis of Benzene-FEther Insoluble Solid Product of

¥Clg-A1(BH;)3 Reaction

Flement % Molar Ratio

hd 47.7 1.00
Cl 12,7 1,38
Al 24,1 3.45
B 2.4 0.82
H 1.7 6.52
c 6.0 1,93
Total 94.6

The boron analysis is suspected to be incorrect (low), since
it was done early in the investigation when the technique had not been
perfected. The low chloride analysis is not easily explained., It may
be that deviation from vacuum line techniques is responsible.
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Table V
Proportions of Reactants and Producte in Aluminum Borohydride-
*olfram Hexahalide Reactions

No.  Halide Alide  Bp Hy  AlX3 Hp Calculated Comp,
w —

w w - Alide of Polymer
1 "Fe, 3.23 1.49 7.19 2,23 A1B3Hy o
2 "y, 2,63 1.48
3 "Clg 2,69 1.97  2.63 0.98 AlB3Hy g
4 YCly 2,05 1,58 2.95 ca. 1.00 1,44 AlBsH, g
5 "Clg 194 162 2M 1.40 A1B3Hy o
6 "Cly 2,00 1,63 2,97 1.49 AlB3Hg ,
7 "Clg 2,47  1.63 5.0 1,09 2,06 A1B3H, 4
8 "Clg, 2.3, 1.76 3,25 1.39 A1BsHy 4

"olfram Hexafluoride-~Diborane Reaction

No experiment was attempted which was designred primarily to in-
vestigate a reaction between wolfram hexafluoride and diborane. 4 reac-
tion of wolfram hexafluoride with lithium borohydride, however, resulted
in a gaseous mixture of wolfram hexafluoride and diborane which showed
no tendency to react at room temperature and could be separated by
careful fractionation,

"olfram Hexafluoride-Lithium Borohydride Reaction

1.345 m-moles of wolfram hexafluoride (30.1 ce at STP) were con-
densed on 65,/ m-moles of powdered lithium borohydride (1.50 g of 95%
material) at -196° C in a tube fitted with a magnetic seal(27§ and the
tube sealed off under vacuum., After a three-day reaction period at
room temperature, the tube was connected to the line and opened. 4
large amount of non-condensable gas, probably hydrogen, was pumped off,
1.17 m-moles of diborane (26.2 cc at STP}, identified by a molecular
weight determination of 27,9, were collected in a liguid nitrogen trap.
¥hen ether was ccndensed on the solid residue, evolution of non-con-
denssbles and a black suspension resulted. There was no volatile wolfram

compound formed.

wolfram Hexachloride-Lithium Borohydride Reaction

1,39 m~moles of wolfram hexechloride (0,553 g) were mixed with
69.7 m-moles of po~dered lithium borohydride (1.90 g} in a 5C cc round-
bottom flask., The flask was attached to the vacuum line by a 19/38
joint and the mixiure pumped on at room temperature for eight hours.
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About 3 cc of diborane were collected in a liquid nitrogen trap during
this period., Since the vapor pressure of wolfram hexachloride is ap-
parently too low for anpreciable reaction at room temperature, the
mixture was heated., At 100° ¢ a sudden violent reaction occurred which
dusted the powder throughout the line. A total of 1,33 m-moles of
diborane (29,8 cc at STP) were collected.

Tolfram Hexafluoride-Lithium Hydride Reaction

Fther was condersed on a mixture of 2,12 m-moles of wolfram
hexafluoride and 245 m-moles of lithium hydride (-100 mesh, 95%) in a
50 cc flask attached to the vacuum line. The mixture was warmed to
room temperature and stirred overnight with a magnetic bug., No evolu-
tion of hydrogen was noted. The mixture was then filtered under nitrogen
and the clear filtrate evaporated on the vacuum line. 4 greenish-white

residue resulted which was apparently an etherate of wolfram hexafluoride.

Tolfram Hexafluoride-Sodium Borohydride Reaction

0.77 n-moles of wolfram hexafluoride (17.3 ec at STP) were con-
densed on 90 m-moles (97.0% by hydrolysis aralysis) of powdered sodium
borohydride in a tube fitted with a seal-off constriction and a magnetic
seal, The tube was sealed off under vacuum and left at room temperature
with occasional agitation for one week., On opening it was found that
no pressure of hydrogen had been developed and about 85% of the wolfram
hexafluoride was recovered, The residue was then heated to 150° C in
vacuum in a Mashburn-tyre molecular still. No distillation occurred.

Tolfram Hexachloride-Sodium Borohydride Reaction

Ether was condensed on a mixture of wolfram hexachloride (0.2 g)
and sodium borohydride (1.0 g) at -196° C and the mixture warmed to
room temperature and stirred for four hours, No evolution of diborane
or hydrogen was noted. Following filtration under nitrogen, the wolfram
hexachloride was recovered from the filtrate unchanged.

"olfram Hexaghloride-Sodium Borohydride Reaction in Isopropylamine

An isopropylamine solution containing 37.2 m-moles of sodium
borohydride was added to 2,36 m-moles of solid wolfram hexachloride at
0° C in an atmosphere of argon., An initial vigorous reaction resulted
as evidenced by the rapid evolution of about 50 cc of gas, A fine
white precipitate formed after the initial reaction had subsided leaving
a dark red-brown solution, The mixture was centrifuged under argon
and the clear filtrate evaporated to dryness on the vacuum line. The
residue was extracted with ether to remove the insoluble excess of
sodium borohydride, The solution was centrifuged and dried on the
vacuum line, On heating to remove the last traces of ether, sublima-
tion of & white erystallire material took place between 50-70° C.
Chemical analysis showed this sublimate to be an isopropylamine-borine
addition compound, (CHz),CHNH, BH3 . Boron theoretical 14, 9%, found
16.2%; nitrogen theore%ical 19,2 found 18.8%; carbon theoretical
49.4%, found 51.0%; hydrogen theoretical 16. 6% found 16.4%.
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An isopropylamine solution of 6.24 m-moles of wolfram hexachloride
(2.48 g) was added to an isopropylamine solution of 128 m-moles of sodium
borohydride (5.00 g) in an atmosphere of argon. The solution was fil-
tered and dried on the vacuum line., The residue was extracted with ether
and this solution filtered and dried on the vacuum line by pumping for
several hours at room temperature and then at 60° C with loss of a
non-condensable gas, The complete analysis of the glassy brown residue
aprears in Table VI,

Table VI

Analysis of Ether-Soluble Product of NaBH4-W016 Reaction

Flement % Molar Ratilo
v 35.5 1,00
B 11.1 5.32
N 8.7 3,23
¢ 27.8 12.0 Density = 1,98/cc (H.".K.)
H 7.73 39.8
Cl 0.1
Na 3.55 0.8
0 (eale.} _1,8 0.6
Total 96,3

A sample of this material was pyrolyzed at 600° C in vacuum,
An snalysis of the residue appears in Table VII.

Table VII

dnalysis of Fyrolyzed Fther-Insoluble Residue of NaBH,-"Clg

Flement %
| v 50.5"
B 23,1
N 2.9
‘ Density = 3.23 g/ce (H.™.K.)
c b5
H 0.4
Na 5.1
Total 86.5

6

- -
bbwmow vl Ly e ¢ o0 o o0 o»



XYY YT}
e o
sescee
XYY Y XS
¢ e
e o o
.
(X
.
.
seore
.
see
esse o
e @
esee
o o
sessee
sens
ssecece

13- T

Metal Hydrides - Topical Report

Reaction of "olfram Hexafluoride with Aluminum Hydride

" The reaction tube in which this preparation was made is illus-
trated in Fig. (2). 51.1 g of an 0,648% solution of aluminum hydride
in ether (11,05 m-moles) were weighed into flask A4 and the apparatus
assembled on the vacuum line. A4fter degassing and evacuation with the
hydride solution cooled to =196° C in liguid nitrogen, 19.2C cc¢ of
wolfram hexafluoride (0.857 m-moles)} were condersed on the hydride.
The mixture was then warmed slowly to -80° C and stirred intermittently
with a magnetlic stirrer. 16.0 ce of hydrogen were liberated at this
temperature. On warming to 0% C, 3.8 cc more of hydrogen were liberated
giving a total of 19.8 cec of hydrogen (0,885 m-moles).

The molar ratio of hydrogen liberated to wolfram hexafluoride
used was, therefore, 1.04, indicating a reduction in the valence of the
wolfram to the tetravalent state.

The reaction mixture was then warmed to room temperature and
stopcock F closed., The reaction tube was remcved from the line and
flask B cooled in ice water. The reaction mixture was force filtered
by its own vapor pressure into flask B. The precipitate was then washed
four times with 50 cc portions of ether distilled from the filtrate in B.

The reaction tube was joined to the line again and the precipi-
tate dried in vacuum at 55° C for ninety minutes and transferred under
dry nitrogen to flask C by inverting the resction tube. Flask C was
transferred directly to the line while under an atmosphere of dry nitro-
gen. The dried sample was then hydrolyzed by condensing first dioxare
and the water on the sample and the hydrogen liberated measured by
pressure developed in a calibrated volume of the line. Correction was
made for the vapor pressure of the sclution which was experimentally
determined.

The wolfram content was determined by precipitation with cin-
chonine reagent and ignition to the oxide. Aluaminum was determined by
precipitation as the 8-hydroxy cuinolate and dried and weighed as such,
The fluorine vas titrated with thdrium nitrate to the zirconium alizarin-
lake end point after separation by distillation as fluosilic acid. 4
complete material balance is contained in Table VIII.




A Reaction Hask

B Fiask ks catch Hltrate

C FRask tor isolation of
p(‘OdUC“’

D. netic bug shirrer
E. g}ﬁered g!?ss disc

F Stopcock

. *
.....
'Y} oe

T T




XYY Y ¥

Metal Hydrides - Topieal Report
Table VIII
Material Balance in "Fg-AlH, Reaction

Material g Al g H cc Fg
Product ©0.1100  0.0648 147  0,0625
Product on walls 0.0429 0.0253 57 0.0244
Filtrate 0.2000 I 501
Filtrate on walls 0.0241 60
Gas evolved 40
Totals found €,1529 0.3142 805 0.0869
Totals used C.1574 0,2980 781 0.0976

The empirical formula of the product is Wy nnAl .
Assuming the fluoride to be present as ether-insoiﬁ£§g d 8%?%8m93f§a§§he,

we obtain by subtraction, ¥y qodlz, 19H10.97. In turn assuming the
aluminum to be present as aluminum hydride polymer, we obtain by sub-
traction, ™1 ooH,.4. Considering the analytical difficulties involved,
this is reasonably close to the tetravalent hydride dictated by the
hydrogen evolution during reaction.

In calculating the hydrogen content expressed above in the
empirical formula, the assumption was made that any wolfram-hydrogen
bond would be hydrolyzed according to the reaction:

(VII) ™Hy » 2H,0 3 W0y ¢ 4H,
Our investigations have not been extensive enough to establish this
as a fact, and it should be mentioned that iron, cobalt, and nickel

hydrides are supposed to be decomposed catalytically by water according
to the equation:

(VIII) MHy ¢ HpO =5 M ¢ Hp

Nevertheless the good hydrogen material balance obtainred seems to support
the first eouation.

Reaction of "olfram Hexachloride with aluminum Hydride

(4) 46.4 g of a 0.893% ether solution of aluminum hydride
(13.8 m-moles) were placed in flask A of reaction tube in Fig. (2).
0.243 g of sublimed wolfram hexachloride (0.612 m-moles) were placed
in flesk B and the apparatus assembled on the vacuum line. After de-
gassing and evacuation about 50 cc of ether were condensed on the
wolfram hexachloride. The solution was filtered in a partial atmos-
phere of nitrogen (to prevent bumping) onto the aluminum hydride
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solution at a temperature of -196° C and the nitrogen pumped off, A
che¥ry red precipitate formed which turned white on warming to 0° C,
17 ce of hydrogen (0.76 m-moles) were evolved making the Hp/¥Clg ratio

= 1.24.

The reaction mixture was filtered into flask B and the precipi-
tate washed four times with 50 cc portions of ether distilled from the
filtrate. The dried product was transferred in flask C directly to the
vacuum line and hydrolyzed as above, Aanalysis yielded the empirical
formla, ™1, ,00A15, 00H18,3C1p,14. Assuming the chloride to be present as
the by-product aluminum chloride and subtracting Alg o5Clgp 14 gave
¥1.0081;,95H18, 3. Furthermore assuming the remaining alumimm to be
present as aluminum hydride polymer and subtracting Al gsHy; g5 yielded

*1.00H3,45.

(B) 50,8 g of a 0.756% ether solution of aluminum hydride
(12,82 m-moles) were placed in flask A of the reaction tube in Fig. (2).
0.329 g of wolfram hexachloride was placed in flask B and the apparatus
assembled on the vacuum line, After degassing and evacuation, about
50 cc of ether were condensed on the wolfram hexachloride. Solution was
not complete, and it was decided not tc measure the hydrogen evolved in
the reaction., The solution was filtered onto the aluminum hydride at a
temperature of -196° €, The cherry red precipitate turned white on
warming to 0° C,

The reaction mixture was filtered and washed aa above, After
transfer in flask C to the vacuum line, the procduct was pyrolyzed in
vacuum by heating slowly to 200° C. The hydrogen pressure developed in
a calibrated volume was measured and corrected for the presence of ether
vapor arising from the residual ether in the dried product. W™ater was
then condensed on the pyrolyzed material to prevent a fire when it was
removed from the line, Analysis yielded the empirical formula,
¥1,00413,19H11,84C1p,78. Subtraction of Alg »4Clp, 78 gives %1 00Alz 93~
Hy1,82 which may be assumed to be W3 poH3, 03 and Al g3Hg 9.

Hydrogen Liberated During Reaction of Aluminohydrides with Yolfram
Hexachlorides

The molar ratios of hydrogen evolved to wolfram hexahalide used
have already been reported in two instances. To substantiate further
the presence of tetravalent wolfram in the ether-insoluble products, a
series of experiments were cdrried out in which the hydrogen evolution
was measured, but no attempt was made to separate and analyze the other
products,

3

In the reaction in which wolfram hexafluoride was employed, a
large excess of 1% ether solution of aluminum hydride or lithium
aluminum hydride was placed in reaction tube of A of Fig. (). After
evacuation and degassing, a known amount of the fluoride was condensed
on the sample. The hydrogen evolutlon was first noted at -80° C where
the low vapor pressure of ether permitted a direct measurement of hy-
drogen pressure. The reactions at this temperature proved to bs
variable and incomplete., The hydrogen pressures developed on warming
to 0% C were corrected for the vapor pressure of ether., It was

') {‘,
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necessary to determine the amount of ether vapor in the gaseous phase
experimentally because of the reluctance of the ¢ther to come to equi-
librium in the presence of the noncondensable gas, The gaseous phase
was pumped through a trap cooled with ligquid nitrogen and the ether
collected and measured separately.

The reactions of wolfram hexachloride were carried out in reac-
tion tube B of Fig. (2). The chloride was added as a solid from the
side arm. The molar ratios are to be found in Table IX.

Table IX

Hydrogen Liberated by Reactions WX6-A1H3 and "Xg-LiAlH,

No. Hydride Halide Ha/"Xg,
1 LiAlH, ¥Fg 0.85*
2 LiAlH, "Fe 0.83*
3 LiA1H, "Fg, | 1,09
4 AlH; *Fé 1.07
5 AlHg Fg 1.04
6 AlHy "Clg, 1.24
7 AlH, Cl, 0.98
8 LiAlH, rClg 1.11
* At -80° C.

These results demonstrate clearly that one mcle of hydrogen is
liberated per mole of wolfram. Furthermore it has been observed by us
that the ratios of aluminum to wolfram ard chloride to wolfram are
geldom as high as four., There is, therefore, some evidence to support
the equation:

(VI} "X, ¢ 281Hq =3 "™H, ¢+ 241X, ¢ H
6 3 4 3 2
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Summary

(1) Aluminum borohydride reduces wolfram (VI) chloride to
wolfram (III) chloride, but the latter does not react further to form
a wolfram borohydride.

(2) Alkeli metal borohydrides reduce the wolfram hexahalides
to the tri- or tetravalent state., There beirg no obvious method for
freeing the product of alkali chlorides, this method was given only
cursory attention,

(3) Aluninum hydride etherate (alH;.1/3Et;0) reacts with
wolfram hexachloride and wolfram hexafluoride to form a wolfram (IV)
hydride-alumimum hydride mixture.

(4) The low density, thermal instability, ard pyrophoric
nature of the wolfram hydride-aluminum hydride mixture militate against
its use as a nuclear radiation shield.

(5) The reaction of aluminum borohydride with Na%F, is sug-
geeted as the loglcal approach to the prepesration of wolfram borohydride.

-
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Abstract

An investigation of the chemical and physical properties of
thorium borohydride, .which pertain to its use as a low-temperature
nuclear radiation shield, is presented. Values are taker from the
literature when available and are supplemented where necessary by owr
experimental investigation.

Introduction

Thorium borohydride is one of the few heavy metal borohydrides
which showed promise of possessing the thermal stability, low volatility,
and high hydrogen density (sixteen hydrogen atoms per thorium atom) re-
guired in a nuclear racdiation shield materizsl.

Both boron and hydrogen have desirable shielding characteristics,
and the atomic per cent of these elements in this compound is higher than
in any other reported borohydride of comparable thermal stability. This
work was undertaken to obtain more information about this compound and
also as a basis for the evaluation of other possible heavy metal borohy-
drides as shield materials.

Historieal

The first heavy metal borohydride to be prepared was uranium
borohydride(1) according to the equation:

(1} UF, ¢ 2A1(B&£)3 ~— U(BHL)L * ZAIFQBH‘

Subsecuently the borohydrides of thorium, hafnium, zirconium, and titanium
were prepared(2) similarly.

Discussion
Preparation of Thorium Borohydride

The only known method for preparing thorium borohydride at the
present 1s by the reactlon of sluminum borohydride and thorium tetra-
. fluoride st room temperature, The reaction proceeds without violsnce
to give yields of 80%f. The product iz easily separated and purified by
sublimation in vacuum from the reaction mixture. Chemical analysis
shows the product to be 98-100% pure. The danger involved in handling
aluminum borohydride is the only disadvantage to this method of prepara-
tion. The demand for large amounts of thorium borohydride would justify
an investigation of other means of preparation such as metathetical
reactions of alkali borohydrides with thorium tetrahalide in suitable
solvents,

Vapor Tension

Hoekstra and Katz have measured the vapor tensions of thorium
borohydride at 130° C and 150° C and reported{2) them to be 0.05,y, and

{1} Schlesirger, H. I. and Brown, H. C., to be published.
{2y doekstre, H, B, and ¥atz, J, J., J. Am. Cner. Soe, 71, 2483 (28491,

-1
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0.20yy respectively.

Melting Point

Thorium borohydride has a raported(a) melting point of 203-
204° C (with decomposition), ™e have been unable to confirm this
heving observed no melting as high as 240° C whether the sample was
heated with the oll bath or the oil bath preheated and the sample
plunged in,

X-Ray Investigation

v, H. Zachariasen(z) showed it to be isomorphous with uranium
borohydride. '

Solubilities

. Thorium borohydride is insoluble in benzene(z), tetralin, n-
heptane, and triethylamine, It is soluble to the extent of 23.6 g/100 g
solvent in tetra rofuranzz) and to the extent of 47,0 g/100 g solvent
in diethyl ether(2) with which it forms a stable etherate.

Density

The powder density of two separate preparations was determined
by one of us (H.".K.) to be 2,59 * .02 g/cc at room temperature by the
helium disglacement method.

Hydrogen Density

The theoretical N, of thorium borohydride may be calculated
knowing the density, molecular weight, and number of hydrogen atoms per
molecuie.

NH= 16!2 x606.8.62
291.5

Thermal Stability

Thorium borohydride is stable indefinitely at 150° C in an at-
mosphere of hydrogen., At 160° C 1t decomposes irreversibly at the rate
of 0,01% per hour to liberate hydrogen.

Stability in air

Thorium borohydride appears to be intermediate between lithium
borohydride and lithium aluminohydride in its rate of decomposition in
moist air (see Fig. (1}). It does not spontaneously inflame at room

temperature,

Ignition Temperature

Thor%um borohydride will ignite when crushed on a metal surface
heated to 160  C, It hes not been observed to ignite at lower tempera-
tures .
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Casting

Our inability to melt thorium borohydride either in a vacuum
or under an atmosphere of hydrogen has prevented the casting of a
pellet. The stability of the material in air suggests that a pellet
could be presged from the powder by standard methods.

Experimental
Typical Preparation of Thorium Borohydride

A sample of anhydrous thorium tetrafluoride 4.075 g. was added
through a side arm to a 50 cc bulb attached to a vacuum line, The side
arm was sealed off and the bulb evacuated and flamed., An excess of
aluminum borohydride was condensed on the sample and the reaction buld
isolated from the line by means of a mercury float valve., The sample
wag stirred by means of a magnetic bug for four days at room temperature.
The stirring was necessary to prevent caking of the solids and conse-
guent lack of contact between the reactants, After this period the un-
reacted aluminum borohydride was pumped off and stored. The reaction
tube was then heated to 150° C by means of a hot air bath while main-
taining continuous evacuation. Aluminum borohydride arising from the
disproportionation of aluminum fluoro borohydrides was pumped away and
thorium borohydride sublimed and condensed above the heated zone where
it was prevented from falling back by an inner seal collar in the neck
of the 50 cc bulb, 2,96 g. of product were obtained corresponding to a
yield of 774.

A portion of the product was transferred in an argon-filled
dry box to 500 ce hydrolysis bulb, The bulb was attached to the vacuum
line by means of a 19/38 ground glass joirt and evacuated. An excess
of water was condensed on the sample at -80° C and the mixture warmed
to room temperature. The hydrogen pressure developed in a known volume
was corrected for water vapor pressure and the per cent hydrogen in the
thorium borohydride calculated from the equation:

(11) BH,~ ¢ 2Hp0 —» BOy™ # 4Hp

Boron was separated from the solution and precipitated solids
by distillation as methyl borate and was determired by titration of the
liberated boric acid in the presence of mannitol. Thorium was put into
solution by means of a sugar charcoal-neroxide fusion and precipitated
successively with ammonia, hydrofluoric acid, gnd ammonia, and was
weighed as the oxide. Thorium, found 80.9%, theory 79.6%; boron, found
15,0%, theory 14.85%; hydrogen, found 5.41%, theory 5.52%.

Melting Point

A sample of thorium borohydride was placed in a tube fitted
with a thermocouple well and a 19/38 ground glass inner jJoint., The
tube was attached to the vacuum line, evacuated, and a pressure of
slightly less than one atmosphere of hydrogen was introduced. The tube
was then heated in an oil-filled Thiele tube to its reported melting
point (203-204° C). ¥hen no fusion took place at this point, the
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temperature was slowly raised to 236° C. There was no melting, The
tube was then cooled to room temperature and the decomposition calcu-
lated from the pressure increase in the calibrated volume. Decomposi-
tion (Haf) had occurred to the extent of 5,6%.

It vas feared that decomposition during heating might have con-
taminated the hydride to the extent that it would not melt. Conse-
quently small samples were sealed in capillery melting point tubes
under vacuum, These tubes were plunged into the previously heated oil
bath at the desired temperatures. No evidence of melting was observed
as high as 240° C,

Solubilities

N-heptane, tetralin, and triethylamine were condensed on 0,1-,2
g. samples of thorium borohydride in centrifuge tubes attached to the
vacuum lire by ground glass joints. The solvents were shaken intermit-
tently with the hydride at room temperature for 24 hrs, Aliquots of the
clear solvents were pipetted, hydrolyzed, and analyzed for thorium, No
detectable solubility was observed in any case.

Dengity

) The densities of two powdered samples were determined (H.™.K.)
by the helium displacement method in an apparatus described(3) by Schumb
and Rittner. Values of 2,58 and 2,61 g/cc were obtained, The average
value of 2,592 2 .02 g/cc was taken.

Thermal Stability

4 0.3 g. sample of thorium borohydride was sealed off under a
pressure of hydrogen (88,9 em Hg) in a tube fitted with a mercury-filled
manometer., The outer end of the manometer was open to the atmosphere.

A pledget of glass wool was sitvated directly over the sample to aid in
preventing sublimation., The portion of the tube containing the hydride
was then immersed in an oil bath heated electrieally and controlled by
a DeKhotinsky thermoregulator., The thorium borohydride was maintained
at a temperature of 150° C for 144 hrs. with less than 0.1% decomposi-
tion and no sublimation, At 160° C the sample decomposed at the steady
rate of 0,03 mg per hour (,01% per hour) for as long as the experiment
could be continued (35 hrs.). Considerable sublimation occurred at this
temperature despite the initial pressure of hydrogen ané the pledget of
glass wool.

Stability in air

0.2337 g. of thorium borohydride were weighed into a tared 50 cc
beaker and exposed to moist air (50% relative humidity). The loss of
active hydroger mas calculated by the gain in weight from the ecuation:

(111} Th(BH), + 8H0 — Th(BO), + 16Hy
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The gair 1n weight over an extended length of time showed that a hydrate
of thorium borate was probably formed but this was assumed not to happen
until all active hydrogen was lost (see Fig. (1)).

Yhen it was observed that thorium borohydride did not inflame
spontaneously at room temperature, it was decided to determine the ig-
nition temperature, Small crystals of this material were crushed on an
aluminum block previously heated to the desired temperature. The lowest
temperature at which the material flashed was 160° C.

Summary

(1} The précedure of Hoekstra and Katz for the preparation of
thorium borohydride has been checked and found satisfactory.

(2) The density of the material has been determined to be 2,592 2
.02 g/ce corresponding to an Ny = 2,62,

(3) Thorium borohydride has been shown to be thermally stable at
150° C for en extended length of time.

(4) The stability of thorium borohydride in air is such that it may
be safely handled, although undue exposure will cause loss in
purity.

(5) The erystalline compound does not melt below 240o C when de-
composition occurs,
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(4)  HlXhlesinger et al US.Navy Reports



