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I, INTRODUCTION

A general investigation of the chemicsal prépertiag of
uranium and relaeted materials was underway in the varieua
laboratories in the Unlited States in 1942, first under the
ausplees of the National B@ransa'EeSQareh Council (NDRC),
and later under the Manhattan Distriet or ganhatﬁaa Projeot
of the War Department. The Project at Iowa State Gallega;
under the direction of Dr. ¥, H. Spedding, had two prinelipal
divisions: a section devoted primarily to the development
of methods for the manufacture of pure uranlum metal on a
large scasle, and s sectlon to carry out researches into the
chemieal, radiocchemlical, and physical propertles of uranium,
the treans-uranic el&m@ﬁta; thorium, the fission products, and
other materlals. A process was developed (1) and large smounts
of pure uranium were menufactured by the firs§ sectlion, and
were availeble for research purposes.

Methods of analysis of uranium for many trece impurities
were being developed by & group under the direction of the
writer, and in addition investigatlions into the genersl chemis-~
try éf wraniuvm were undertaken. JIn March, 1943, an analytical
scheme for the determination of traces of casloium in uranium
was belng developed, during which the first pure sample of
uranium hydride was prepsred, the purpose dbeing to leach the
calcium from the finely divided hydride. Although this



original aim was unsucocsssful, uranlum hydride itself proved

%o be such an interesting substance that the primary attention
was directed to it.  In the course of the next threse years the
chemioal end physical properties of ursnium hydride were the
subject of extensive researahes by a number of different in-
vestigators; the gressa% writerts efforts were concentrated on
the ohemioal aspects more than the physical,

The reasons fer the iaveatigatiea, asiﬁa from the general
sclentific interest by Project chemistsin uranium hydride, were:
{a) the possibllity of leaching fission products from uranium
hydride prepared from metal from the plles, {b) the possible
analogy of uranium hydride to plutonium hydride, which had not
been prepared at that date, {c) the corrosion of uranium by
hydride formation 1n water-cooled piles, (ﬁ)‘tha poesible use
of uranium deuteride in the plsce of frozen heavy water as a
target for deuteron b@mbardments in investigating the reaction

d + 4 ., Hes + n |
and {(e) the possible use of hydrides or deuterides as moderators
for neutrons. Quite a number of additional applications and
uses of uranium hydride have been ﬁisgavarad or developed, and
are discussed 3ahsaguaatly§ , |

Part V (Resumé of Physical Propertles of Uranlum Hydride
and Deuteride) is ebbreviated and 1s included for completeness
and to make the following Parts more readlly understandable,
although the present writer did only a minor part of the actual

experimental work described in this seotion. Credit is gilven



to the investigators upon whose work these parts are based in
footnotes in the aypr&yriaﬁe plaeces, in the literature cited,
and agaln in the Acknowledgements. This also applies to four

subsections in Part VI and to one subsection in Part VII.

II. LITERATURE SURVEY

While conducting some experiments in 1912 on the solu-~
bility of helium and aergon in e number of metals at elevated
temperatures, Sleverts and Bergner {2) treated some crude
uranium pawdé: with these gases and also with hydrogen. They
noted thet at 1100° a 100 g. sample of the impure metal ab-
sorbed 1.6 mg. of hydrogen when the pressure was 760 mm. The
uranium they had avallabls undoubtedly contained a large
fraeti@n of uranium dioxide,

The only other mention in thn.prawyrejget literature is
in a patent granted to Driggs (3) in 1931, whioch dsscribes a
general method of preparing metal hydrides, According to
this source uranium hydride was formed when the metsl, a
sintered powder prepared electrolytically and containing con-
giderable oxide, was heated to 200-225° in hydrogen, A temper-
ature-dlssociation pressure curve was gi&sn which has proved
to be in modest agreement with the recent dats; for example
Driggs gave the dlssoclation pressure of hydrogen at 300° as

about 20 mm,, while the most recent determination (see Part V)



is 27.6 mm. Driggs recognized that the reaction of uranium
with hydrogen was exothermic, and gave the formula of the
product as UH,; 1t is now kpown to be Eﬁg. No chemical or
other pkyaieal properties were presented.

The earliest experiment (June, 1942) by Projset investi-
gators involving uranium hydride was an incidental preparation
of the ﬁﬁt@yial during an attempt %o cast uranium in a hydrogen
atmosphere (4). The formation of a dark, pyrophoric powder
was recorded, but tha'werk was not furtber pursued. It was
ﬁarah; 1943, when the axtaﬁéi?e regssarches noted earlier were
iaiﬁiaﬁed; #fﬁsr #he present writer {5, 6) converted a sample
of pﬁra; massive uranium to the hydride by heating 1t to 250°

in & current of hydrogen.

II1. PREPARATION AND COMPOSITION OF URANIUM HYDRIDE

A. Formation, Appearance, and Recommended

Procedure for Preparation

In the first experiment designed to prepare uranium
hydrids, with the aim of leaching out the ealelum impurity
for analytissl purposes as sxplained earlier, two grams of
oil-free uranium furnings in a garealaia boat was heated by
a resistance furnace in a stream of hydrogen. The exhaust
hydrogen was bubbled through water while the furnace temper-

ature wae slowly raised. When the temperature was about



250°, the rate with which the exhaust hydrogen bubbled through
ﬁhe water markedly decreased for a few minutes, and then rose
‘to its originel rate. This showed that a certain amount of
hydrogen had been absorbed. After cooling to room temperature
the boat was withdrawn, and was filled with a dark gray powder.
The hydrogen for the above experiment was prepared by the
sction of sulfuric acid on zine, and was dried with calcium
ochloride. In the next experiment commercial tank hydrogen was
employed, and it was found that the reaotion did not ocour
until the temperature had been 250° for some time. An investi-
gation of the cause of thls delayed reaction (7) disclosed
thet it was due to the presence of oxygen in the hydrogen {the
tank gas contained 0.5 per cent oxygen). When the oxygen im-
purity was removed, no delay ln the initiation of the reaction
was encountered. A widely used method of removing the oxygen
from hydrogen 1s to pass the gas through a tube packed with
copper turnings heated to & red heat; this converts the oxygen
to water, vwhich 1s removed by a dehydrating asgent such as mag~
nesium perchlorate. While this technigue was satisfactory, it
was found that even more rigorous purification of the hydrogen
ecould be effected by passing it through uranium turnings or
powdered uranium heated to 700° (see p.55. While oxygen im-
purity in the hydrogen caused a delay in the reaction when
uranium hydride 15 formed, it was found thst an oxide layer
op the uranium used had little effect, and required removal
only if it constlituted an undesired impurity in the hydride pre-

pared.



As ordinarily prepared uranium hydride was an exceedingly
fine powder with a black or very dark gray color. Close ex-
aminetion showed a few small, shining particles (inclusions)
secattered throughout the powder; these were probebly the im-
purities of the metal, prineipally uranium carblds, gitri&e,
oxide, ete. The preparations were generally very pyrophoriec,

~ Based on the experience wiﬁh the above and numerous ad-
ditional experiments, the following general procedure for the
preparation of uranium hydride is presented.
Recommended Procedure for the Freparation of Uranium

Hydride. The hydrogen ugeé is purified whether it is

‘generated in the labarataiy or is commercial tank hydrogen.

The apparatus is shown in Fig. 1. Sufflcient purification

is achieved for most work by lesding the gas through a

,gaartg, Yycor, or Pyrex #172 tube packed with fine copper
turnings and hested to 650-700° in a resistance furaaee;
and then through & second tube contalning anhydrous mag-
nesium perchlorate. The most exact work reguired more
rigorously purified hydrogen, which is accomplished by
pessing the hydrogen from the above treatment through =a
vertical tube (guartz, Vycor or Pyrex #172) containing
uranium powdered by conversion to the hydride followed

by thermel decomposition. This tube is maintalned at

7@9«7565. Fine glass wool filters are inserted at either

end to prevent any of the fine solid particles from beling

carried m@ehaaiealiy into other parts of the apparatus.
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The uranium to be converted to the hydride, in the
form of turnings or a massive lump, is cleansed of any
o0il with carbon tetrachloride or other solvent, dried,
and 1s treated with warm dilute nitric acid until the
oxide is aaﬁmwwwaww removed. The shiny metal is washed
‘thoroughly with amﬁw%,mwamwmwwwwaa water, followed by
mwaﬁwewmﬁm ether. After drying the metal is inserted
into the reaction tube or flask, which 1s provided with
a sultable heating means and thermometer. Horizontal
tubes are best heated with a hinged~top wamwmwnwao
furnace, while flasks sre coanvenlently heated with the
ald of a low-melting nitrate-nitrite salt bath (8).

The reaction vessel must be large enough to accommodate
at lsast m4a¢wwﬁawa expansion &s the metal is converted
to the hydride. Rubber connections are satisfactory
for preparations at atmospheric pressure, but ground
glass Jjolnts are best for reduced pressure. The exhaust
hydrogen 18 conducted through a trap to a bubble wa«wwww
where its rate may be checked, while a vacuum apparatus
is equipped with a msnometer, the exhaust hydrogen es-
caping through a stopoock fo the pump.

The alr in the resction vessel is flushed out with
the purified hydrogen at room temperature, and then the
temperature is gradually raised. The metal keeps its
luster up to about 200-210°, when it becomes coated with
a thin layer of the hydride, whioch gives the surface a

bluish sppearance. This color changes as the temperature



is ralsed, becoming iridescent, and finslly dark., A%
245-250°, the hydride flakes off as a black powder,
expoging fresh surface. Whem massive Lamps of uranium
are used, the reasction vessel should be tapped periodi-
¢ally to aid in &hakiﬂg the hydride loose. The reaction
is complete when, on shutting off the hydrogen supply,
the water in the bubble bottle is not drawn ﬁaak; or in

| the case of a vacuum apparstus, the manometer shows no
change in pressure when the hydrogen supply and exhaust
stopcocks are closed. One hundred grams of uranium
turnings arefeamyletely'aaﬁverte& to ahelhyariéa in 25
to 30 minutes, while a lump of the same mass requires
90 to 120 minutes.

B. PFormation of Uranium Hydride from the Powdered Metal

The powdered uranium prepared by the low-temperature dsoom-
position of the hydride (pp. 16 and 85) proved to be exceedingly
reactive. Specimens sometimes caught fire in a carbon- dioxide~
filled dry box. They absorbed hydrogen repldly even at room
temperature, and became hot. ¥xperiments showed that at the
temperature of solid carbon dioxide (~76°) hydrogen was slowly
absorbed (9).



10

C. Formation of Uranium Hydride Under an Inert Solvent

In connection with the attempts toc hydrogenate organic
compounds under the influence of uranium (p. 57), 1t was de~
sired to determine the effect of an inert solvent on the for-
mation of uranium hydride. A few grams of clean uranium
turnings were covered with mineral oil in a flask holding a
dellivery tube reaching to its battam, and hydrogen was ﬁubbled
in while the apparatus was being heated to 250° (7). The
uranium was only very slowly attacked, and a black deposit
collected in the lowest part of the flask, The rate of re-
action was perhaps one hundredth of the rate in the absence
of the mineral oll, The slowness of the reactlion was belleved
attributable to two factors: the 1&& solubllity of hydrogen
in the solvent at 2509, and the manner in which the mineral
0il caused the hydride layer to adhere to the metal, forming

a protective coating.

D. Formation of Uranium Hydride by the

Action of Steam on Uranium

As pointed out in the Smyth report (10) the corrosion of
uranium slugs by water in a water-cooled pile is serious enough
to necessiltate Jacketing the metal.

In order to determine whether hydrogen or the hydride

is formed, a tube wae charged with cleaned uranium turnings
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and placed in a furnace (11), An argon stream was bubbled
through cold water and passed through the tube. After sweep-
ing out the air, the uranium was heated to 2509, and the
water was warmed to about 70°, This permitted the water
vapor carried by the argon to come in contact with the
uranium, which was converted to a powder., The gas stream was
shut off and the temperature of the furnace raised to 500°,
Coplous amounts of hydrogen were evolved, showing definitely
that the hydride had been formed, evidently from the

hydrogen produced by the action of steam on a part of the

uranium,

E. Formation of Uranium Hydrlide by the Action

of Tetralin or Decalin on Uranium

At one time information was desired on the effect of
certain organic compounds on metallic uranium, with the possi-
ble aim of using these compounds as cooling agents for a pile
or related apparatus, A series of small flasks, each holding
a 2-3 gram lump of cleaned uranium, were charged with the
following reagents: biphenyl, naphthalene, diphenyl ether,
methyl alpha~naphthyl ether, tetralin, and decalin {(13). The
air was flushed from the flasks with argon, and each was sealed
off at its neck, The flasks were heated to 210-270° for 2} to



1z

7 days, cooled, and the uranium lump ¢leaned and weighed. In
the case of the first four materlials, the amount of attack was
negligible, ranging from 0.002 to 0.02 per c¢cent of the total,

but in the tetralin and decalin flasks considerable black
powder was visible. The corrosion by the tetralin (2% days)
amounted to 9.1 per cent of the total, whlle the decalin (7 days)
'eaugeﬁ,B.l per cent of the total to disintegrate.

The thermochemlcal caleulations below show that 1t is very
likely that the attack of the uranium by the tetralin and decalin
- is due to the formation of nragiam hydride. Naphthalene would
be formed in each case. The equation for the reaction with

tetralin is:

GH?\ .
106 IEE GO
CHo

The energy change for the above reactlon may be calculated as

follows: The bond and resonance energies for the organie com-~
p@a@és are ghan by Wheland ilk); and the heat of formation of
uranium hydride is taken from Part V {p. 29).

Reactants
3 x4 =12 C-H bonds = 12 x 87.3= 1048 =1048 EKg.~cal.
3x 2= 6C-C bonds =6 x 58.6 = 352
3 x resonance energy of tetralin=3 x 41 = 12
Total Kg.~cal.
Products ,
3x2 = 6 C~C bonds = 6 x 100 = 600 Kg.-cal.
3x2 = 6 H-H bonds = 6§ x 103.4 = 620
3 x resonance energy of naphthalene = 3 x 77 = 231
L x heat of formation of UHyq = 4 x 31 = 124
e Total 1575 Kg.-cal.

Difference = 1575 - 1523 = 52 Kg.~cal.
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In these caleulstions the resonance epnergy of tetralin 1s as-
sumed to be the same as that of benzene, although 1t may be =&
few kg.-cal, lawar;‘ It is seen that the ocourrence of the re-
actlon is favored thermelly, 52 kg.-cal, being llberated by

the reaction as written, or 17.3 kg.-cal. per mol of tetralin.

4 similar calculastion may be made for the reasction with decalin.

¥. The Composition of Urenium Hydride

l. Earliest Measurements

Tﬂ@ rapid experiments were run using small samples of
uranium, which were weighed, converted to the hydride in short
segments of glass tubing, and weighed again. The welght gains
showed a hydrogen t% uranium ratic of 4.15 and 3.85 {5); which
suggested the ferﬁnla.ﬁa#, assuming that the hydride had 8
definite composition. The hydrogen used was not purifigé, the
weight gains were not large, and the hydride samples were not
protected from the alr during welghing. Therefore more accu-

rate asnalyses were made.

2. Apnelysis by Combustion

An spparatus was agssembled for the prepsration and oxi-
dation of uranium hydride, the water formed being weighed (15).
A sketoh of the apparatus is given 1ln Flg. 2. A Vycor com-
bustion tube was placed in a hinged-top resistance furnace

equipped with & variable transformer and a thermocouple with
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& potentiometer. Hydrogen, purified by passage over hot sopper
followed by enhydrous magnesium p@fﬂhl@g&te,‘was introduced

into the tube through one arm of & three-way stopcoek, the other
arm of whioh was connected through stopoocks to an oxygen supply,
an argon supply, and & vecuum pump with s manometer, as shown

in Pig. 2. The other end of the combustion tube was connected

to a small quariz aaﬁhaﬁtian‘%ahe packed with cupric oxide,

which could be h&aﬁeafwiﬁh,a flame. The exit of the small quartz
tube led to & magnesium perchlorate-filled welighing tower. The
hé&riﬁa was prepared and oxidized in a small guartz boat. About
seven grameg of cleaned uranium turnings were used in esch trial; ,
tbis giving spproximately 800 mg. of water.

Hydrogen was passed through the apparatus and the furnace
was warmed to 250°. After complete conversion to the hydride,
the furnece was eaolaé; the hydrogen f&ﬁakaé out with argea;
and oxygen admitted. The oxidation was generally mild, some-
times without any glowing, but in several cases there were
small explosions, the quartz boat being moved snd its contents
scattered, and the rubber stoppers being blown out. The small
tube holding the cupric oxide was kept hot during the oxldation
to insure converting any free hydrogen to water. In all cases
some hydrogen was liberated, as disclosed by the formation of
free copper; in a few trials the amount of hydrogen was so
great thet the copper whloh was formed melted and broke the
tube. The oxidation was completed at 900°. Out of fourteen
attempts four were completed wlithout mishap, giving the



16

following H/U ratios: 2.94, 2.96, 2,96, 2.95. This showed that
the formula was most likely 333, and it also showed that on
this basis the hydride did not absorb additional hydrogen to

any extent, eyen though it had cooled to room tempersture in
this gas.

In order to test the stability of uranium hydride, two
triels were run with one modification. After econversion to
the hyﬁriﬁa; the hydrogen supply was shut off and the pressure
reduced to eapproximately 0.1 mm. The temperature was main-
tained at Eséa‘i 2° for 60 minutes, with the pump running.
Argon was then admitted, the system caclaa, and the oxlidation
carried out ag usual. The amount of water formed showed that
the vacuum treatment at 256° had caused 54L.6 per cent of the
hydride to decompose in the first trial, and 53.6 per cent in
the second {also see p. 85).

3. Analysis by Welght Gain and by Thermal Decomposition

Samples of uranium were converted to the hydride at 250°
irn & small tubs with stopcocks at either end {16). This per-
mitted & determination of the welght gain on formation, and
gave a H/U ratio of 3.04 in one trial and 2.97 in another.

The first is probably slightly in error, belng to high. The
hydride samples were decomposed by heating to 400° under
vacuum untll constant welght was attained. The loss in weight
gave an average H/U ratilo of 2.95. In addition an apparatus

was consiructed to determine the ratioc by the volume of
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hydrogen absorbed, snd %he volume of hydrogen evolved upon

decomposition; these gave 2.92 and 2.94 respectively.

4. The Effect of Impurities on the Composition of Uranium

Hydride

The analyses of uranium hydride have shown th&t the zotual
retio of hydrogen to uranium is alightly less than three, namely
about 2.97. Thls discrepancy cannot be entirely accounted for
by experimental error. It has besen found that the metal does
not reect with hydrogen if the uranium is a constituent of an
intermetallic or other compound, and since quite complete
analyses have been mede of the ﬂraniaaaia use, it haa proved
poseible (17) to calculate the effect of impurities. Table 1
gives a 1list of the mejor impurities in ursnium and their
abundance in a typlecal sample. The compound in which the im-

' purity 13 most likely to be present is given, as well as 1ta

amount .

Table 1. Impurities in & Typleal Sample of Uranium

Impurity P. p. m. of - Present P. p. ;. of
Impurity ‘ as Compound

g 300 6100

Fe 60 1550

Mn 5 130

21 50 570

¥ 1 50

o 80 124

R

30 : UN 530
Total p. p. m. of compounds Tﬁ%gﬁ*br 1.007%
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This means that 1.0 per cent of the material as weighed out
cannot combline with hydrogen. Thﬁs if the free uranium com-
bines with hydrogen with a H/U ratio of exactly three, the
over-all ratio will be ninety-nine éey ¢cent of three, or
2.97. Since 2.97 is the determined ratio (within the limits
of experimental error and verylng amounts of impurities),
it is certain that the formulas of pure uranium hydride 1is
UH3.

Other inveatigations have shown no substantlial devi-
ation rrem this composition for umnium hydride formed under
pressures varying from 0.3 to 116 atmospheres (18) and under

temperatures varying from 150 to 330° (19).

IV. URANIUM DEUTERIDE®

It has been found that deuterium reacts with uranium
in the same way that hydrogen does (6, 13), forming a
deuteride with the same physical appearance &s the hydride,
but with slightly different thermochemlcal properties (see
Part V). Attempts have been made to take advantage of these

differences to effect a separation of deuterium from hydrogen,

L ;
In this paper the term "hydrogen" is generally used to
ggg?te protium (H1) only, as distinguished from deuterium
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but none has proved practical. The properties of uranium
deuteride paralleled those of the hydride very closely.
Deuterium was convenlently prepared by passing heavy water
vapor over uranium turnings et 700° (20), when the follow-
ing resction ocecurred quantitatively:

200 +U —» 2Dy +U0y
This process serves admirably to convert samples of ordinary

or heavy water into hydrogen or dsuterium.

V. RESUME OF THE PHYSICAL PROPIRTITS OF URANIUM
HYDRIDE AND DEUTERIDEL (6, 21)

A. Thysical State

The partleles of uranium hydride were found to be small
enough to pass through a 400 mesh sieve, whiah‘ratainaﬁ the
larger 1331&31&53 of impurities., But when prepared under
high pressures fas high as 126 atmospheres), the hydride
contained what appeared to be fibrous crystals, some 6 mm.
long, and wes much coarser.

By x-ray d4iffrsction studies the orystal structure of

urenium hydride has been found to be cubic. This structure

lIa addition to the writer, the following investligators
carried out most of the experimental work of this Pari:
A. 8. Newton, I. B. Johns, 0. Johmson, A. Daane, R. W.
Nottorf, and R. E. Rundle.
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uranium metal is 18.97 + 0.05 g./ce. It is interesting to
note that the densiiy of the hydrogen alone in uranium
hydride (C.l4 g./cc.) is greater than the density in ligquid
hydrogen itself (0.07 g,/ce,j‘by a factor of two.

When uranium hydride powder was compressed at pressures
up to 22600 atmospheres, it formed bloecks of metallic ap-
pearance with densities up to 8.7 g./cc. The coarse type
of hydride which was prepsred at high pressures could be
compressed more than the ordinary form prepared at atmos-
pherie pressure.

A serles of measurements of the densities of uranium-
uranium hydride and uranlum-uranium ﬂéaﬁaride mixtures was |
made using the helium densitometer. The purpose of these
experiments was to determine whether there was any deviation
from linearity in the volume-composition reletiomship. If
the hyériée were an imperfect solution of hydrogen in uranium,
a deviation from linsarity would be expected, whereas if two
phases (a compound and unreacted urenium) or a perfect solid
sclution were present there should be no deviation. The re-
sult wes that a plot of the specific volume (c¢o./g.) against
composition was linear within the limits of error of the
experiment (+ 1 per cent). The uranium-uranium deuteride

behaved similarly.
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B. Thermodynamic Properties

1. Pressure-Composition Isotherms

Extensive pressure-temperaturse-composition studlies have
been made on the hydride. One of the chief difficulties en-
countered in obtaining sccurate data on this aspect of the
investigation was the slowness with whieh @W&ppy&&pﬁ& was
attained. Thus at constant temperature uranium metal pre-
pared by the decomposltion of the hydride wamw,aw hydrogen
rapidly at the start, but on approaching avw squilibrium
value the pressure changed very slowly, requiring es much as
two days to become constant.

The pressure-composition isotherms of wwe.vwwwmmwﬁﬂw
hydrogen system wm here reviewed briefly as a "normal" case.
The studies of Gillespie and Hall (23) show thet at a
constant temperature pure palladium absorbs hydrogen as it
is introduced, the pressure rising steadily to a certain
value where it remains constant. This constant pressure,
whose magnitude depends upon the temperature, is maintained
until the composition corresponds to the formula PdgH,
when the presgsure again rises., This is illustrated in
Fig. 4 for the 160° and the 180° isotherms. The substance
PdoH may be regarded as & compound, although its compo-
sition 18 not definite at the lower temperatures,

Isotherms for the uranium-hydrogen system were obtalined

simllarly, and they have the same general appearance. The
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3570 igotherm is given in Pig. 5. The uranium hydride for
these experiments wes held in a buldb surrounded by the vapors
of boiling mercury or other material, to lnsure constant
temperature. The manometer readings were taken arﬁer equi~
librium had been attained. Slightly different eguilibrium
pressures were obtained, Qeyenéiag on whether the hydride
wes bsiag decomposed or formed; thus two curves were ob-
tained for each temperature. The higher curve was followed
on formation anﬁv%hs lower curve on decomposition. The
system is seen to be quite different from the palladium-
hydrogen system. / '
Another remarkable feature of the isotherm was a pro-
nounced dlp in the lower curve in ithe reglon betwaea 90 and
98 mol per cent UH3. The dip was real and reproducible, and
appeared at both higher and lower temperatures. Samples of
composition near the bottom of the dip, when subjected to
x-ray analysis, showed the presence of uranium and uranium

hydride only. This ahiﬁae behavior is as yet unexplained.

2. Attempted Isothermsl Transfer of Hydrogen from Uranium

Hydride ta'?@waereﬁ‘ﬁraninm

Two bulbs, one containing uranium hydride and the other
powdered uranium prepared by dscomposing the hydride, were
heated side by side in the same bath to 325°, at whieh

temperature the dissociation pressure of the hydride is about
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4. Heat of Formation of Uranium Hydrlde

When the reaction forming the hydride is written
20U +3H, —> 21UH, ‘
it 18 seen that the equilibrium constent is k = p~2, where
p is the equillbrium hydrogen pressurs. van't Hoff's re-

action isochore may be stated in the form

d ln K = ﬁ%ﬁ

In thls case

4 1:3 k 3,"‘2‘ é ln 2

Since log p = ~&%0@ +9.28,

812D =22 24500~ K,
from which

AH = ‘61.6 Kg.ucalt, or AH = =30. 3 Kg.~-cal per mol
of uranium

This value has been eheakeé by éires% ﬁaasnramaas usins
uranium prepared by decomposing the hydride, since this form
of the metal r;&eta‘rayidiy with hydrogen at room temperature.
The average value wpas AH = “30.5 Kg.-cal.

5. The Rats of Formation of Urenium Hydride and Deuteride

The rate of formation of uranium hydride depends upon
the temperature, the surface of the metal, the hydrogen

pressure, and the fraotion of metal converted to the hydride.
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At & oconstant temperature the reaction rate was found to
decrease with decreasing pressure in a somewhat complicated
fashion, in that the data indieated a 5/2 order of reaction.
The kinetios of the reaction have been incompletely investi-
gated and understood.

At the same temperature deuterium was observed to react
with uvresnium at & rate only about one fifth that of hydrogen.
This, and the different disscciation pressures of the hydride
and deuteride, suggested & possible means of separating

deuterium from hydrogen.

C. Hydrogen-Deuterium Separation Studies

A mixture of known composition of heavy and ordinary
water was converted into a mixture of deuterium and hydrogsan
by reaction with uranium {p. 19}, and this was converted into
a mixture of uranium deuﬁariéekaaﬁ hydride. The gas phase
in aéniiibrium with the mixture wes analyzed by the use of
a density balance (24) capable of detecting a few tenths of
e per cent of deuterium, It was found that there was rapid
exchange at 300° between deuterium gas over uranium hydride,
giving a mixture of hydride and deuteride,

In 8 typical experiment the uranium hydride-deuteride
mixture contained 19.8 per cent deuteride. Ten samples of
gas were withdrawn during thermal éeaémyasitian and each

analyzed. The first contained 23.2 and the last 16.8 per
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cent deuterium, These data correspond to a separation factor
of 1.2, which shows relatively little enrlichment.

A three meter elecirically heated glass column was con-
structed and packed with uranium turnings, whioh were con-
verted to the hydride and thermally decomposed. Hydrogen was
passed up through the column at 250° in an attempt ta asa it
‘as a fractionating column by taking advantage of the small
separation factor. The first gas coming otf was analyzaﬁ;
but no enrichment of the small aﬁganﬁ‘af‘ﬂaaterinm in hydro-
gen could be detected. Modifications using uranium hydride

amalgans (p. 81} were no more sucocessful.

[ES OF URANIUM HYDRIDE

The data to this point have indicated that uranium
hydride is best regarded as a true chemical compound, rather
than a solid solution or interstitial compound, éné thus
would be expected ta,havﬁ chemical properties different from
those of metallic uranium itself. In the reactions at ele-
vated temperstures, however, there may be some doubt as to '
whether uranium hydride or the finely divided metal reauiting
from the decompositlon of the hydride is the actual reactant.
In low-tempersture reactions, e.g. in asqueous solution, it
is undoubtedly the hydride which reacts, while those which

ocour above about 350 or 4L00° asre most probably reactions
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of the metel. At the intermediste temperatures it ig daiffi-
cult to establish whether either or both components react.
At 2509, for example, the dissociation pressure of the
hydride is 4.8 mm., so that in a streanm of a reacting gas
such as hydrogen chloride the exposure of a fresh uranium
surface would continually oceur. In virtually all reactions
the ssme product is formed from the hydride or the metal in
any cage. No sttempt 1s made to distinguish the two cases
sharply, for even in those where it is known thet the freshly
prepared powdered uranium is the resactant, the preparation
and éeaampasitien of the hydride are an integral part in
the process. o

In general uranium hydride reacts as a powerful reducing
agent, and often has an effect similar to that of uranium
metal, whose ahemisal properties have also been extensively
investigated {25). 8ince the investigations discussed below
were of & survey and exglaratery charaatar; only a few of

them were exhaustively studled.

A. Rediochemicsl Properties

As explained in the introduction, the finely sub-
divided character of the hydride immediately suggested
leaching of the fission produets from the material §reparsd
from uranium from the pilles. 1In order to investigate this,

a sample of ursnium which had been subjected to a 53000-

+ mlero-ampere hour deuteron bombardment in the St. Louls
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evelotron, and thus contalned measurable amounis of the
various fisslon products, was converted to the hydride and
divided into two waigh@é portions (26). The first was
refluxed with 0.5 K hydrochloric acid, and the second with
5 N hydrochloric acid containing small amounts of KI and the
chlorides of the following metals as carriers: Te, Mo, lLa,
-¥, Zr, Ce, Ba, Sr, and Th. Vycor flasks were employed %o
minimize adsorption. The solutions acquired a deeper and
deeper green color as the rafluxing continued. Allquots
of the first soluticn were taken periodically, centrifuged,
and evaporated to dryness on a watch glass. The total
radiocactivity was maasurad}asiag & L&ﬁritseﬂrgleaﬁraaaoys.
Aliquots from the second sclutlon, ean&ainiagitha aarriers;
were also taken, and analyzed by chemiesl sep&r&tiens {2?).
The uranium in all aliguots was determined. The results
showed that no preferential extraction of any element
occurred, and that the sctivities of the solutions wﬁra in
proportion to the amount of uranium they contained. It
thus became evident that the fission products were dissolved
only when the uranium hydride in which they were held was
alsc dissolved, and no enrichment could be achieved.
Further experimentsl were conducted on the behavior of

the fission-produced xenon in uranium when the metal is

1@&@ remainder of the radliochemiocsl studles were carried out
by J. A. Ayres snd I. B. Johns.
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converted to its hydride (28). Among the flsslon produots

present in neutron-bombarded uranium are three short-lived

isotopes of krypton, whieh were allowed to decay before the
experiments were made, and two lodlne isotopes, which dis-

integrate into xenon isotopes of 9.3 hour and 5.3 day half

lives.

An apparatus was constructed which consisted of a re-
a@hﬁaﬂ flask leadlng to a bead tube contalning saturated
sodium bisulfite; this was aanaea%a&'ﬁhraagh a trap to a
heated cupric oxide-packed tube. The exit of the ouprie
oxide tube led to a eudiometer filled with potassium hy-
droxide sclution. The top of the adiometer was connected
to a tube holding a Geiger-Mueller counter tube.

Samples of bombarded uranium were converted to the hy-
dride in the reaction fléak. Any radicactive iodine carried
by the excess hydrogen was absorbed in the sodium bisulfite
tube, and the excess hydrogen was converted to water by the
hot ﬁéppar oxide. A small émaan& of argon was introduced
along with the hydrogen inté the reaction flask, so as to
provide a carrier for any traces of radiosctive xenon liber-
ated, The gas was caught in the eudiometer and thenflushed
into the counter tab&, and any actlivity measured. Next the
araaiumkhyaiida in %ﬁq reaction flask was decomposed at 500°
under reduced prass%re. The gases evolved were again col~

lected and the radioactivity measured. Finelly the remaining
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metal (in some cases re-converted to the hydride) was com-
pletely dissolved in phosphorie aclid, and the apparatus
flushed with carbon éigxide; which dissolved in the slkslil
of the eudiometer., This permitted the caleulation of the
total xenon redioactivity.

The studies showed that the disintegration of the me-
tallio structure of the urenium upon conversion to the
hydride caused less than one per cent of the xenon to be
liberated. Even on thermally éeeamgsﬁiﬁg the hydride less
then 15 per cent of the xenon was given up. Complete solution
of the sample was necessary %o cause the evolution of all of
the xenon. ‘Iﬁ 15,3@3 entirely clear why the trace xenon
clings so tenaciously to the uranium or its hyéride; but it
i1s in keeplng with the retention of the fission products by
the hydride upon lesching. Uranium hydride prepared in the
presence of some radiosctive xenon falled to adsorb the gas.
Experiments on the behavier_sr the radiocactive xenon in

uranium hydride emelgams ere discussed in Part VII (p. 69).

B. Action of Air, Nitrogen, Cerbon Dioxide, and Water (13)

1. Alr and Oxygen

The pyrophoric nature of the hydride has slready been
mentionsd. Vhen the hydride is burned water and uranium
oxide, U30g, are formed. The reactlion was not found ex~

plosive even when as much as 1500 g. was burned in the open
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alr, Numerocus samples of the hydride waere not pyrophoric;
and 1t was found that 1f a preparation was exposed to small
amounts of alr at a time over an hour or so it could then

be handled in ailr without catehing fire, although it was not
completely air-stabls, Evidently a protective layer of oxide
formed on sach particle. Vvhen a sample was so treated, peri-
odliec weighings showed that it was slowly being oxidized on
standing in the air, the rate falling to about half its origl-
nal valae‘in kﬁ‘éays. When handling uranium hydride in the
laboratory, it is recommended that the operator take the pre-
caution of wearing aahsstas gloves and a face shield.

Oxygen acts slmilarly to air; but more vigorously. It
wasg ma&tiemeﬁ‘aarliar {p. 15) in oconnection with the analysis
of the hydride by combustlion in oxygen, that some cases of
oxldation withmaﬁ‘ignitien had been observed.

2, Nitrogen and Carbon Dioxide

Por the handling and transfer of uranium hy&ride; &
*dry box"™ was often used, from which the air was flushed
with nitrogen, c¢arbon dloxlde, or in some small boxes, with
helium or srgon. The experience was that the hydride could
be handled safely in either nlirogen or carbon dioxide irf
care was taken to flush all the alr from the box. When
enough air was left in the box to ignite the hydride, it

continued to burn in either nltrogen or carbon dloxide,
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forming uranium nltride or oxide. Thess reactlions are

further discussed in Bection ¥ (p. 53).

3. Water

It was observed that smell quentities of the hydride
(1-30 g.) could be covered with water with no apparent
reaction; the odor of sacetylene was detected, evidently
from the eerbide impurities. On the other hand, when a
lerger quantity (500-600 g.} of the hydride was wetted,
adding the water all at once, the mass deflagrated, the
sudden red heat bresking open the glass containers. Uranium ’
pxide was formed, and hydrogen was liberated by the resction.

¥hen water was sdded dropwise to a large amount {400 g.)
of the hydride in a flask, a smell amount of heat was given
off. The rate of addition of the water was adjngtéé 80 as
to permit the heat to be dissipated. In this fashion the
whole mass was thoroughly wetted without accldent. The
resction of uranium hydride with stesm is discussed in

Seetion ¥ (p. 52).

€. Action of Acids, Oxidizing Agents, end Basmes {(113)

l. Non-oxidizing Acids

Hydroohloric acid, dilute or concentrated, hot or eold,
rescted only very slowly with uranium hydride. The solutions
took on a green color asg ursnous chloride wae formed and hydro-

gen was liberated. Uranlium metsl, even in the massive form,
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urenium. In the presence of nanngxidizing acids, hydrogen
peroxide caused rapid solution of the hydride to form the
uranyl selt of the acld, This affords a preparative means
for uranyl salts. For example, with sulfuric acid, uranyl
sulfate was formed. Organie acids, such as acetic, oxalle,
tertaric, and oitric acids, did not alone attack uranium
hydride, but with hydrogen peroxide the uranyl salts of
these acids were formed. Equations for two of the above
processes are:

2 UH3 + 9 Hp0p + 2 HyS0, —> 2 U0280, + 14 Hp0

f ‘ uranyl
sulfate

2VH3 + 9 H20p + 2 HyC H, 05 —> 2 ﬁ&zsgﬁkaé-+ 14 B50

uranyl

tartrate
When an excess of hydrogen peroxide was sdded, peruranic
acid, UO&'ZEQQ, was precipltated.

Strong oxidizing agents, with dilute sulfurie acid;
rapi&ly’diasolvea uranium hydride. These lncluded ceric
sulfate, potassium dlchromate, permanga&ate; bromate, and
chlorate. Sodium hypochlorite alone hed no effect; such

solutions are slightly alkaline.

3. Bases

Agqueous solutions of sodium, potassium, and smmonium
hydroxides had no visible effect on the hyg}ide. Sodium

cyanide, whose solutions are caustic, also failed to react.
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D. Aetion of Solvents (13)

When samples of uranium hydride were covered with a
series of solvents, the only visible effect was the evo-
lution of very small bubbles for a few hours. The bubbles
may have been adsorbed hydrogen. The solvenis included
benzene, toluene, hexane, ether, ethanol, dloxene, ethyl
acetate, amyl acetate, carbon disulfide, glaclal acetio
acid, and acetone.

With the first trial carbon tetrachlorlde behaved as
the solvents above, but on a second a éuiﬁe violent ex-~
Plosion cecurred. A third triesl with s smaller gquantlty
of the solvent caused a red glow on contact with the
hydride. Cearbon was a visible produet of each reactlion,
and hydrogen and uranium ahlariaas were probably the
others. The reaction of uranium hydride with carbon tetra-
chloride vapor is given in Section ¥ (p. 50}. Addition
of chloroform and chlorobenzene to uranium hydride samples
svalvad more gas than solvents such as benzens did, and
a slight odor of hydrogen ahlériée was detected. Fo vio-
lent reaction took plave.

Liquid smmonie had no effect on the hydride. HMercury
appeared to form an amalgam, which 1s discussed separately

{(Part VvII).
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B, Action of Metallic 8Salts (13)

1, SBilver Salts

=9 Th@ reagtions with silver seltsl. Silver salts in

general were found to react rapidly with uranium hydride
yielding free silver and a uranyl salt. 8ilver fluoride,
whilch is very soluble in watér,,reaa%&ﬁ exothermally with
the hgériéa;'hat since urenlum tetrafiuoride is insoluble
the metal was not oxlidized beyond the tetravalent stage,
Bome hydrogen was liberated, and it is probable that the
maln reaction can be written as follows:

R2UH3 + 8 AgF —» 2UF,+* 8 Ag *3 Hy |
It is also possible that to some extent the following re-
actlon occurred:

UH; + 7 AsF — UF, * 7 Ag *3 HF |

Bolutions gr silver nitrate rescted raadily, ﬁissalving—
the uranlum hydride, 11bara§iag sllver and hyﬁragan, and
forming a yellow solution. The &Qﬁ&tisn for the most proba=-
ble principal reaction is:

2 UH3 * 12 AgNO, * 2 Ha0 > 12 Az *2T0(NO3), *

' | 8 HNC 3 *+3 Hy

which leads %o the belief that six moles of silver were

liberated for each mole of uranium hydride consumed. In

The resctions of uranium hydride with silver salte and most
of the other hesvy metal salts were investigated for the
greater part by J. A. Ayres.
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order to test this, known weights of uranium were convertad
to the hydride and treated with an excess of sllver nitrate;
ﬁhe si&v%r formed waa filtered off; washed, ignited and
weighed, It was féﬁné that the average number of mols of
gllver liberated §Er mol of uranium hydride was 5.8, and
thie is easily exglainable or the basls that the nitrie
acid formed during the resctlon oxidized part of the urani-
-~ um hydride as follows: .

UH3+ 5 HNO3 —» 3 NO* U0,(NO4),+ 4 HyO

Whereas silver'flaeriée and nitrate oxidized uranium
hydride rapidly, requiring only a few minutes to consume a
gram or twa; the less soluble silver salts were much more
sluggish in their action. Thus silver sulfate, aeetate;
and tartrate soclutions required four to twenty hours to
dissolve gram qﬁan%itiaa of théxhyériées

Silvervparehlarata, howevsr, is exﬁeadingly‘seiuﬁla,
end reacted with zbe’aydriée gartie&laxly rapidly. This‘
reagent also dissolves ur&ﬂiﬁm metal rapi&ly; and this re-
sction has been studied in soms detail (30)., It was found
that contrary to expectations, that some of the perchlorate
ion itselfl was reduced and precipitated as silver chloride.
Fron analngy; the two principal resctions with uranium

hydride may be represented:
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2 UHy + 12 AgClOy, + 4 H,0 -> 12 Ag + z'ﬁﬂziﬂlak}z +
8 HC10, *+ 3 H,

2 UH3 + 5 AgCl0), -—> 4 Ag * AgClL * 2 U0,(CL0,),* 3 Hy
The silver-silver chloride mixture formed by the acticn of
either the metal or its hydride on silver perchlorate sepa-
rated as gray, spongy masges.

Silver perchlorate is abundantly soluble in toluene
(31), and 1t was observed that even in this non-aqueocus
medium a rapid, exothermic reaction with the hydride ensued
(32). It was hoped to find a reaction in which the amount
of silver liberated was equivalent to the amount of free
uranium (as the hydride) present, in order that the silver
oould be flltered off and welghed, this operatlon serving
es an analytical method for the determination of elemental
uranium. It was proved, however, that again a mixture of
silver and si&vax chloride was farme&; and the reaction was
not adaptable to analytical work. A possible equation is:

2 UH3 + 6 48C10, —> 2 Ag *+ 2 AgCl + Agy0 +

2 U02(010,)p *+ 3 HpO

It may be that these reactions would be useful in
analyses for the perchlorate ion. Treatment with an excess
of uranium or uranium hydrlde may reduce the perchlorate
quantitatively to chloride, which could be determined by
the ordinary methods.

b. Preparetion of uranyl salts. A means of preparing

pure sclutions of uranyl salts from the corresponding silver
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salts 1s suggested by the above reastions. An excess of
uranium hydride would be employed, with silver oxide added
to neutralize the sclds formed. The unchanged hydride,
silver oxide, and sllver would be filtered off, and the
filtrate would contein the pure uranyl salt. The equations
below illustrate the reactions:
2 AgySiFg + 2 UHy + 4 Agy0 —> 2 UO.SiFg + 12 Ag + 3 Hy
uranyl
fluosilicate
2 AgpCyHs04 + 2 UHy + & A0 —-> ﬁrgg C4H04+ 12 Ag
lactate
+3 Hy
A solution of uranyl saliocylate was prepared in this fashion
by heating a suspension of salleylic aeld, silver axiée; and
uranium hydride. The filtrate contained 1.4 mg. of uranium
per 100 ml. presumably as the salicylete. The usefulness
of this reaction could probably be extended by further in-

vestigations.

2, Other Heavy Metal Salts

A number of other heavy metsal salt solutions were also
found to react with uranium hydride. The sction of the
salts of copper, meroury, lead, tin, arsenic, antimony,
bizmuth and iron were briefly investigated.

Cupric sulfate solutions failed to react with the
hydride at room temperature, but on boiling, a slow reaction
took place as evidenced by the formation of copper. A so-

lution of cupric asmmonlum chloride, which dissolves metallic
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iron rapldly without formation of a precipitate (33), was
found to react with uranium hydride violently, causing conm-
plete solution. The copper was reduced to the cuprous
stete, forming a soluble complex with the ammonium chloride,

Mercuric chloride solution gave a rapid reaction,
forming s gray precipitate, probably a mixture of mercury
and mercurous chloride. Mercurle nitrate also reacted,
yielding some free merocury.

Argenic trichloride sclution was found to react very
slowly at 100% while antimony trichloride in 3 N hydrochlorioe
aeid liberated free antimony in an exothermic reaction.

Ferric sulfate contalning a little sulfuric aeid dls-
solved the hydride slowly but smoothly at the boiling point.

F. The Reactiom of Various Gases with Uranium Hydride;
The Preparation of Tri- and Tetravalent Uranium Salt s

It has been found possible to prepare a nuab&r of tri-
and tetravalent uranium compounds conveniently by passing
certain geaoses over the hydride at temperatures varying
from room temperature to 500°, depending upon the specific
reaction. A dry state may be mainteined by this means,
and in no case is it necessary %o exceed the meltlipg point
of the produet, giving an anhydrous, fine, and easily-
hanﬁlea powder rather than a fused mass. Only simple sppe-
retus is required; a typiecal set-up isshown in Fig. 7. In

general the methods are far superior to the older procedures,
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1, Preparation of ﬁxa&ium.ﬁaliﬁaal

a, Uranium tetraflupride. Anhydrous hydrogen fluo.ride

was found to react smoothly with uranium hydride et any
ts&p&ratarﬁ ranging from room temperature to 400° (13),
Monel and nickel apparatus were used. The pfedﬁst was &
light green powder and analysis (analytical methods are
given in Part IX) showed fai? sonformity with the compo-
sition of uranium tsﬁzafla&rida; as foliaws:
Caleulated for UF, Found
o 75.8% 75.5%
| F 24.21 23.91
The eguation 1s:

2UH; + 8HF — 20UF, * 7 H,

A series of hydrofluorination exparimants with large
gaantiﬁes of urenium was oarrled out (34). In an agitated
apparatus, the hydride reacted rapidly, 92 per cent of
an 1160 gram sample beling converted within two hours. It
was not found necessary to convert all of the metsl %o the
hydride before introduecing the hydrogen fluoride: Hydro-
gen and hydrogen fluoride rescted simultaneously. Careful

temperature control was easential.

The reactions of uranium hydride with halogen~bearing gases
were for the most part iavastigaaed by A. 8. Newton, O. Johnson,
and R. W. Hottorf.
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b, Uranium tri- and tetrachloride. Anhydrous hydrogen

chloride was observed to react with uranium hydride at 2500
to glve a reddish~brovwn powder, whioch chenged to an ollve-
green color on cooling (13). The hydride prepared from
262 g. of uranium was treated with hydrogen ehloride, and
the product obtained welighed 375 g., wheress the conversion
to uranium trishloride, UCl,, would yleld 379 g. Analysis
of the pr&&aa%vshawaé sonformity with the ocomposition of

urenium trichloride:

Caloulated far“ﬁ613 Found
i é?géﬁ 69,2%
c1 | 31.0 29.4

Urenium triﬁhlariﬁa was prepared by this reaction on
a number of oocasions, and it was noticed that a small
amount of a white orystalline sublimate formed on the
cooler reglons of the reaction tube jagt beyond the po-
sition of the uranium trichloride (35). A bit of this
volatile material gave a negative test for araniam; but
positive tests for chloride lons. It was found that the
amount of white sublimate was inorsased 1f the uranium
hydride was exposed to sir before reaction gith the hydro-~
gen chloride. This strangly'aﬁggasteé %hat‘aﬁmnnium
¢hloride was being produced by the action of hydrogen
chloride on & uranium nitride. In faot, when some pure
uranium nitride was treated with hydrogen c¢hloride &t ele-~

vated temperstures, coplous guantities of ammonium chloride
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were sublimed away, and condensed on the cooler parts of the
apparatus.

- Chlorine was passed over uranium hydride, and the vio~-
lent resction that tock plece wes uncontrollable, and a
molten product was formed., The chlorine wes then diluted
with ten volumes of hellium and the reaction was then rela~
tively smooth at 250°., A light green powder was formed,
which was essentially wranium tetrachlorids, t}’alg; ag was

showp by the feollowing anslysis:

Calculeted for UCL, Pound
B 62.6% 63.6%
c1 37.4 37.5

A more convenlent method of preparing uranlum tetrachloride
was found by preparing the trichloride first.; and then
passing ahlerim over 11:.; as follows;

UHE3 + 3 HC1 - UCly *+ 3 H,

2UCL3 + Cly; — 2 uel,
The product was a yellow-green hygroscople powder which on
analysis showed the follewing composition:

Calculated for g@l@ Pound
i1 62.64 63.6%
Ccl 37.4 36.4

Mixed uranium hallides were prepared by passing bromine
or lodine vapors over uranium trichloride (36). Thus

uranium monobromotrichloride, UBrCli, was mede ss a tan
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powder by the action of bromine at 250°., An x-ray diffraction
pattern of this material was indistinguishable from the
pattern of a substance made by meltlng together one mol of
uranium tetrabromide and three of the tetrachloride. This

and additionel evidence suggested that the system ﬁslﬁJBBrA
Torms solld solutions. The mixed iodide, UIClz, was a dark
tan powder, which upon heating was decomposed into iodine

and urenium triechloride. /

The reactions of uranium hydride with two other chlorine-
aan@ainigg gases were also investlgated. Carbonyl chloride
and carbon tetrachloride vapor reacted smoothly at 2500,
although neither reacte appreciebly with uranium turnings
below 500°, The products from the hydride in both cases
were contamineted with carbon or a carbide, and probably
were mostly the tetrachloride. Possible principal reactions
are:

2‘?@3‘+ L COCly, .» 2 ﬁ@l& + 3H, + 4 C0

2VH3 + 2C01l;, —» 2UClL, + 3Hy +2¢

¢. Uranium tri- and tetrabromide. Resctions analogous

to those with chlorine-containing gases were observed (13).
Uranium hydrids prepared from 392 g. of ursnium was treated
with hydrogen bromide at 300° until the reactlon vessel was
at constant weight (20 hours). ‘The product weighed 781 g.,
whereas 782 g. was caloulated on the basis of conversion to

uranium tribromide. Analysis showed close correspondence to
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the compositlion predicted:
Caleulated for UBrjy Found
49.9% 50.1%
Br - 50,1 49.9
The uranium tribromide was a reddish-brown powder.

The reaction of bromine itself was examined by employing
helium as a carrier gas. The resaction was quiet 3%735§¢;
yielding a light brown gawﬁar; which by analysis was shown
to have the composition corresponding to the tetrabromide:

Caleulated for UBr, Found
v O 42.7% k2,78
.~ Br | 7 57.3 57.2
Uranium tetrabromide was elso prepared by brominating the

tribvromide; this constitutes the preferred procedure. The
product enalyzed as follows:
@aléaiaﬁaﬁ for UBry Found
I o L2.7% h2.0%
Br 57.3 -~ 56.9
ﬁraaiam m@naiﬁdﬁtribx@miaa; UIBrs, wes mede by the
iodination of the tribromide (36)}. Iﬁ was a dark brown
hygroscopie powder.
- &. Urenium iodides. The status of the uranium lodides
is less sstisfactory than that of the other halides. The

products were found to be thermelly unstable and to decompose
on standing, especially after being exposed to the alr {13).

Icdine vapor, carried by helium, was found to reagt readily
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with uranium hydride forming & brown product. Hydrogen

iodlde at 250-400° gave a simllar product. Anslyses were
uncertain, but the products wefa probably ursnium tri- or
tetreicdide or mixtures of these materials.

The effect of another lcdine-bearing material wes
tested, nemely methyl lodlde (37). 'The vapors carrled by
hydrogen were passed over urenium hydride et 275-300°. A
brown product was forme&; whose uranium content was found
to be 39.0 per cent, ‘which is reasonably close to the
ursnium content of the triiodide, UI3, which is 38.5 per
cent., The materlal was ignited by alr, when fumes of io-

dine vapor were liberated,.

2, Uranium Oxide, Sulfide, Nitride and Phosphide (13)

When steam was drawn over uranium hydride prepared from
a known amount of uranium, the mass glowed, and after com-
pletion kath& re&cti&n, & brown powder remained., The welight
change showed the product to be uranium dioxide, formed as
follows:

2UH3 + 4 Hy0 — 27003+ 7 Hp

The reaction between hydrogen sulfide and uranium
hydride was investigated. Little reaction was observed up
to about 400°, when the reaction mass increased in volume
and formed & fine bleck powder, Uranium hydride prepared
from 10.03 g. of the metal yielded 12.61 g. of the sulfide,
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which corresponded to an 8/U ratio of 1.93. The product
was therefors most probably uranium disulfide, US,.

Uraninm hydride was found to react fairly repldly at
250%° with either nitrogen or smmonie, ylelding a gray
product, The welght gains showed both preparations to have
compositions lyling between Kgﬁé,aaé.ﬁﬁé; whiah; ag a study
of the ursnium-nitrogen system (38) has shown, is within a
sontinuous phase region.

Phosphine was passed over the hydride made from 2.35 g.
of uranium untll the welght was oonstant. The temperature
was 400°. The dark gray powder formed weighed 2.83 g
which corresponds to a;?fﬁ ratio of 1.35; and the phosphide
wag most probsbly the sesqui-phosphide, ugyg.

3. Resotlons with Other Gases and Vapors

The ga%iaa of carbon dioxide on uranium hydride was
found to be very slow but appreciable at room temperature,
with the rate steadily increasing with the temperasture (13}.
Above about 300°, the resction was gnita rapid., The products
were probably uranium dioxide, and ¢srbon or & wuranium
carbide.

The sctlon of carbon monoxlide was much slower. It
behaved more or less a&s an lnert gas and uranium hydride
was decomposed to the metal. This was dlscovered in an

attempt to prepare uranium carbonyl by the sction of carbon
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monoxide on uranium hydride {26). Uranium carbonyl has not
been prepared to date,

Acetic acid vepor at 300° was found to glve a brown
powder, presumably a mixture of oxide and ecarbide (29).
Hydrogen cyanide similarly produced a mixture of carbide
end nltride,

When heated to 500° in a current of ethylene {(13), a
glow reaction %a@k‘ﬁiaag; giving a black product contalning
unrescted uranium metal. Hethane reacted si&ilariy,as 550°;

giving urenium monocarbide, as shown by xz-ray analysis.

G. The Parifieati&n.sr‘Lab@ratary:aasasl

By taking aévantaga of the extraar&iaary reactivity of
the hyﬁri&g and the powdered uranium formed by thermally
decomposing it, and of eertain compounds prepared from than;
& particularly simple and thorough method of yarirying
certaln gases a!@an used in the laboratory has been developed
{39). These include the inert gases, hydrogen, deutarium;
hydrogen shlariéc; hydrogen bromide, nitrogen, and pessibly
others.

The procedure for purifying the rare gases consisted of
packing a vertiéal quartz, Vycor, or Pyrex #172 tube with

cleaned uranium turnings, conversion to uranium hydride, and

I « " " S
The use of uranlum hydride or substances prepared from it
to purify laboratory geses is due to A. 5. Newton.
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The uranium triehlorlide prepared by the reaction of
hydrogen ehloride with uranium hydride was ltself very re-
active, and removed oxygen, water vapor, and chlorine from
8 stream of hydrogen chloride. In practice, a hmfizanknl
tube was packed with uranium, this converted to the hydride,
and hydrogen chloride passed in. After complete conversion
to uranium trichloride, the tube was clamped in a vertical
position and its contents tamped down. Hydrogen chloride
was passed through continually, and was stripped of its im-
purities when the uranium trichloride was heated to 400-500°,
The purificstion of hydrogen bromide was exactly analogous,
employing uranium tribromide at 350-400°.

Nitrogen is difficult to free from oxygen impurities by
the olessical methods. Uranium nitride was prepared by
pasaing nitrogen over the hydride at elevated tsﬁyeraturvs;
and it was found that after all of the nitride had been
formed, the ensuing nitrogen was oxygen-free. Thus the oxy-
gen impurlty reacted with araﬁium.aiﬁriéa; forming uranium
oxide and nitrogen, when the reaction tube was at 500°,

The purified nitrogen gave negative tests for oxyzen and
oxides of nitrogen. One advantage of these methods of
purifying geses is thet in all cases gas-solld reactions are

employed, and the use of ligqulids is avoided.
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H. Beduection of Orgenic Compounds

The possible use of uranium hydride as a reducing agent
for organic semgaunds was apparent soon after it had first been
prepared in a pure state. ZExperiments were conduocted using
naphthalene, maleic anhydride, and nitrobenzene (40, 41).

In the case of pnaphthalene, the experiment was made
using the hydrocarbon with a relatively small qﬂantity of
urenium, in the hope that in the pressnce of an excess of
hydrogen, the hydride would be re-formed after it had re-
duced the naphthalens. Fifty grams of naphthalene and five
grams of clean uranium turnings were heated in & high-pressure
bomb to 250Y, The hydrogen pressure was maintained at 104
atmospheres, and the bomb was shaken constantly. After an
hour the bomb was cooled and opened, and 1t was found that
the uranium metal had been broken down to the hydride. The
melting point of the naphthalene from the bomb was identi-
cal with that of the origlnal sample, showing that very
little if any resction had taken place. As a matter of
fact it has already been shown {p. 1l1) that the reverse of
the above attempted reduoction is thermodynamiecally favored,
namely the dehydrogenation of tetraslin and decelin by
uranium to form naphthalene and uranium hydride.

The reduction of malelec anhydride to succlinic anhydride
was attempted in a similar menner, but at atmospheric pressure.

The uranium used was powdered by hydride formastion and
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deaamgsgitioa; and the maleiec anhydride dissclved in dioxane
was added. Hydrogen was bubbled through the liquid as the
temperature was raised to 100°, but tests of the produot
showed that no significant amount of reaction had oocecurred.
A modification was tried as follows: uranium (3.5 g.) was
converted to its hydride, and malele anbydride crysteals |
(2.0 g.) was added. The erganié substence was melted and
refluxed (b.p. 200°) fﬁrk&,ﬁ hours, when & viscous dark
brown liqaié remained. Attempts to isclate erystals/trnm
both water anékéiéxﬁaa were fruitless. The material ggvuu
a strong unsaturation test (resction with yermﬁggaﬁataj;
desplte the use of an excess of uranium hydride; appatenﬁly
1ittle or no reduction ocourred. | |

The reduction of nitrobenzene %o aniline was attempted
first using an excess of uranium hyériéy and second using
an excess of nitrobenzems. 1In the first trial B‘S,g.qor
nitrobenzene was refluxed using 2 salt bath at lab~l$5°‘ |
ﬁitn 15 g. of uranium previously converted to the hydride.
After sixteen hours the resulting gaaté was oocoled, ex-
tracted with ether, and filtered. The filtrate, which was
greenlsh, was extracted with dilute hydrochlorie aseid; the
aqueous phase was %hﬁﬁ;ﬁaéa alkaline. No olly layer of
aniline formed, but rather a trace of an amorphous precipl-
tate, which ocould not be identified. In a seocnd experiment
with the excess of nitrobenzene (8 g.) and the same amount
of uranium hydride as bafarﬁ, the ti&sk was heated only three

hours, the suspected smine was separated as before, soocled



*{Tel0p SWOE U]
POSENOSTD B4 TIIM 4T ‘eowsisqnse sl JO worgmauvdead 4sIT1l oUa
sauesexdea sTUy gwﬁﬂm *{zY%) eprapsiy euys Jo ucisrsodwooep

Lq peaepmod wmylwesn UaTA SPIIONTIBILS8Y WRIHBIN JO WOTLORND

-8X 8Y3 £q ‘sersrauend eBxer uwy duw LTiswe *‘Jossmoy ‘swly
1ex13 ouy JoJ pesedexd sem epTIONTJTIS WNTUBIN *eprIONT]
~-BJI30% umlusaIn oABE seeTeysIeAeu epixonTl) mePoapiy Jo wmorsoe
eq] ‘eprJIOoTHOTJIS wnIUwRaIn pepleTd eprapdy eyl uo 8PIIOTUD
wefoJpiy JO uOT408 6Yl USNOHLT® 38UY UMOUS sem 3T *Sgeoone
RoOuLIM TT® ‘eoumigsqne oyy exsdead o4 epew useq pey syduwey
-%8 ma,uwaagn B pue ‘OpIIONTJIIIS WNIURIN UL UAMOUS ueeq pey
186J03UT 9TQRISPIEUOD ..@@ﬁk@hﬁ wniusan Jo uoryreodwossp ouy
£q pesudexd wniumIn ey} JO £AgtaTy0oB0x UBTYy LA1Purpessxe ol

POIBIGSUOWOD USSR YOTUM POISACOSID SBM UOTI08ST JOyjOUY

setsaedoag pue

wopgexededd €41 (OpTINOTITIL wniuean °*I

*1nlesn eaoxd ogre Avw
epiJde3nep WNIUBIN JO osn eyl {8U0T18FTIS0AUT eATsSUSLXS eJoW
£q pezyTwex oq pInoo sesseooxd erqenyss 9syg eyqeqoxd sy 31
pue ‘eAylsnuyxe susew ou Aq eoxw siuewiIedxe sAOq® oYUl

*pewIoJ SVA OUIWE OU 48¥YY4 DPOJBOTPUT 8oUSPIAS aﬁw, *g803
Surrdnoo~-uoT98ZT3028IP SAT}IEUSS SIY3 ©OF pegoefqns uweum selp
pexoToe ATPTATA eA(F L7Teasn sSOUTWS 0T3oUICIE SBLISUM ‘pPBWIOCY
zoToo 3utld 3yByyrs w L1up Tousudeu~-wgeq eUTTBAT® uweUy

pus ‘peppe 941J3TU WATPOS STI3TT ¥ ‘o0 O3 UOTINTOS PIo® Uy

69



60

1. Preparation

In the rirst experiment a few grams of uranium were
eaavertéé“ta its hydride and decomposed at 275° under vacu-
um, It wasgyaané ﬁith the stoichiometric amount of uranium
tetrafluoride in a cerbon dicxide~filled dry box, trans-
ferred to a nickel boat, and hested in a qaartz‘tghe to 1000°
in a stream of argon, After cooling, the material was tested
by heeting from room temperaturs to 250° in an atmosphere
of hydrogen, and 1t was found that no ahserptiaa occurred,
indlcating the absence of unreacted uranium metal. The
black maaé was subjected to x-ray snalysis, and a new set
of diffraction lines were found, showing the presence of a
new phase., Thus it was seen that aéanium trifluoride had
been formed according to the equation:

U +30F, — L UFy

The preparation was repeated on a larger scale by mix-
ing 101 g. of cleaned uranium turnings with 400 g. of pure
uranium tetrafluoride in a large nickel tube holding a
delivery tube leading to the bottom. The system was flushed
with hydrogen and heated to 250° ﬁn@il no more hydrogen
was absorbed, and the uranium hydride~uranium tetrafluo-
ride mixture was cooled and mixed thoroughly by shaking.

The tube was heated while a slow stream of argon passed
through until the temperature was 1100°, which was main-
tained for tweo hours. On cooling a black, dense, ocoke-

like produect was observed.
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Analysis of the uranium trifluoride by the pyrohydrolytie
method (42) ®w4u;ww¢ following results:

@mwmmwmwwa for UFy Found
U 80.7% 80.2%2
¥ 19.3 19.2

The analysis corresponds t¢ & fluorine-ursnium ratio of 3.005.

2. Physical Properties

The density of uranium trifluoride, measured with a
helium densitometer (22), was 8.1 * 0.1 g./ac. The orystal
mawﬁaamaaw as revealed by x-ray diffraction studies, was
Wmﬁwmmmwww with a = 4.13 £ 0.01 A eand e = 7.33 20,01 4,
with two @%w molecules psr unit cell. An attempt to de-
termine the melting point by heating e seample in a graphite
orucible surrounded by helium in an induction furnace gave
evidence that the material decomposed. A heating ocurve
gave & break at 1610° * 20°; inspection of the crueible
showed a sublimste of fine blua-green orystals in the upper
part, whieh by analysis were shown %o be impure uranium
tetrafluoride. The residue was & black button containing
90 per gent uranium, and wes presumably uranium dlcarbide.
The evidence thus suggested disproportionstion with subse~-
quent reactlon of the urenium with eruecible:

4TUFy —> 3UF,+U
U+20C -» UO2
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3. Chemical Properties

A few chemical reactions of ﬁraﬁiam‘%riflaari&a were
examined. When boiled with hydrochloric acia; a green pre-
cipitate formed in a green solution, with a little evolution
of a‘gas,\ This suggested the following reaoction:

4 E?@,+ L BBl > 3~@¥§‘b’ﬁ§1§~& 2 By |
A mixture of hyéraahlaria and borle acids rapldly dissclved
urenium trifiuoride. Silver perchlorate was §ai¢kly reduced
to the metal. Chlorine, kramiae; and lodine each reacted,

forming the corresponding uranium monohalotirifluoride (36).

J. The Classification of Uranlum Hydride

According to Emel@us and Anderson (44), the compounds
of the elements with hydrogen fall into three falrly dis-
tinot classes, namely: the volatile hydrides, the salt-like
hydrides, and thirdly a group of substances derived from
metale in which the proportion of hydrogen veries with
temperature and pressure. The last may be consldered inter-
stitial compounds. An example of the first type is water
or stibine, of the second type sodium or caleium hydride,
and of the third cless the palladium-hydrogen system.
lﬁata on the rare earth metal hydrides are lnasccurste and
contradietory, but they belong to the salt-like or inter-
stitial type, or %o yet another type. '
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It is interesting to consider uwranium hydride in re-

lation to the sbove clascsification. The foregoing studies

lead %o the belief that uranium hydride is of the salt~like

The evidence for this classifiestion is summerized

below:

1. The composition of uranium hydride, after
taking intg account the effaat’of the various im-
purities, showed that the hydrogen~uranium ratio
‘was 8 whole number, namely three, rather than a
fractional velue which 1s characteristic of the
interstitlal hydrides,

| 2. The conetaney of composgition of the uranium
hydride yrspareé‘cver conaiderable tempsrature and
pressure ranges indicated the formation of & definite
compound.

3. The pressure-composition isotherms were ,
sheracteristic of a salt-like hydride, except for the
unexpleined dip near 97 mol per cent hydride.

4. The linearity of the density-composition curve
showed that the system was not an imperfect solution,
as may be expected of an interstitial system.

5. The fallure of hydrogen to transfer from the
hydride to the metzl isothermally indicated the
absence sf_saliﬁ solution phenomena, and of two differ-

ent hydrides.
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6. The x-ray diffraction studies indicated compound
formation rather than solld solution or lnterstitial

compound formation.

YII. URANIUM FYDRIDE AMALGAM AND RELATED MATERIALS
A, Formation and Physical ?régertias of Uraniun
Hydride ﬁmﬁiga&a

1, Formation, Properties, and Recommended Procedure for

Preperation

In some experiments with e uresium-gold alloy, a sample
was treated with hydrogen et 250° until e powder réaulteé,
end an attempt wes mmde Lo separate any elementary gold by
amelgamation (45). I% wes observed that the entire mass
was "wetted" by the mercury, and appesred to dissolve. A
series of hydride samples prepsred from pure urenium was
then treated with mercury, forming "amslgams™ of incressing
hydride concentration (13). The preparations were extremely
bright and shiny, end some haed a marked tendency to adhere
to the glsss walls of the vessel, The amalgams falled %o
adhere to0 any greasy spots inside the glass oontainers. It
was found that hydride samples whlch had been brieflyv ax-
posed to the air prior to the mercury treatment were not

wetted and 4id not amalgamste. Close sxamination of a
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shiny hydride amslgam preparstion revealed the presence of
a few unaffected particles; these were probably the im-
purities present in the originel metal.

The conslstency and appearaznce of uranium hydride
amslgans as & function of concentration ere indiceted in
Table 2 {45, 46).

Table 2, Variation of the Appearance of Uranium Hydride
Amalgams with Concentration

e s A N N N S MO RSO

Concentration Desaription

10% UH3 Much like mercury itself; secarcely
: sdheres to glass

20 Definitely more viscous; adheres
to glass; has appearance of
gallium metal

30 Semi~fluld mess; adhores to glass
readily

L0 Bemi-s0lid; hardly flows; adheres
to glass

50 Stifrf semi-~20lid; does not flow;
adberes to glass '

60 Borderline between solid and semi-
solld; adheres to glass in spots

70 Light gray metallie looking powder;
does pot adhere to glass

80 A gray powder; pyrophoric

%0 A dark gray powder; pyrophoric

When uranium hydrlde smalgsmes were prepared, no heat

wae glven off. This is in contrast to the process of
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forming emslgams of uranium metal, powdersd by formstion
and dscomposition of the hydrlide; a samsll but definite
amount of heat is liberated as uranium-mercury interme-
tellic compounds are formed (47).
Uranium deuteride was found to form amalgams indis-
%iagaighahle in eappearance from hydride sualgams.
Recommended Procedure for the Preparation af
Uranium Eydriéa Amalgams, A simple agparataa auah an
~ that shown in Fig. 8 is constructed, and the flask
charged with a8 known amcant of cleaned aranium\énrawﬂ“
~ings. The desired smount of mercury is poﬁraﬁ‘inta
the side-arm reservoir, snd the whole aypargtng r£u5n¢&
thoroughly with hydrogen purified over pawﬁerei urani- N .
am. The flask ige lowered into & molten galt b%th end )
heatad to 2500, After somplets conversion te ﬁraniua b
hydride, the flask is removed from the bath, e@ela&; |
washed, and dried. The inlet and outlet stopodcks
are closed, leaving the apparatus full of hyﬁrégaa,
or, alternatively, the spparatus is evacuated pafare
elosing tﬁeistagﬂaaks¢ ?ha~maraary reservolir is
rotated in its ground glass Joint, parmitting the
mercury to flow down ento the hydride.
| ¥any modificeticns of the a@ggratﬁa'aaé,yxo—
cedure above may bs msde. The meroury may b@é@tﬁkaﬁ
in & separate fuaﬁal and permitted to run in Ey opsning
8 stopooek, or a&y be held in a side arm antil needed,

when the whole apparastus is tipped. ﬁubstaaeas other
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than mercury (as in experiments on the chemical proper-
ties of the hydride amalgam) may be introdueed by the
rotating ground gless Joint technique. Thickened ocon-
strictions for sealing off under vacuum may be bullt
in. Well-fitting rubber stopper connections are
satisfactory if no great time elapses after preparation

of the hydride.

2, The Rediochemical Properties and Nature of Uranium Hydride
,Amalgaﬁﬁ
The formatlon and the uncommon and unexpected character

of uranium hydride amslgams gave rise to speculations on the

disposition of the hydride in the mercury. $aﬁ§l§§§f’ﬁﬁgﬁ
semi-liquid amalgems were filtered centrifugally tﬁéaagh
porous alundum disks (45). It was found that the filtrate
contalned less then 0.1 per cent hyériﬁg; while the residue
wes & more concentrated, nesrly solld amelgam. In @xgﬁrie
ments in which some hydride amalgams were being compressed
in steel dles &t high pressures (46}, mercury almost free
of urenium was extruded from the orevices; 4the uranium
hydride concentration was raised from 60 to 67 per cent.
The radicchemicsl studies discusmsed previously (p. 32)
weres extended to hydride amalgams prepared from bombarded
uranium eontaining redicactive xenon. An apparstus con-
sisting of a flask with a sealed-off aide arm containing

mereury, connections for introducing hydrogen, sund a
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counter attached through a stopcock, was charged with the
bombarded urenium, After oconversion to uranium hydri@a; in
whleh process less than one per eent of the radlo-xenon es~
caped, the apparatus was tipped so that the mercury flowed
onto the hydride, forming the emalgem. Again not more than
one per cent of the zahaa wes released, as shown by the
counter. . Even when the emalgam was bolled, very little more
of the xenon was liberated. It was found that in order to
effect gnaﬁtitativs release of the radio-xenon, the uranium
hydride had to be dissolved completely in such reagente as
sillver perchlorate solution. | |

It was necessary to conoluds from the above experiments
that uranlium hydride amalgams sre not ﬁrau,solntiens; but
that they are suspensions of the hydride particles in
meroury. The amalgams are in all probabllity eclloidel 4is-
persions in which each particle retalns its owa structure.

No previous exsumples of such a hydride amalgam are known.

B. Chemicesl Properties of Uranlum Hydride Amalgams

1. énsiaﬁ'at Alr

a. Cosgulation of the hydride amslgems by exposure to

air. When a liguid uranium hydride emalgam was exposed to
the air, a dark brown ;owﬁazy substance began to sppear on
the surface in a most remarkable manner; small brown spots

appeared whiech grew until the whole mass was covered. In
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some investigations of the reaction and of the brown product
(46}; 270 g. of 20 per cent uranium hydride amalgam was pre-
~pared and air was bubbled through 1t for 12 hours, when a
large amount of brown preclpitate had formed. The mixture
was exposed to air for 48 more hours. Enough heat ﬁas
evolved by the aeration to maintain the temperature of the
entire mass 6° above room temperature for several hours
from the time the aeration began. The bulk of the mercury
was then separated by*pauring through a paper cone with a
pin hole in its apex. Although the meroury came through
shiny 1% rapldly tarnished, and yielded 15 to 20 g. &era
of the powder on further exposure to the alr.

The brown powder was intimetely mixed with mercury.
It was analyzed in the same fashion that uranium hydride wes
(p. 13), 7 to 10 g. samples being used. The combustion in
oxygen was sometimes violent. The mercury conteined in the
sample condensed in the cooler end of the combustion tube.
It was dissolved out with nitrle aeid at the end of the
analysis and titrated with standard potassium thiocyanate
solution, using ferric alum as the indleator, esccording to
the method of Low (48). The weight of mercury thus found
was subtracted from the welght of the sample taken, permit-
ting the calculations of the analysls of the brown powder

on a mercury~free basis., The followlng results were



71

obtained:
il H H/U ratio
Trial 1 97 .44% 1.17% 2.85
Trial 2 97.47 1.16 2.82

These showed that the brown powder was still mostly uranium
bydride, probably mixed with uranium dioxide, which is brown.
That the brown powder was prinelipally uranium hydride was
confirmed by other evidence. Its x-ray diffraction pattern
was ldentical with that of the ordinary hydride, Samgias
on several occaslons caught fire sp@&%aae@asly; reacted with
nitriec aeid, with hydrochloric acid-hydrogen peroxide mixtaraa;
and with silver perchlorate solution in the same way uranium
hydride did. Another sample wae heated in a vaeﬁn&; dis-
tilling off the mercury, and decomposing the hydride to free
uranivm. This raaﬁily took up hydrogen agein, and the
hydride thus formed again formed ankamalgam; but a consider-
able amount of scum was left unaffected by the merecury; this
was presumsbly uranium oxlde.

 Some difficulty was encountered in separating the fine
droplets of mercury rram,ﬁhe brown powder, A fairly setis-
factory way was ﬁevisaa; which consisted of suspending the
powder in petroleum ether, which left most of the mercury
towards the bottom of the contalning vessel, and decanting
gquickly into another vessel (49). This operstion was

repeated several times, which gave a product quite low in
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mercury. A petroleum ether suspension of this meterial was
filtered using a sintered glass ¢rucible with suction; the
wetted powder formed 2 mat against the fritted-glass bottom,
while the mercury had a tendsncy to c¢ollect tageﬁhsr»in a
drop, which could be removed. In thils faahian seversl grams
of product was produced which gavse a negative test for
mercury.

An interesting observatlon was made inoldental to the
work described above: Some 25 per oent uranium hydride
analganm, left over fron a8 previous exﬁarimant,ewaavtrazen
in an impression in a ldmp of solld carbon dloxide. After
freezing solld, the surface was soraped clean; the shiny
appearance was not changed by tarnishing, even overnight,
except for the aendeﬁa&tiaﬁ of stmospherie molsture (50).
VWhen the frozen pellet was removed and a2llowed to msit; the
characteristic formetion of the brown pewéar took place am
ususal.

b, Rate of coagulation of uranium hydride amalgams by

exposure to air. In order to learn more about the process
by which air causes uranium hydride to separate from its
amalgans, two amelgams were prepared in wlde mouth flasks,
and exposed to alr for periodiec weighings (46). The first
preparation was 106 g. of a 28,7 per ¢ent hydride amalgen,
and the second was 111 g. of a 30.8 per cent smalgam. After

exposure to the alr the samples wgré welghed frequently at
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the beginnipg, and then less and less rraqusntlya' The welght
gains were followed for three years, and are given 1ln Teble 3.
The brown powder gradually &arkmﬂad; finally becoming black.
The data for the first sample in Table 3 are plotted in Fig. 9.
PThis shows that the most raplid absorption of oxygen occurred
at the beginning; the rate dropped in the ocase of the first
sample from an initial value of about 1 mg. of oxygen per
minute to about 1.7 mg. per day near the end of the time of
observation. The gain in weight was most probably attributa-
ble to two processes: the a&tiaa’ef oxygen whiegkyraaiyif
tated the hydride from the amslgam, and the subsequent slow
axiéati&g of ;he hydride on standing in air. After standing
for 1092 days, the welight gain of one sample was 74.5 per
sent of thet expected for conversion of all of the uranium

to Uy0g.

¢. Rate of formation of water by the seration of uranium

bydride emalgem, It was shown earller that the hydrogen to .

uranium ratio of the hydride presipitated from amelgams was
lower than in the pure hydride, 1. e., about 2.83 rather
than 2.97. It wss shown sbove that the rate of gain of
oxygen was initlally rapid, and them tapered off. When the
H/U ratic dropped to 2.83% after the hydride was precipitated
from mercury by air, the most probasble fate of the hydrogen
lost was the formation of water, and 1t was interesting to
determine the rate with which water was farm&ﬁ; and compare

it with the rate of weight gain.
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Table 3. Weight Gain of Uranium Hydride Amslgams
on Exposure to Alr

Semple No. 1 Sample No. 2

Total time elapsed Gain Total time elapsed Gain

{days) {ng.) (days) (mg.)
0.0 0.0 0.0 0.0
.0035 4.6 .0035 2.8
007 8.2 .021 56.5
13 87.0 .15 152
.19 120 .25 194
.67 212 .71 260
.97 231 1.00 277
1.66 253 1.67 298
2.62 275 2.25 315
L.59 : 310 3.63 347
5.62 326 4.67 366
6.67 341 5.71 384
7.15 - 352 6.70 399
8.63 365 7.70 41k
9.67 381 8.71 432
10.9 397 9.90 451
11.8 406 10.9 463
13.9 430 12.0 480
15.1 443 13.0 490
16.6 60 1.1 506
17.9 475 15.7 525
19.1 489 17.0 541
20.6 506 18.2 559
22.7 520 19.7 578
25.6 546 21.8 594
27.7 564 26.7 - k5
32.0 595 31.0 681
37.8 642 36.9 : 736
53.8 751 52.8 861
83.0 912 81.8 1042
200 2102 199 2381

590 3127 589 3526
1092 4006 1091 4533
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One hunédred and thirty-four grams of 21.6 per cent
uranium hydride amslgam was prepared in a flask equipped
with & delivery tube leading under the surface of the mercu-
ry {50). A slow stream of alr, dried by anhydrous magnesium
perchlorate, was bubbled through the liquid, and was then
filteresd through a tube containing fine glasg wool to remove
anapanéaﬁ particles of the sclids, The stream was then
passed throagh a small tara& waig&iag tube packed with an-
hydrous magnesium pereh&arata, which was weighed periocdically.
Table 4 below shows the amount of wa#ar Tormed over a three-
mgath y&riad.

Table L. Formation of VWater hy tha Aeration of
, Uranium Hydride &malgam

Time elapsed : ﬁa&&r formed

(days) {mg.)

0 - 0.0

2 14.3

7 - 29.0

14 46,9

23 .- 58,2

33 - 67.0

55 . 82.0

84 - 97.1

The date in Table 4 sre plotted in Fig. 10, and it 1s
seen that the water is formed most rapidly at the beginning,

the curve having the same general shape as that in Fig. 9.
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d. The seration of urenium amalgems. It is of interest

here to briefly present the results of some experiments on

the seration af‘uranium‘amalgams, a8 contrasted to the uranium
hydride amalgams. The uranium smalgams wera prepared by ad-
dition of mercury to finely divided uranium formed by decom-
posing the hydride (4L5). Some heat was given off, Iindicating
that intermetallic compounds were belng formed. It was found
that on exposure to alir a rether rapid increase in weight

took place as a dark solld separated {52),‘ If the welght galn
hed corresponded to the oxidation of thg ursnium to ﬁjﬁs, a
gain of 15.2 per cent would be expected, based on the uranium
‘alone; actually one sample gained 19.9 per cent, anoiher

22.0 per cent, within a two-month period. This strongly sug-
gested that oxidation of the‘&dﬁg intermetallic compounds

gave oxides afib&%hkeleaﬁnzs rather than of uranium alone.
Support of this eonclusion was gained when an oxidized sample

- was leached wiﬁh’dilﬁte hydroohloric acid, which dissolves
Hgl but nak‘?3ﬁa; the leachings gave a strong test for mercury.

2. Action of Water Vapor

It had been observed ithat & precipitate formed when
uranium hydride amelgams were treeted with water vapor. This
resction wes studled by emelgamating the hydride prepared
from 10 g. of uranium with 70 g. of mercury in a smell flask,
and passing purified hydrogen, saturated with water wvapor,
through the eppsratus for a month (53). The flask and its
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contents were weighed periodicelly. A greyish-brown en-
crustation slowly formed over the surface of the amalgam.
The welght g&ia was about 15 mg. per day at the heginniﬁg,
gredually dropping, untll after 10 desys it wes about 5 mg.
per day. After a month the hydrogen stream was shut off
and & little water poured into the flssk, whiech was allowed
to stand another month. A slight pressure was bullt up
ﬁﬁring this tima; whieh was relleved by occasionally open-
ing the stopecock.

?ke water was decanted off, and the powder was sepa-
ratmé, waahaé with aleahel and ﬁthar, and ériaﬁ¢ A sepa~
ration fr@m the small ér@plats of meroury was made by the
petroleum ether suspension technigue already described (p.71).
The dried brown powder freed from mercury burned readily
when igﬁitaé. Analysis of the material for uxaniam'by ig-
nition %o U30g disclosed that it contained 96.6 per cent
uranium, whieh shows that it was mostly uranium hydride,

presumsbly contaminsted with a ﬁraniéﬁ oxide.

. _Action of Hydrogen Sulfide

Some 25 per cent uranium hydride amalgam was prepared
in a flask, end s slow stream of hydrogen sulfide passed
through (50). When the hydrogen sulfide wes first passed
in, a Tine black powder separated immediately. After 36
hours several grams of a& bleck material had separated. The

contents of the flask were emptied in a ecarbon dioxide-filled
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dry box, snd the blsck powder sepsrated from the bulk of the
mwercury,., The droplets of mercury were sepaerated by the pe-
trolesum ether flotation technique.

" The dried mercury-free powder thus prepared wes analyzed
by combugtion in the apparatus previously employed in the
analysis of uranium hydride (Flg, 2). A modification was
introduced in order to determisne the sulfur conbent. This
consloted of a samall length of tubing holding several coiled
strips of platinum lunserted after the combustion tube, heated
to about 500°. This ocsused the catalytic oxidation of sulfur
dioxide to the trioxide. The mixture of water and sulfur
triﬁxiaé thus formed was caught in a small welghing tube con-
taining both sodium hydroxide and amhydrous megnesium per
chlorate. ’mhaa welghing this téhe gave the total of water
and sulfur Srioxide. The contents of the tube were then
dissolved in water and barium chloride added; the barium
aulfata:férmaa was filltered aff; ignited, and weighed.

‘In this fashion two analyses were run, giving H = 1.31;
0.92 per cent, and 8 = 0.62, 0.65 per cent. The samples
continously evolved %raeea of hydrogen sulfide, probably
be¢ansa of hydrolysis of uranium sulfide present by atmos-
pheriec moisture.

It thus appeared that the action of hydrogen sulfidse,
like water, also caused uranium hydride to separate from its
mercury suspension. In this case the hydride thus separated

probably continued to react slowly with the hydrogen sulfide,
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be concluded thet no exchange took place, and that when the
hydride or deuteride in mercury suspension decomposed, the
uranium thus released reacted wlth the mercury forming an
intermetallic compound, which does not reeect with hydrogen.
It will be recalled that with uranium hydride itself at 300°,

complete and rapid exchange with deuterium was observed.

3. Reduction of an Organic Compound with Uranium Hydride
Amalgam

It ﬁas shown earlier {p. 57) that although some organie

sompounds could be reduced with uranium nyﬂriﬂe; the reactlions
were unsuccessful from the gtendpoint of ylelding the expected
products. In order to determine whether the hydride amalgem
would be & more satisfactory reducing agent; an experiment
was conducted with maleic anhydride {41). Ten grams of
uranium was converted to the hydride inm a flask with & long
sesled off side arm holding 1.8 g. of maleic anhydride. The
flask was eguipped with a vertiecal tube which acted s an
air aaﬁdenser; and at the top was a dropping funnel holding
30 g. of mercury, which was run in, forming the amalganm.
The apparatus wss tipped so thalt the maleic anhydride could
be tapped in, and the flask was heated in a salt bath until
the qrgani@ compound began to reflux. After 15 minutes the
apparatus was coocled and washed out with dloxane. After

filtering, the solvent was evaporated. A thick brown syrup
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remained, very similar to the cne prepared from the urenium

hydride reduction itself. UNo crystals could be obtained,

C. Relsted Materials

It was of interest to determine whether mercury was unique
in its ability to wet uranium hydriﬁs; or whether other liquia
metals also had this property {46; 5&), Sodium forms alloys
with potassium which are liguid at room temperature; 20 ml.
of such an alloy, containing 40 per cent sodium, was allowed
to run upon two grams of uranium hydride in an apparatus siml-
lar to thet employed in the yraparatiaﬁ of hydride amelgens.
The sodium-potassium alley appeared to wet the uranium hydride,
forming e ocomposition of the same general sppearance as the
amalgams.

Wood's metal and tin were alsoc tested in a similar faeshion
(4L6). A flask aant&iniag 5.2 g. of uranium wae heated to
250° with hydrogen passing through it, until complete con-
version to the hydride had occurred. After cooling a lump
of Wood's metal (an alloy of bismuth, lead, tin and cadmiun,

m. p. 60.5°) weighing 16.8 ¢. was lowered on to the hydride.
The flask was heated until the slloy melted., After a few
minutes shaking, the alloy began to expand rapidly, forming a
spongy mass which ocompletely filled the flask (about 40 ml.).

It is probable that the liguld alloy wetted the uranium hydride,

and reacted with 1t, forming intermetallic eompounds of uranium
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with the constituents of the Wood's metal. This process
would liberate hydrogen in the interior of the mass, forming
a froth of the still liquid metal. The experiment was re-~
peated using tin (m. p. 232°) in place of the Wood's metal.
With the hydride prepared from 6.1 g. of uranium, 11.7 g. of
tin at 240° also expasnded rapidly to a spongy mass whose
valu&a wes about 12 ml. |

‘In order to determine whether mercury would "amalganate®™
hy&riﬂes other than uranium hydride, an experiment was aan;
ducted with the mixed rare aaéth hydrides prepared by héatiag
"jischmetall® in hydrogen {55). The rare earth metal mixture,
prineipally cerium and lanthanum, was quite impura; ané dia
not éisiategrata when heated in hydrogen. Mercury appeared
to have but little action on the product, but when some of
the mercury was poured out inte‘the ait, a fragile, ash-like
yellow encrustation slowly formed on the surface. The svi-
dence was insufficlent td distiﬁgaish between rare earth
metal amalgam and a rare earth hydride amaslgam. It would be

intersstlng to investigate these phenomena more fully.

VIII. USES OF URANTUM EYURIDE AND THE HYDRIDE REACTION

As stated in the introduction, there were several spe-
cific reasons for investigating uranlum hydride asside from

the general sclentific interest, and some of the predicted



85

applications proved fruitful. During the course of three
yeart's work with thls compound a number of other uses wers

found and developed. These are summarized below.

A. Laboratory Source of Pure Hydrogen and Deuterium

Urasnium hydride or deuteride affords a convenlient labo-
ratory reservoir for hydrogen or deuterium. The hydride or
deuteride is prepared at 250° in a flesk, and when needed,
the temperature 1ls raised to ewmﬂwdww value glves the de~
- sired gas pressure. A temperature of 430° 1s required to
give a hydrogen pressure 760 mm. The hydrogen or deuterium
thus aﬁawaaw,wm,ﬁ%mw of all w&@ﬁﬁp«wwww ineluding the rare
, mmmwm, The only precaution w@aemmmww;»m to lnsert glass
wool filters im the lines to prevent aaawmb»amw carrying of
the fine hydride wm««ﬂwwwm by the gas stream.

B. Mﬂmmmumﬂwsm.aw;@es&@ﬂam Uranium

Powdered uranium is saesily prepared by the thermal de-
composition of uranium hydride. The decomposition tempers-
ture determines the nature of the metal formed. That made
by decomposition et 450-500° is hard, and must be ground
using & mortar snd pestle in sn lnert atmosphers. Higher
temperatures cause the metal to sinter more; a shiny massive

lump is formed when heated to 900°. The recommended technique
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i8 to decompose the hydride under vacuum at 250-300°, aslthough
the dissocietion pressure at this tempersture is not great and
the decomposition is somewhat slow (p. 16). Metal thus pre-
pared is dark, slmost blaek, and exceedingly resctive., Its
use as & "getter®™ or "scavenger® in vacuum tube work is sug-
gested. JFowdered uranium nay also bs used in the preparation
of certain uranium alloys or compounds; for example, uranium
monocarbide, EG; is formed by heating the metal with the proper
amount of powdered carbon (56). It is usually more convenient
to mix the hydride itself with the other reaction substance
before decomposition to uranium metal., This was done in the
preparation of uranium trifluoride (p. 59). Still another

use of finely divided uranium metal is the purification of
hydrogen and the rare gasses (p. 54).

C. Preparation of Uranium Compounds

1. Wet Methods

Two resctions of uranlium hydride with solutions of oxi-~
dizing agents serve to prepare uranyl salts: the reasction
with a mixture of hydrogen peroxide and an acid (p. 38), and
with a silver salt and silver oxide (p. 44).

2. Dry Methods

Many preparations of anhydrous bilnary uranium compounds

are possible by reaction with gases {(p. 45 £f.). These include
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uranium tetrafluoride, chlorides, bromides, lodides, oxlde,
sulfide, nitride, and phosphide. The use of these compounds,
direectly prepared from uranium hydride, in the purification

of laboratory gases has been discussed (p. 54).

D. Isclation of Intermetallic Compounds

, “As uranium hydride is 1n sn extreme state of subdivision
"and as intermetallic compounds of uranium do not react with
hydrogen, crystals of the’aemgoaﬂ& can be separated by glev-
ing through a fine screen. When uranium elloys with tin,
with bismuth; and with aluminum sre yaﬁéered by treating

with hydrogen at 2509, the intermetallic compounds can be
separated on a 400 mesh soreen {S?l, An inert gas atmos-—
phere must be employed. The same taahniqaa may be employed
to separate inclusions of impurities such as uranium mono-
earbide from uranium., A modified procedure takes advantage
of the slow rate of solution of uranium hydride in non-oxi-
dizing acids; thus when a urenium-tin alloy is powdered by
conversion to hydride, the tin compound reacts preferentially
with dilute hydrochloriec or sulfuric acld, and may be leached
‘out (58).

E. Etching of Metallographie Specimens

Uranium alloys containing a matrix of uranium metal may

be stohed by a short treatment with hydrogen at 250° (59).
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The crystals of the compound are not affected, and after
removal of the hydride, they are plainly visible under the

milcroscope,

F, Maintaining a Gilven Hydrogen or Deuterium Pressure

. It is evident from the temperature~dissociation pressure
studies of uranium hydride that any desired hydrogen pressure
can be maintained in an apparatus by merely having a flask
contalning a uranlum-uranium hydride mixture at the proper
temperature connected tc the system, Deuterium and uranium
deuteride would behave similarly. Gases other than hydrogen
in the system which react with uranium or its hydride at the

temperature lnvolved, could not be tolerated.

0. Analysis of Metallic Uranium for the Free Element

A method for analyzing uranium samples for the free ele~
ment based on the hydride reaction has been developed (61).
A weighed sample is converted to the hydride, which ls then
thermally decomposed under vaecuum, the volume of hydrogen
evolved being measured, Few interferences are encountered,
since other metals which absorb and release hydrogen as
uranium does (palladlum, platinum, thorium, rare earths) are

rarely present in materials to be analyzed for free uranium,
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H, Other Applications

The attempted use of the hydride reaction in the sepa-
ration of the i1sotopes of hydrogen, although unsuccessful
to date, may with additional modiflcations yileld profitable
amounts of deuterium, A temperature-measuring device, cone
sisting of a hydrogen~filled bulb containing uranium, may be
constructed; the pressure of the hydrogen would give a
measurement of the temperature of the bulb. The slowness
with which equilibrium is reached and the avallability of
other temperature-measuring instruments will probably pre-
vent its use. Finally, the dehydrogenation of organic com-
pounds with uranium and the reduction of organic compounds
with uranium hydride are applications which further research

may prove to be effective,
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IX. SOURCE AND PURIFICATION OF REAGENTS, AND
ANALYSIS OF PRODUCTS

A. Bourcs an& Purification of Reagents

The common reagents used-acids, salts, mercury, eto.m
were of Analytical Reagent gquality obtainable on the market
and were employed without further gnritiaation.v The various
organic sclvents and eaﬁpounéa used were purchased from the
Hastman Ka&ak Company, Rochester, New York, and were of the
highest purity sold.

The uranium metal from which the hydride was prepared
was ﬁaaafaetured by the Project, as explained in the Intro-
duetion. Analyses are given in Tablsyl‘(y. 17). The uranium
tetrafluoride aﬁpl@yeﬁ iﬂ,tha preparation of uranium trifluo-~
ride wes also fram\Prajeot spuroes. Pyrohyﬁrolytié analysis

(43) gave the following results:

Caleulated for %?5, Found
U ‘75.8% 75.7%
F 24.2 24.0

The water content was found to be less than 0.1 per cent (62),
and the uranyl fluoride content approximately 0.4 per cent
{63). The deuterium used was prepared from heavy water,

also obtained from Project sources, by passing the vapor

over hot uranium turnings (p. 18). It was over 99.9 per

cent pure.
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Yhen ever poseible commerciel sources of coampressed or
liguefied gases were employed. This applied to hydrogen,
argon, helium, oxygen, nitrogen, ammonis, carbon dioxide,
hydrogen fluoride, hydrogen chloride, chlorine, hydrogen
sulfide, methane, and ethylene. The purificetion of hydro-
gen (p. 54) and the inert geses (p. 54) has &léeady been
described. Witrogen and hydrogen chloride were purified
by pessage over uranium nitride {p. 55) and triechloride
{p. 56) respectively. The remainderwere used without puri-
ricatien, The hy&ragen,br@mida was prepared by direct union
by the method of Ruhoff, Burnett, and Reid (64). Carbonyl
chloride was prepared by the action of fuming sulfuric ascid
on carbon tetrachloride (652 anﬁ was sorubbed with concen-
trated sulfurie acld. Carbon monoxide was generated by the
dehyaratian ef‘refmic acld with concentrated sulfurle acid,
and was washed with sulfuric acid. Phosphine was produced
by the reaction between yellow phosphorus aend potessium
hydroxide; 1%t was dried by passage through a dry ice trap.
Bromine was purified by shaking with concentrated sulfurie
aceid in a separatory funnel, with subsequent distillation

over phosphorus pentoxide.
B. Analytical Methods for Products

In some cases snalyses were nol necessary to determine

the composition of products formed, since a given weight of
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uranium wes used, end the total weight of the produet could
be determined, which gave the composition at once.

Uranium analyses were made aithar titrimetrically or
gravimetrieally, dependiang upon convenience. In the titri-
metric determinations the compound was converted into a
uranyl solutlon, reduced in an amalgamaeted zine-filled Jones
redueﬁer; aerated to re-oxidize the small portion of trivalent
uranium fermaa; and titrated with standard ceric sulfate using
ferrcus~l, 10- phenanthroline sulfate as the lndlcator (66).
The gravimetric determinations were made by either igniting
the uranium compound directly tc U30g; or precipitating am~
monium diursnate from solution, and igniting it to Us0g (66).

The aaﬁly&is of uranium hydride has already been dis~
cussed (y.l&:ﬁr.}, ﬁixtures of hydrogen and deuterium were 7
analyzed by the gas denslty balance of Stock and Ritter (24).

The urancus acetate was analyzed for tetravelent uranium
by direct titration. The ascetate content was determined by
distillation with phosphoric acid and titrating the scetic
acid in the distlllate.

Uranium trifluoride was snalyzed by pyrohydrolysis (43).
Uranium ehloriaaa'aaé‘hrsmides were ansalyged by dissolving
in weter, oxidstior of the uranium to the hexavalent state
with hydrogen peroxide, and praéiyitatian of the halide with
silver nitrate (67).
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X. CONCLUSIONS AND SUMMARY

1. Pure uranium metsl reacts ragi&iy with hydrogen at 250°,
yielding a fine, black, pyrophoric powder, uranium hydride.
Analysis shows a'ﬁam@gSitian corresponding to the formula
¥£2;97, but when the effects of impurities in taé metal are
taken into aaaagﬁﬁ; the formula of the Qam@annﬁ formed is
shown to be UH,.

2, Deuterium reacts with uranium analogously, forming uranium
deuteride. |

3, Uraplum hydride is alsa farmaﬁ by the action of stuam; cor
of cers&iakarganie @ampeﬁnda, such as tetralin, on uranium.
k. ?he physiaai and thermedynemic properties, x-ray‘aaalysis,
end the chemical zam@asitiaa ef urenlum hyﬁriaefindiaata that
it is not a aalia solutlion or interstitiael aa&paun& but a
definite chamieal compound. ‘

5. Uranium hydride may be thermally @aeampasaé; yialﬁing
uranium metal yawéar which is aXe@sﬁiﬁgiy reactive.

5, The general chemical properties of uranium hydride are
those of a strang redueing agent; 1t readily reacts with
oxidizing aganﬁs‘af all types, as well as certain organle
compounds. Some reactions in aqueous medium serve to pre-
pare a#&nyl salts.

7. Uranium hydride rescis with a wide variety of gases,

yielding in certain cases uranium compounds difficult to
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prepare by other means, The techniques are simpiq, and are
recommended preparstive. methods,

€, Uranium metal or its hydéride or certain compounds prepareé
from 1t are conveniently employed in the purifiecation of |
sévaral laboratory gases, |

9. By mixing the finely subdivided uranium hydride with other
cubstances also in the form of a fine powder, and heating,
the hydride 1s decomposed, leaving uranium powder intimetely
mixad with the other substance, with which it may resct on
stronger heating. For example, when carbon black in the
proper §r§§artien ls used, uranium monocarblde 1s formed.

lé. Employing the technique discussed above with urenium
tetrafluoride caused its raéﬁetiaa to uranium ﬁriflneride,
p?evieaaiy upknown. The trifluoride 1is a biaek, coke-like
salid‘ |

1l. Uranlium hydride readily forms “amalgems"; the evidence
shows that tn&‘§re§aratiaaé are not true solutlons in mercury
or trua’amalgama,‘but auagehsians; The amalgams vary in con-
sglstency from a fluld through a semi-solld to a dark solid,
as the uranium hydride concentration is raised. Ailr, water,
or hydrogen sulfide serves to cause the hydride to precipi-
tate from 1ts amalgam.

12, Several applications of uranium hydride and the hydride
reactions are: laboratory source of pure hydrogen or deuterium,
preparation of powdered uranium, preparation of uranium com- -

pounds, isolation of intermetallie compounds of uranium,
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etching metallographic specimens, maintaining a given
hydrogen or deuterium pressure, and analysis of metallic

uranium for the free element,
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