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DISCLAIMER

This report was prepared as an account of work sponsored by an
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CHEMICAL PROPERTIES OF URANIUM HYDRIDE
ABSTRACT

There are only two references to uranium hydride in the
chemical literature prior to the existence of the Manhattan
Project. The first of _tk-;‘a,se.' ‘gave no valuable ,_info:;mation;
the secm;}} was a patent iésued in 1931 of a general method
of prepari;ng metel hydrides. <The reaction of hydrogen with
the electrolytic uranium available at that time was found °

to take place above 200°, and a ¢rude dissociation pressure-

temperature curve was given. No chemical or other physical

properties were presented.

o

The intensive inves‘biga:ffions of uraniuwm hydride on the

Manhatten Project began early.in 1943, when it was found
that massivefhranim metal o_i__‘ hlgh purity, available for
the first time, reacted with Txydrogen at 250° forming a
black, pyrophoric powder. By thermal decompoéition of the
hydride finely divided and exceedingly reactive uranium
was produced. This powdered metal reacted rapidly with
hydrogen even at room temperaiure, with considerable heat
being generated. Uranium hydride was also found to be

L 3 i en0
produced by the action of steam on uranium at 2507, and by
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the action of tetralin or decalin on uranin;n, reactions
which also yielded naphthalens. Deuterium was observed
to react with uranium at 250°, forming uranium deuteride.

Analysis of uranium hydride by combustion and weighing
the water formed, by weight gain on formation, and by weight
loss on decomposition, showed that there were 2.97 hydrogen
atoms for every uranium atom. It was demcnstrated that the
ratio of hydrogen to uranium atoms in the hydride, counting
only the uranium not combined with the impurities originally
present in the metal (carbon, iron, oxygem, etc.), was 3.00,
makdng the formula of uranium hydride UHB'

The physical and thermodynamic properties of uranium
hydride were summarized. Formed at atmospheric pressure, the
hydride particles easily passed through a 400 mesh sieve, but
formed at high pressures, the product consisted of much larger
fibrous crystals. X-ray diffraction snalysis disclosed the
crystal structure of Uﬂa as cubic, totally unrelated to the
structure of the metal, which is orthorhombic. The unit cell
of the hydride, containing eight molecules, was frund to be
6.631 A on edge, corresponding to an x-ray demsity of 10.92 ¢
0.01 g./cc. The respective fiéures for uranium deuteride
were 6.620 A and 11.11 4 0.01 g./cc. - The particle densities
of uranium hydride sni deuteride, measured by the use
of & helium ih;_ensitometer, were 10,95 $ O.1 and 11.20 ¢
0.1 go/cc., :while the bulk density was about 3.4 gf/cc. A
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gseries of measurements of the densities of U-UH3 and U—UD3

mixtures, as a function of the composition, showed that the
relationship was linear within the limits of experimental error.
This established th&t the systems were either two-phase

gystems (U and UHB phases or U and UDB phases) or perfect

solid solutions. X-ray analysis showed that the hydride

could not be a solid solution, and wes in #11 probability

a true chemical compound.

Pressure-composition isotherms for uranium hydride had
a steep rise at the uranium side to a long horizontal section
representing a constant pressure. The curves corresponding
to formation of the hydride then rose rapidly on the uranium
gide, but the curves corresponding to decomposition contained
a pronounced dip at about 98 mol per cent hydride, just after
the horizontal, constant pressure section. An explanation
for this unexpected dip is lacking. It was 'found that hydro-
gen did not transfer from the hydride to the powdered metal

in a system maintained at 325°, Dissociation pressure-temper-

ature studlies showed that the Clausius-Clapeyron equation was

obeyed. The pressure for the deuteride was always about l.4
times fhat' of the hydride. The equations for the dissociation
pressures (in mm.) as a function of temperature were:

Hydride log p = =4500 4 9.28
T

Deuteride log p = =4500 < 9.43




calculétions based on the abm data uaing the van't Hoff
reaction isochore showed that the heat of the ieaction

‘ U+3/2H, —> UH,
weg AH = -30.8 kg.-cal. Direct measurement gave A4H = -30.5
kg.-cal. Attempts to sepsrate deuteriwm from hydrogen employ-
ing the hydride reaction were fruitlsss.

It was found impossible to preferentially leach the
ﬁ.ssion products from uranium hydride prepa.red from metal
previously subjected to deuteron bombardment in the cyclotron,
Gaseous ﬁasion products did not escape on conversion to
hydride;

_ The chemical properties of the hydride were investigated
in some detail. Althdugﬁ pyrophoric, the hydride could be
rendered air-stable by gradual ex;;osure to air, which caused
partial oxidation. Although nitrogen and carbon dicxide hed
little effect at room témperatnre » the hydride ,‘ once ignited,
continued to-burn in these gases. Added gradually, va'ber.bcaused
the evolution of some heat, but had httle other effect;
additd.om in a large amaunt at a t.ima caused deflagration.

The non«-ozidizing acids when dilute very slowly dissolved .
t‘ne hydride, but hot concentra‘bed sulmric acid vas reduced.
~Nitric aeid,. or acldif:.ed oxidizz.ng agents such as hydrogen
peroxide, dissolved thg hydride forming uranyl salts. Organié
sqivents tare | withont effect, except for the chlorinated

hydrocarbons, which i:!ere decomposed, sometimes with violence.

The more soluble.si al:.jt‘s reacted smoothly with uranium
e )
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. hwdride, libereting ellver metal in a spongy form; the per=
- ohlorate lon of ailver perohlorate was also reduced, yielding
‘eilve_r chloride, Other heavy metal salts reacted with the

hwd.ride &8 well, ’
It ws.a observed the.t the verioue ha.logen-bea.ring ga.see
reaeted with the hydride, genexrally at 250 » yielding uraniws

'ha._lides in fine, conveniently-handled powders. Thus hydrogen
) fluoride gave uranium tetrafluoride, livdrogen chloride geie

urenium trichloride, ‘and hydrogen bromide gave the tribromide~ |
the latter two halides were oxidized by chlorine and bromine ’
vapor to the respective tetrahalidea.A Steam reacted with the
hydride ‘yielding uranium dioxide, hydrogen sulfide gave ‘
uraniom disulfide, ammonia gave a nitride, and phosphine gave
the sesqui=-phosphide, U2P3 ‘I'hese reactions served admirably
as preparative methods., By the use -of ure.nium hydride and
certain compounds readily prepared from it, ;hhorough purifi-
cation of several common laboratory gases was achieved. Hydro-
gen chloride, for edoample, was freed of moisture, oxygen,

and chlorine by passing over heated \n'a.nium trichloride. The
rare gases could be rigorously purified by paesing over
powdered ura.nium at 700° hydrogen or deuterium could be simi-
larly treated or could be genereted by thermal deoompoeition
of the bydride or deuteride. ' A

' Attempts were made to reduce organic compounde with

uranium hydride. Although reactions oocnrred, none of  the

expected products oould be isolated, .

Fq
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By mixing uranium hydride intimately with urenium
tetrafluoride and heating to 1100°, the hydride was de-
composed, and the uranium liberated reduced the tetrafluo-
ride to uranium trifluoride, previously unknown. The tri-
fluoride was a dense black, coke~like solid, I—ra.y analysis
showed that its crystal structure was hexagonal, with two
!IF3 molecules per unit cell, with a = 4.13 A and ¢ = 7.33 A.
~—Heat.ing abave 1600° cansed—di.Sproport:.onation into uranium

""l“""'

andure-nlum tetrafluoride the latter of which sublimed away.
" The evidence quite strong],v suggested that‘ uranlumrlg'gr—{a; B !

is a salt-like hydride, in the same class as sodium and |
calcium hydrides, rather than an interstitial compound, as
is the case with palladium hydride.

Uranium hylride formed what z;.ppeared to be solutions
in mercury. These were termed "amalgams", although they
were probably not true solutions, since mercury nearly free
of uranium could be separated by centrifugal filtration,
and since amalgamation of uranium. hydride containing radio-
xenon (from the disintegration of a fission product) did not
cause the liberation of this gas. The amalgams varied in
consistency from a fluid through a semi-solid to a gray
powder with increasing hydride concentrations, and some of
them had a remarkable tendency to adhere to glass, forming
& mirror. The hyd.nde was found to be precipitated from
its amalgam by the action of air, water vapor, or hydrogen
sulfide. The product so obtained had an H/U ratio con-
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Tsiderably lo;var than ‘t.hree s showing é&tial attack by the
air, waterff or hydrogen sulfide, The amalgams were most
probably colloidal suspensions.

Uranium hydride and the hydride reaction proved to have
a number of practical applications. These included: labo-
ratory source and reservoir of pure hydrogen and deuterium,
preparation of powdered uranium, preparation of urenium
compounds, isolation of intermetallic compounds of ﬁranium,

{ e Py 3
R e 3 T S R S

etching of metallographic speqi.msns R

- e -0
QOB IEE W

maintaining a given hydrogen or dsuterium
pressure, and analysis ,6f metallic urenium for the free

element.
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"I, INTRODUCTION

A general investigation of the chemical properties of
uraniun and related materials was underway in the various
laboratories in the United States in 1942, first under the
auspices of the National Defense Research Council (NDRC),
and later undér the Manhattan District or Manhattan Project
of the War Department. The Project at Iowa State College,
under the direction of Dr. F. H. Spedding, had two principal
divisions: & section devoted primarily to the development
of methods for the manufacture of pure uranium metal on a
large scale, and a section to carry out researches into the
chemical, radiochemical, and physical properties of uranium,
the trans-uranic elements, thorium, the fission products, and
other materials. A process was developed (1) and large amounts
of pure uranium were manufactured by the first gection, and
were available for research purposes.

Methods of analysis of uranium for many trace impurities
were being cieveloped by a group under the direction of the
writer, and in addition investigations into thg general chemis-
try of uranium were undertaken. In March, 1943, an analytical
acheme for the determination of traces of calcium in uranium
was being developed, during which the first pure sample of

uranium hydride was prepared, the purpose being to leach the

calcium from the finely divided hydride. Although this

i




original aim was unsuccessi‘ul, waniom hydride itself proved
to be such an interesting substance that the primary attention
was directed to ite In the course of the next three years the
chemical and physical properties of uranium hydride were the
subject bof extensive researches by a mumber of different in-
vestigators; the present wr_iter's efforts were concentrated on
the chemical aspects more than the physical.

The reasons for the investigation, aside from the general
scientific interest by Project chemists in uranium hydride, were:
(a) the bossibility of leaching fission products from uranium
hydride prepared from metal from the piles, (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 in water-cooled piles, (d) the possible use
of uranium deuteride in the place of frozen heavy water as a
target for deuteron bombardments in investigating the reaction

d ¢4 d —) H3 4 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 discovered or developed, and
are discussed subzequently. |

Part V (Resumé of Physical Properties of Uranium Hydride
and Deuteride) is abbreviated and is included for completeness
end to make the following parts more readily understandabls,
although the present writer did only a minor part of the actual
experimentl.!al work described in this section. Credit is given

L .
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to the investd.ga’oor? up_::n whose work theée parts are based in
footnotes in the sppropriate places, in the literature cited,
and again in the Acknowledgements. This also applies to four
;subsections in Part VI and to one subsection in Part VII.

II. LITERATURE SURVEY

Thile conducting some experiments in 1912 on the solu~
bility of helium and argon in a number of metals at elevated
temperatures, Sieverts and Bergner (2) treated some crude
uranium powder with these gases and algo with hydrogen. They
noted that 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 available undoubitedly contained a large
fraction of urasnium dioxide.

The only other mention in the pre-Project literahzrq is
in a patent granted to Driggs (3) in 1931, which describes a
general method of preparing metal hydrides. Acéording to
this source uranium hydride was formed when the metal, a
sintered powder prepared electrolytically and containing con-
siderable oxide, was heated to 200-225° in hydrogen. A temper-
ature-dissociation pressure curve was given which has proved
to be in modest agreement with the recent data; for example
Driggs .gave the dissociation pressure of hydrogen at 360° as
about 20 mm., while the most recent determination (see Part.V)
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is 27,6 mm. Driggs recognized that the reaction of uranium

with hydrogen was exothermic, and gave the formula of the
product as UHA; it is now known to be UHB' No chemiecal or
other physical properties "aere presented.

The earliest experixnent (June, 1942) by Project investi-
gators involving uranium hydride was an incidental preparation
of the material during an attempt to cast uranium in a hydrogen
atmosphere (4). The formation of a dark, pyrophoric powder
was recorded, but the work was not further pursued. It was
March, 1943, when the extensive researches noted earlier were
initisted, after the present writer (5, 6) converted a sample
of pure, massive uranium to the hydride by heating it to 250°

in a current of hydrogen.

ITI. PREPARATION AND COMPOSITION OF URANIUM HYDRIDE
A. Formation, Appearance, and Recommended

Procedure for Preparation

In the first experiment designed to prepare uranium
hydride, with the aim of leaching out the calcium impurity
for snalytical purposes as explained earlier, two grams of
oil-free uranium turmings in a porcelain boat was heated by
a resistance furnace in a stream of hydrogen. The exhaust
hydrogen was bubbled through water while the furnace temper-

ature was "sldwly raised. Then the temperature was about
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250°, the rete with which the exhaust hydrogen bubbled through
the water markedly decreased for a few minutes, and then rose
‘to 1ts original rete. This showed that & certein amount of
hydrogen had been absorbed. After cooling to room temperature
the boat was withdramn, and was filled with a dark gray powder.
The hydrogen for the above experiment was prepared by the
action of sulfuric acid on zinc, and was dried with caleium
chloride. In the next experiment commercial tank hydrogen was
employed, and it was found that the reaction did not occur
until the temperature had been 250° for some time. An investi-
gation of the cause of this delayed reaction (7) disclosed
that it was due .to the presence of oxygen in the hydrogemn (the
tank gas contained 0.5 per cent oxygen). When the oxygen im-"
purity was removed, no delay in the initiation of the reaction
was encountered. A widely used method of removing the oxygen
from hydrogen is to pass the gas through & tube packed with
copper turnings heated to a red heat; this converts the oxygen
to water, which is removed by a dehydrating agent such as mag-
nesium perchlorate. Vhile this technique was satisfactory, it
was found that even more ,rigoro'us purification of the hydroéen
could be effected by passing it through uranium tumiﬁgs or
powdered uranium heated to 700° (see p.55). While oxygen im~
purity in the hydrogen caused a delay in the reaction when
Suranimn hydride is formed, it was found that an oxide layer
on the uranium used had little effect, and required removal

only if it constituteéd an undesired impurity in the hyd;'ide prepared.
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“ As ordinarily prepared uranium lﬁd;ide was an exosedingly
fine pcnder with a black or very dark gray oolore. Close ex~
enination showed & few emall, shinihg particles (inclusions)
scattered throughout the powder; these were probably the im~
purities of the metal, principally uranium carbide, nitride,
axide, etc. The preparations were generally very pyrophoric.

Based on the experience with the above and numerous ad-
ditional experiments, the following general procedure for the
preparation of uraniwm hydride is presented.

Recommended Procedure for the Preparation of Uranium

Hydride. The hydrogen used 1is purified whether it is

generated in the laboratory or is commercial tank hydrogen.

The apparatus is shown in Fig. l. Sufficient pulrification

is achieved for most work by leading the gas through a

quartz, Vycor, or Pyrex #172 tube packed with fine.copper
turnings and heated to 650-700° in a resistanceﬂiﬁlmace,
and then through a second tube containing amhydrous mag-
nesium perchlorate. The most exact mrk required more
rigorously purified hydrogen, which is accomplished by

passing the hydrogen from the above treatment through a

vertical tube (quartz, Vycor or Pyrex #172) containing
uranium powdered by conversion to the hydride followed

by thermal decomposition. This tube is maintained at

'700-'7500./ Fine glass wool filters are inserted at either

end to prevent any of the fine solid particles from being

carried mechanically into other parts of the apparatus.
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FIG.! APPARATUS FOR PREPARATION OF URANIUM HYDRIDE




The uran:l.um to be converted to the hydride, in.the
form of m:m:!.ngs or a massive 1ump, is cleansed of a.ny
oil with carbon tetrachloride or other solvent, driad,
and 1s treated with warm dilute nitric acid until the ‘
o:d.dg is completely ramavedo The shiny metal is washed . K
thoroughly with water end distilled water, followed by -
‘alcohol and ether. Aftéjr drying the metal is 1n§arted-
into the redction tube or flaek, which is provided with
a suiteble heating mesns’ and thermometer. ‘Hordzontal
tibes é.re beét heated with a hinged-top .‘resistrance
furnace,v while flasks are conveniently heated with the

aid of a low—melting nitrate—nitri‘be salt bath (8).

The reaction vessel must be large enough to accommodate
at least a ten-fold expansion as the metal is converted
to the hydride. Rubber coﬁnections are satisfactory : ' :
for preparations at atmospheric pressure, but ground
glass joints are ,beét for reduced pressure. The exhaust
hydrogen is conducted through a tr;p to a bubble bottle,
where ite rate may be checked, whiie & vacuum apparatus
is equipped with a manometer, the exhaust hydiogen és-
. caping through a stopcock to the pump. ‘
~ The air in the reaction vessel is flushed out with
the purified h;ydrbgen_at room tanperatui-e, and then the .
temperature is gradu"ally rai'sedo The metal keeps its }
luster up to about 200-210 when it becomes coated with
a thin layer of the hydride, which givea the suri‘ace a (
blniehn

appea,ra{nee.‘ ‘This color ’changes as the temperature
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245-250° tho hydride t‘.la.kee oft as a blaok powdor, o

exposing i‘resh our.t‘aoe.ﬁ men maaai,vo lompe of uranium

i ﬂl\

are used, the reaotion veesel should be tapped periodi-
cally to aid in ehaldng the hydride 1ooee. 'me reaction
18 complete when, on shutting ofr the hydrogen supply,

_ the water in the bubble bottle is not dram ba.ck, or in
the ca.ee of a veeuum egparaws, the ma.uometer showe no
cha.nge in presso.x:e uheethe hydrogen supply and exhauet

FeEp 8

stopcocks are closed. me hundred gzams of uranlum

!‘"“

turnlngs are completely converted to the hydnde in 25
to 30 m:x.nutes, _while a lnmp of the same mass requires

90 to 120 mnutes.

B. Formation of Uranium Hydride ifrom the Powdered Metal |

The powdered uranium prepared by the low=temperatiré-décom-
position of the hydride (pp. 16 and 85) proved to be exceedingly
reactive. Specimens:sometimes cauglit: fire'in’aweafbon’dioxide-
filled dry box. They absorbed ‘hydrogen: rapidly.%even at room

temperature, and became hot. kperiments showad that at the

R "’*3' ok b badi
'temperature of solid carbon dlonde (-'76 ) hydrogen was elowly

R Csdaey ot

abeorbed (9).
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In ooﬁneotion’ i the attempte o hydrogenate orgenio

e T :
PR s.-:,.,,'.\

compeunde under the influence of ureniun (p. 57) s it wes de-
Wil Ll
gired to detemine éhe effect of a.n inert so1 vent on the for-
’ T R
mation of urenium hydride. A SLew grams of clean urenium

turnmgs were covered irl‘bh m:.neral oil in a flask holding a

~q«rv~ RN

H L

delivery tube reach:mg to its bot.tom, and hydrogen mas bubbled

.t Y]
uRGAnE

in wh:.le the apparatus s bemg 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 Te-
action was perhaps Jo;:: hdn\dredt.h of the rate in the absence

of the mlneral oil. ) The slowness of the reaction was ‘believed

attributable to two factors: the low solubility of hydrogen

in t.he solvent at 250° and the mamner in which the mineral

A "

oil caused the hydrlde layer to adhere to the metal, forming

a.protective coating.

D. -"?F_OMti;bﬂp of: Uranium Hydride by the

St . o= e -Action: ofﬁsteam,aoanranlum

s du oned bewnde admenaogxd (o I
As pomted out in tbe Smyth report (10) the corrosion of
5 ¥ X H

P AY aor by

B v ‘_ EROOTES

uram.um slugs by wa‘l‘:er in a'water-cooledm p11e is serious\:eho{ig;h

to ne,cess1ta'_be jacketing the ‘metal, |
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In o:‘ié‘ier 4o determine whéther h&drogm or the hydride
la formed, a tube wes 'charged with cleaned uranium turnings
and placed in a furnace (1l). An argon stream was bubbled
through cold water and passed through the tube. After sweep~
ing out the air, the uranium was heated to 250°, and the water
was warmed to about 70°, This permitted the water vapor carried
by the argon to coms 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°. Copious 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.

o I .. | o,
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E. Formation of Uranium Hydride 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 spparatus. A séries 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 t;he flasks with argon, and each was sealed

off at its neck. The flasks were heated to 210-270° for 2% to

@
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7 days, cooled, and the urenium lump cleaned and weighed. In

the cage of the first four materials, the smount of attack was
negligible, ranging from 0.002 %o 0.02 per cent of the totael,
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, while the decalin (7 days)
caused 3.1 per cent of. the total to disintegrate.

The thermochemical calculations below show that it is very

likely that the attack of the uranium by the tetralin and decalin

ig due to the formation of uranium hydride. Naphthalene would

be i‘omed in each case. The equation for the reaction with

el R S

tetralin ‘j;s_g_____*’w L : S " .

*(,\} Rt C e o
i ; — R .
. g DA a;. - 3 . ~ed

...The anecrgy change for the above reaction wuay be calcnlated as

WP

&

followss The bond and resonance energ:.esd;'or the organic. com~
pounds are given by Wheland (14), and the heat of formation of

uranium hydride is taken from Part V (pe 29).

Reactants
3 x 4 = 12 C-H bonds = 12 x 87.3 = 1048 = 1048 Kg.-cal.
3x2= 6C-Chbonds = 6 x 58.6 _ = 352
3 x resonance energy of tetralin = 3 x 41 = 123

, Total 1523 Kg.-cal. -

Products : ' ’
3x2 =6 C-C bonds = 6 x 100 - 600 Kg.-cale
3 x 2 =6 H-H bonds = 6 x 103.4 - 620
3 x resonance energy of naphthalene = 3x 7 = 231 )
4 x heat of formation of UH3 = 4 X 31 = 124

' Total , 1575 Kg.-cal.

-Difference = 1575 ~ 1523 = 52 Kg.-cal.




In these calculations the resonance energy of tetralin is as-
sumed to be the same as that ‘of benzene, although it may be a
few kge.-cal. lowar, It is seen that the occurrence of the re-
action is favored thermally, 52 kg.-cal. being liberated by

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

A similar calculation may be made for the reaction with decalin,

F. The Composition of Uranium Hydride

l, Earliest Measuremsnts

Two 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 weight gains
showed a hydrogen to uranium ratio of 4.15 and 3.85 (5), which

. suggested the formula UH,, assuming that the hydride had a
definite composition. The hydrogen used was not purified, the
weight galns were not large, and the hydride samples were not
protected from the air during weighing. Therefore more accu-

rate analyses were made.

2. : Analysis by Combustion

An apparatus was assembled for the pmmﬁtion and oxi-
dation of uranium hydride, the water formed being weighed (15).
A sketch of the apparatus is given in Fig. 2. A Vycor com-
bustion tube was placed in a hinged-top resistance furnace
equipped with a variable tranaformer and e thermocouple with
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a potentiometer. Hydrbgen, purified by peesage over hot copper
followed by anhydrous magnesium perchlorate, was introduced
into the tube through ene arm of & three-way stopcock, the other

arm of which was connectegi through stopcocks to an oxygen supply,

~ an argon supply, and a vacuun pump with e.' manometer, as shown

in Fig. 2. The other end of the combustion tube was connected
to a emdll quarts combustion tube packed with cupric axide,

‘which could be heated with a flame., The exit of the small qugrts

tube led to & magnesimn perthlorate-filled weighing tower. The
hydride was. prepared and oxidized in a small quarts boat. About
seven grama of cleaned uranium turnings were used in each trial,
this giving approximate],y 800 mg. of waf.er. |
Hydrogen was passed through the apparatus and the furnace

wasg we.med to 250°. After caomplete conv'ersion to the hydride,

" the furnace was cooled, the hydrogen flushed out with argon,
- and oxygen a.dmittad. The oxidation was generally mild, some-

times without any glowing, but in se'veral cases there were

_amall eaq;los:.ons, the qua.rtz boat being moved and its contents

scattered, and t.he rubber stoppers being blown cut. The small

 tube hold:.ng fhe cupric oxide was keépt hot ‘during the o:d.dation

to insure cen'verti.ng bany free rxjdrogen fb'wat‘er.‘ In all cases.

some hydrogen was hberated as d.isclosed by the forma‘bion of

free copper, m a ferw trials the amount of hydrogen was 8o

great that f.he copper which was formed melted and hroke the

mbe. The oxidation was completed at 900 Out of fourteen

attempts four were completed wi thout mJ.shap, g:.v:.ng the

¢
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 folléwing. /U ratloss. 2:94, 2496, ;g;;é, 2.95. This. showed that
the formula was most Likely Uy, nd it also showed that on.
 this basis the hydride did not sbsorb additional hydrogen to
any “extent, even though 1t had cooled to room temperature :Ln
wto g .
In order to test the sﬁaﬁinty of ﬁranium hydride, two
trials were run wit.h one' modification.. After conversion %o

the hydride, the hydrogen supply was shut off and the pressure
reduced to approximtéqy O+l mn. The temperaturq was main-
tained at 2569 * 2° for 60 minutes, with the pump ruming.
Argox,} was then admitted, the aystem cooled, and ‘t'.he‘ oﬁdation -
:carried out as usual. The amount of water formed showed that
the vacuum treatment at 256° had caused‘_ 54».6 per cent of the
hydride to decompose' in the first-tria},, and 53.?_ per cent in

the second (also 8ee . 85).

3. ma;xsis by Welght Gain a.nd L:x Thermal Decomositio.

"o

Samples of uranium were converted to the hydr:i.de at 250
in a small tube with stopcocks at either emd (16) This per-
mitted a determingt;an of the welghjb_ ga.:_n on formation, and
gave a B/U ratio of 3‘.04 in ane trial aﬁd-2.97 in another.
The first is probably slightly in érrof, being to highs The
hydride samples ‘were: decomposed by heatmg to 4.00 under
vacuun until constant;yaight was attained. me loss in weight
' gave an avera.ge"H/U‘ ‘rﬁtiolof 2“.95.‘ In addition an apparatus
was constructed to detemine the ratio by the volume of

e e e S ——
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. hydrogen absorbed., ‘and the volume of hydrogen. 9volved‘npon
decomposition; these gave-2.92 and 2.94 respectively.

4s__The Effect of @m_\r__i‘ ities on the mgosiﬁon of Uranium
Hydride ) z -

The analyses of uranium hydride have éhom that the actual
ratio of hydrogen ,t° uranium is slightly less than three, nsmely
about 2.97. This disorepancy cannot be entirely accounted foi‘
by experimental error. It has baen hf?\md that the metal does
not react with hydrogen if the ﬁran;um is a constituent of an
intermetallic or other oompound, and since quite complete
analyses have been made of the ursnium in use, it has proved
possible (17) to calculate the effect of impurities. Table 1
gives a 1list of the major impurities in uranium and their
abundance in a typical sample. The compound in which the im-

purity is most likely to be present is givemn, as well as its

amount.
Table 1. Impurities in a Typical Sample of Uranium
Impurity . P. pe me of Present P. p. m, of
"~ Impurity as Compound
c 300 w 6100
Fe 60 UgFe 1550
¥n .5 U 130
si 50 . Ugih 0470
F 10 UFy 50
0 - . 00 1240
N 'UN 530

bl

cﬁﬁ&% 10070 or 1.007%




‘rﬁie maans that 1,0 per oent of t.he mterial aa mighed out
,oannot combing with "hydrogen. ‘l‘hua 11’ the frea uranim com~ ’
bines with hydrogen with a B/U ratio of amctly three , the
-over-all ratio wi.ll be ninaty-nme per cent of throe,

2.97. 8inoce 2. 97 1s the determined retio (within the 11mits
of experimental error and varying amounts of i.mpuritiea) ,

it is roqrt?u'm that the fqmla of pure urenium hydride is
UH3.‘ - -

Other investigationa have’ shown no substantial devi-
ation from this compositioli for uranium ‘hydride formed under
pressures varying from 0.3 to 116 atmospheres (18) and under

temperatures varying from 150 to 330° (19).

IV. URANIUM DEUTERIIE®

It has been found that deuterium reacts with uranium
in the same we.y that hydrogen does (6,' 13), forming a
deuteride with the same physical appearance as the hydride,
but with slightly different thermochemical propertieé (see
Part V). Attempts have been made to take advantage of these

differences to 'effecf a separation of deuterium from hydrogen,

1l

In this paper the term "hydrogen" is generally used to
egote protlum (H ) only, as dlstlngu:l.shed from deutenum
(8°) _
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but ncne has proved practiosl, The prop’ertiéd_ of wranium
/ deuteride paralleled thoss of the hydride very olosely.
Deouterium was ‘conveﬁiently pﬁpuéd by pessing hesvy water
vapor over uranium turnings at 700° (20), when the follow-
ing reaction occurred quantitstivelys
2D04T —> 2Dy4700,

This process serves admirably to convert samples of ordinary
or heavy water into hydrogan or deuterium.

V. RESUMK OF THE PHYSICAL PROPERTIES OF URANIUM
HYDRIDE AND DEUTERIIE' (6, 21)

A. Phyaical State

The partieles of uramum hydrlde were found to be small
enough to pass through a 400 mesh s:.eve, which retained the
larger inclus:.ons of impuritles. But when prepared under
high pressuraa (aa high as 126 ahnospheres) R the byd.rlde
cortained vthat a.ppeared to be flbrous crystals » some 6 mm.
1ong, and was much coarsers. '

By x—ray da.ffraction s*budies the crystal atmcture of

ura.nium hyvdr:.de has been fcund to be cubic. 'l‘his structure

-1

&
13

In addition to thelwriter, the following investigators .
carried out most of ‘the experimental work of this Part: - _
A. S. Newton, I. B. Johns, C. Johnson, k. Daane, R. W. )
“Nottorf, and R.' E, Elundle.




" is wholly nnrelated to that of uranium metal, which is -
orthorhombie, The ‘samples prepared under high pressure
yielded 'x-ray diffraction patterns with much_sharper'lines S
than the lbw-;preesure._preparations,i indicating eonaiderablev
 recrysteili: tion. The patterns mdi.cated' only a single
phase. X-ray enslysis is particularly adapted to the dis-
‘tiriction between compound \fermation-and solid solution or
interstitial compound behavior. The dissimilarity of the
hydride structure to that of urenium is evidence thst the
system is not a solid solution. The x-ra& data strongly
suggest that nranium hydﬁ.de 1s a true chemical compound.

The x-ray diffraction data showed that the unit cell
of uranium hydride, which eohtains eight molecules, is
6.631 A on edge, while ~the,- corresponding lattice constant
for uranimn deuteride is 6. 620 Ao A d:l.agram of the unit cell
of the hydride :La given in Fig. 3; only the uranium atoms
are dram in. v

The bulk deneity of uran:Lum hydr:.de was determined as
3.4 g./cco The particle dens:.ty, measured by immersion in
hexane, was roaghly 11.4 ”g./cc.. s b'ut' more accurate determi-
nations made u.elng a helium. dens:.tometer (22) gave 10.,95 =
0. 10 g / cCo: Smilar measurements with uranium deuteride
showed that its density was 11,2010.1 g /cc. . The x-ray
densities of uranium hydride a.nd deuteride were calculated as
1o.92*o.01 and 11.11+o.01 g. .Jec. respectively The.density of

P s reie e
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uranium metel s 18.97 ¥ 0.05 g./0c. It 1s interesting to
note that the density of the hydrogen slone in urenium

 hydride (.14 go/00.) 18 greater then the density in liquid
hyd.ragen :Ltaelf (0,07 g /ed )by a fac'bor of two.
Then uranium hydride powder was comprasaed at pressures |

up to'22600 atmospheres, it formed blocks of metallic _ap-

pearance with densities up-to 847 ge/cc.” The coarse type
of hydride which ias_‘ﬁrépared at high pressures could be
éoinpressed more than the ordinary foim p;"epa'red at atmos-
pheric .pi-essur?. ' ‘

A series of measurements of the densities of uranium-
uranium hydride and umiim-urénim dsuteride mixtures was

made’ usir-g the helium densitoneter. The purpdsa of these -

acxperiments was to determine whether there was a.mr deviation

from linearl‘by in’ the volme-composition relationship. If
the hydride were an imperfect solution of hydrogen in uranium,

a dmation from lineanty mld be expected whereas if two

' phases (a compound and unreacted uram.um) or a perfect solid

solution were present.there should be no deviation. The re-
gult was tl;at a plot,jof the specific volume (cc./g.) against
composition wﬁs blibrvxe‘a.r within the limits of error of the
txperiment (¥ 1 per c@nt).b The uranium-uranium deuteride
behaved similarly. I

13
g2
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B. Thermodynamic Properties

1. Pressure-Composition Igsotherms

Extensive pressure-temperature-composition studies have
been made on the hydride. One of the chief difficulties en-
countered in obtaining accurate data on this aspect of the
investigation was the slowness with which equilibrium was
attained. Thus at constant temperature uranium metal pre-
pared by the decomposition of the hydride took on hydrogen
rapidly &t the start, but on approaching the equilibrium
value the pressure changed' very slcily, reqt;iri.ng as much as
two days to become constant.

The pressure-composition isotherms of the palladium-
hydrogen system is here reviewed briefly as a ®normal® case.
The studies of Gillespie and Hall (23) show that at a
constant temperature pure palladium absorbs hydrogen as it
is introdgced, 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 formmla szﬁ,
when the pressure again rises. This is illustrated in
Fig. 4 for the 160° and the 180° isotherms. The substance
PdoH may be regarded as a compound, although its compo-
sition is not definite at the lowsr temperatures.

Isotherms for the uranium-hydrogen system were obtaineci

similarly, and they have the same general appearance, The

[ s




'180°
160°

ww ‘390

00s

Pd, H

HYDROGEN SYSTEM

0.4

0.3
PALLADIUM

THE

0.2

COMPOSITION — ATOMS OF H PER ATOM OF Pd
FG.




CI

357° 1sothern 1s given in Fig. 5. The uraniun hydride for
thess experiments wee held 15 a bulb surrounded by the vapors
of boiling merocury or other material, to insure constant
temperature. The manometer readings were taken after equi-
librium had been attained. Slightly different equilibrium
preasures were obtained, depending on whether the hydride
was being decomposed or formed; thus two curves were ob-
tained for each temperaturs. The higher curve was followed
on formation and the lower curve on decomposition. The
system is seen to be gquite different from the palladium-
hydrogen system.

Another remarkable feuture of the isotherm was a pro-

—

//

nounced dip in the lowsr curve in the region between 90 and -
98 mol per cent UHB.—MTh‘é dip was‘ reél aﬁd repro&ucible, and
appeared at both higfxer and lower temperatures. Samples of
composition near the bottom of the dip, when subjected to

x-rgy analysis, showed the presence of uranium and uranium

hydride only. This unique behavior is as yet unexplained.

2, Attempted Isothermal Transfer of Hydrogen from Uranium
Hydride to Powdered Uranium

Two bulbs, one containing uranlum hydride and the other
powdered uranium prepared by decomposing the hyd.ride, were
heated side by side in the same bath to 325°, at which

temperature the dissociation pressure of the hydride is about ‘

i
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55 mm. The two bulbs were conn;cted, and after ten hours

M te o mbne

the bulb which held the powdered uranium was opened to a
vacuum system. Only & smell amount of hydrogen was found,
and this could be accounted for by the volume of the bulb
and a hydrogen pressure of 55 mm. This evidence indicated
that uranium hydride dées» not consist of two hydrides of

different dissociation pressures, and is not'a solid solution.

3. Dissociation Pressure-Temperature Studies

Samples of uranium hydride and deuteride, partially de-
composed into the metal, were allowed to come to equilibrium
with hydrogen or deuterium at a series of temperatures. The
dissociation pressure of the deuteride was sbout 1.4 times
that of the hydride over all the temperature range studied.
For example, at 3570, the dissociation pressure of the
hydride was 134 mm. and that of the deuteride 186 mm., Aec-
cording to the Clausius-Clapeyron equation, the logarithm
of the pressure 18 a linear function of the reciprocal of
the temperature. Thias was found to be the case, as shown
in Fig, 6, the slope of the hydride and deuteride curves
being identical. The equations of these lines are (pressure
in mm.)s
Hydride logp = ;/T& + 9.28

Deuteride log p = =4500 4 9,43
: T
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Wen the reaction forming the hydride is writien
2 U+ 3HE —» 2 033 '

it is seen that the equilibriuvm constant is k = p"3 , where

p is the equilibrium hydrogen préssure. van't Hoff'g re~ .
action isochore may be stated in the form

dlnk =aH".
arT Aﬁ?
In this case

dlnk =-3d1ln
ar ar

Since  log p = -4500 4 9.28,
T

dInp =23 X 4500 = =8H
darT 3RT?

from which

. AH = -61.6 Kgo‘calo, or AH = -30¢8 Kgn"cal per m01
‘ o of uranium

This value has béen checked by direct measurement, using
uranium prepared by decomposing the hydride, since this form
of the metal reacts rapidly with hydrogen at room temperature.

The average value was 4H = =-30.5 Kg.-cal.

1

5 The Rate of Formation of Uranium Hydride and Deuteride

The rate of formation of uranium hydride depends upon

the temperature, the surface of the metal, the hydrogen

pressure, and the fraction of metal converted to the hydride. .

4




" decrease w.l.th decreae:l.ng pressure in a lomawhat oomplicated

‘rasm.on, in that the data indicated & 5/2 order of - reaotiog?
';‘he Id.netice- of the reaction have been incompletely investi-
 gated and wderstood. |
At -the same temperature deuteziﬁn; was observed to Tesct
with uranium at.a rate only about one fifth that of hydrogen. '
This‘, and the different dissociation pressuresb of the h'y_dride
and deuteride, suggested e possible means of separatiﬁg deuterium

from hydrogen.

Co Hydrogezlfbeuterium Separation Studies

A m:lxbure of knorwn eompos:.tlon of heavy a.nd ordinary
water was converted into ‘a mixture of deuterium and hydrogen
by reaptien with uranium A(p. 19), »and th:.e was converted into
a mixture of uranium deuteride anci hydride. The gas phase
in equilibrium with the‘mia_iztp.re was analyzed by the use of
8 density balance (24) capable of detecting a few tenths of
a per cent of deuterium. It; was fomd-tﬁat there was rapid
exchange at 300 between deuterium gas over uranium hydr:.de,
giving a m.xtnre of hydnde a.nd deruteride. ,

‘ In a typical experiment the uranium hydride-deuteride

mixture contained 19.8 per cent dmteﬁde. Ten samples of

ga8’ were ﬁthdram during thermal decomposition and each

. , I . )
anailyzed. The flrst contamed 23.2 and last 16.8 per
N o T # s Z
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centld;euteriuin.i - Theée data con'espopd to 8 aépa_fation factor

of 1.2, which shows relatively little enrichment.
*_gthree meter elec'orically heated glass column wes con-
gtructed and packed with urenium turnings, which wore con- '

verted to the hydride end .themaliy decomposed. Hydrogen was

<

pagsed up through the column at 250° in an attempt to use it
as a fractionating column by taicing sdventage of the small
separation factor. The ‘first gas coming off was analyzed,
but no enrichment of the smsll emount of deuterimn in hydro-
gen could be detected. Nodifications using uranium hydride

amalgams (p. 81) wers no more successful.

VI. mmmmmm

‘me data to this po:Ln'b have indiea'oed tha.t nra.nim
hyd.ride is best rega.rded a8 a true chemical compcnnd, rathor
than a solid uolution or interatitial compound, and thns
mu]d be ezpected to have chemical properties different from
those of metallie urani\m itself. Im. the naactiona at ela-
vated temperamres, howsver, t.here may be sone daubt as to
| whether nranim I\ydnde or t.he ﬁ.ne]y divided metal resulting
» trom t.he decompoaitian of the hydride is the aetual reactant.’

In low-temperature reactions, e.g. in aqueous solntion, it
is undoubtedly vthe hydridg which react,ra, vhile those which

~ occur above sbont: 350 or 400° gre most probably reactions
’ o i
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of the metals ‘At the intermediate temperatures it is diffi-
cult to estsblish whether either or both components react.

- At 2509, ror-exampie," the dissocistion presure of the
' hydride is 4.8 T 5 8O that in a atream of a reacting gas

such 88 hydrogen chloride the exposure of a fresh uranium
surface would cont:l.nua.lly occur. In virtually all reactions

" the same product ia formed‘fﬁrom the hydride or .the metal in

any case.  No attempt is made bo distinguish the two cases .
sharply,. for. even in those where it is knom that .the freshly
prepa.red pcmdered urenium is the reactant, the preparation
and debompoaition of the hydride are an integral pa.rt in
the process: , v

In general' {raniwm hydride reacts as a powerful reducing
sgent, and often has an effect similar to that of urenium
metal, whose chemical properties have also been manaively

investigabed (25). Since the inveatigations discussed below

. were. of a survey and exploratory character, only a few of

. them were ethstively stndied.

[

" A Rédiochémical Pi‘opertieé“
11 e . .

As- explnined in the introduction, the ﬁnely sub-

*divided character of the hydride immediately -suggested

leaching of :phe flss:.on products from ,ther material prepared . .

‘from nranimn, from thé pi.lea. In order to investigate thi.s,

8 sample of . uranium uhich had been subjected to a 53000—
micro-ampere hour- deuteron bombardment in the St. Louia
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oyolotron, end thue oontained measu.rable amounto of the
various fission producta, was converted to the hydride and
divided into two weighed portiona (26). The firet was

- refluxed with 0.5 N hydrochloric acid, and the second with

5 N hydrochloric acid containing small amounts of KI and the

chlorides of the féllow:l.ng metals ag carrierss Te, Mo, La;

Y, Zr, Ce, Ba, Sr, end Th, Vycor flasks were employed to
minimize adsorption. The solutions acquired a deeper and
deeper green color as the refluxing c§ntinued. Aliquots
of the first solution were teken periodically, cemtrifuged,
and eiaporated to drynees on & uatch—-gla,ga. The total
radioactivity was measured uaing s Lanr'itaen eleétroacope.
Aliquots from the second solutiom, ;ontai.ning_ the ;:arriers,
were aiso-ta.ken, a.nd a.na;lyzed by chemical separations (27).
The uranium in a.ll aliquots was detemined. ‘I‘he results
showed that no preferential extraction of any element
occurred, and that the activities of the solutions were in
ﬁropoftion to the amoupt of uranixm‘they contained.._ It
thus became evident that the fission products were dissolved
only when the uraniun hydride in vhich they were held was
also dissolved, and no enrichment vcould be achieved.
Further experimmtel were conchmted on the behavior of

the fiss:.on—produced Xenon in uranium when the metal is

1

. The remainder of the radiochemica; s*budles were carried out

by J. A. Mesaxﬂl. B, .Johns.

n -
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converted to its hydride (28). Among the fission products

present in neutron-bombérded uraniwm are three short-1ived
isotopes of kz'j'btm, which were allowed to decay before the
experiments were m‘a';de, and two lodine isotopes, which dis-
jntegrate into xenon isotopes of 9.3 hour snd 5.3 day half
lives. ‘

‘An apparatus was constructed which consisted of a re-
action flask leading to a bead tube containing satursted
addixm bisulfite; this was connected through a trap to a
heated cupric oxide-packed tube. The exit of the cupric
oxide tﬁbe led to a eudiometer filled with potassium hy-
droxide solution. The top of the eudiometer was connected
to a tube holding a Geiger-Maeller counter tube.

Samples of bmnbaz'ded' urenium were converted to the hy-
dride in the reaction flask. Any radicactive iodine carried
by the excess hydrogen was asbsorbed in the sodium bisulfite
tube, and the excess hydrogen was converted to water by the
hot copper oxide. A emall amount of argon Wes introduced

} along with the hydrogen into the reaction flask, so as to
prov:l&e a carrier for any traces of radioactive xenon liber-
ated. 'Iheﬂgad was cangb;h'in the 'eixaiémeter and then flushed

" into the coﬁnter tube; and any activity measured. Next the

. m‘rlde'cr'reduced ér‘gas’tire. The gases evolved were":age.jn coi- ,

uraniun hydride in the reaction flask was decamposed at 400° .

T4

' lected and the radiocactivity :g‘aa.’aured. Finally the remaining-




—_—

‘the hydride upon leaching.
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metal (in some cases re—corverted to the hydride) was com-

pletely dissolved in phosphoric acid, and the apparatus
flushed with carbon dioxide, which dissolved in the alkali
of the eudiometer. This permitted the calculation of the
total xenon radiocactivity.

The studies showed that the disintegration of the me-.
tallic structure of the uranium upon conversion to the
hydride caunsed less than one per cent of the xenon to be
liberated. Even on thermally decomposing the hydride less
than 15 per ecent of the xemon was given up. Complete solution
of the sample was necessary to cause the evolution of all of
the xenon. It 1s not entirely eiear.uhy the trace xenon
clings so tenaciously to the u.rgnium or its hydride, but it
is in keeping with the retention of the fission products by
Uranium hydride prepared in the
presence of some radioactive xenon failed to adsorb the gas.

Experiments on the behavior of the radicactive xemon in

ursnium hydride amalgems are discussed in Part VII (p. 68).

B. Action of Air, Nitrogen, Carbon Dioxide, and Water (13)
[
1, ,gg‘ and Oxygen

’jrhe pyrophoric natire 615'% the hydride has already been
mentioned. When the hydride is burmed water and uranium
oxide, 030;3, are formed. The reaction was not found ex-

plosive even when as much as 1500 g. was burned in the open -
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alr, MNumerous samples of the hydride

Wore not\ pyrophoric,
and it was found that'if a preparation wes exposed to small
amounts of alr at a time over an hour or so it could them

be handled in air withqut catching fire, although it was not
completely alr-stable. Evidently & protective layer of oxide
formed on each particle. When a semple was 8o treated, peri-
odic weighings showed that it was slowly being oxidized on
standing in the air, the rate falling to about half its origi-
nal value in 45 days. When handling uranium hydride in the
lgboratory, it is recome:;:ded that the operator take the pre-
caution of wearing asbestos gloves and a face shield.

Oxygen acts similarly to air, but more vigorously. It
was mentioned earlier (p. 15) in connection with the analysis
of the hyd.fide by combustion in oxygen, that some cases of
oxidation without ignition had been observed.

2 itro and Carbon Dioxide

For the handling and transfer of uranium hydride, a
"dry box" was oftem used, from which the air was flushed
with nitrogen, carbon dioxide, or in some small boxes, with
helium or é.rgon. The experience was that the hydride could
be handled safely.in either nitrogen or carbon dioxide if
care was taiten to flush all thefir from the box. When -
enough air was left in ‘the bax to ignite the hydride, it

continued to burn in either nitrogen or carbon dioxide s

[ .
¥k [ ==tV
Y3,
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forming uranium nitride or oxj.dé. These reactions are . fw;,

further discussed in Section F (p. 53). -

« TWater

It was observed that small quantities of the hydride
(1-30 g.) could be covered with water with no apparent
reaction; the odor of acetylene was detected, evidently
from the carbide impurities. On the other hand, when a
larger quantity (500-600 g.) of the hydride was wetted,
adding the water all at once, the mass deflagrated, the
sudden red heat breaking open the glass containers. Uranium
oxide was formed, and hydrogen was liberated by the reaction.

TWhen water was added dropwise to a large amount (400 g.)
of the hydride in a flask, a small amount of heat was given
off., The rate of addition of the water was adjusted so as
to permit the heat to be dissipated. In this fashion the
whole mass was ﬁzoroughly wetted without accident. The
reaction of uranium hydride with steam is discussed in

Section F (po 52)0 :

C. Action of Acids, Oxidizing Agents, and Bases (13)

1. Non-oxidizing Acids W

Hydrochloric acid, dilute or concentrated, hot or cold,
reacted only very slowly with uranium hydride.. The solutions '

took on a green color as uranous chloride was formed and hydro-

gen was liberated. Uranium me"t:al, even in the massive form,
. ) o

T




’ e;‘éacted with hydrochloric acid uithphenomenal rapidity.
The effects of dilute sulfuriec, perchlorie, and phosphoric
acids were similar to that of hydrochloric. The solution
rate in hot concentrated phosphoric was quite high.

There waa no reaction between the hydride and dilute
acetic aeid, but on boiling under reflux a brownish-black
apparently colloidal sugpension resulted. The hydride sus-
pension readily passed through filter paper but some solid
was thrown down by long centrifuging. The hydride did not
reasct with glacial acetic acid until some hydrogen chloride

gas was bubbled into the suspension. This caused & vigorous,
exothermic reaction, and upon cooling a light green precipi-
tate was deposited, which by emalysis (Part IX) was shown

to be uranous scetate (29). The reaction of acetic acid
vapor at elevated temperatures is considered later (p. 54).

2¢ ongmon ents

Nitric acid, e'it.her dilute or concentrated, was found
to attack the hydride violently, evolving the oxides of
nitrogen, and forming a yellow solution of uranyl nitrate.
On several occasions the concentrated acid caused ignition.

JSoncentrated sulfuric acid, when heated with uranium
hydride, was readily reduced to sulfur diocxide, sulfur, and
hydrogen sulfide. .

" Uranium hydride was attacked by thirty per cent hydrogen

percxide, emitting sparks. The product was an oxide of




N

uraniuwm. In the pa-oaemo of non-cud.dising acida, hyd.rogm |
peroxids caused rapidgaolntim of the hydride: to form the
-uranyl salt of the mcid. This a,fgorda 8 preparative means
' for uranyl salts.. For example, with eulfuric acid, urenyl
eulfato wms formed., Organio aelds, such;as acetic, oxalis,
te.z'tarie, and edtrie acids, d:I.d not alona attack uranium
lvdride, but with hydrogen peromde the. uranyl salte of
t.hese acids were formad. Equations for two .of the above
procasses ares ‘ | . Lo
2UHy e 9H0, ¢ 2H,80, —> 2 U080, 4 14 B0
ursnyl
S . - . .sulfate
2 UHy + 9 Bxy ¢ 2 5251.3496 - 2 2 T00,5,04 + 14 5,0
v . o tartrate

nmn an excess. of hydrogen. percxide was addod, peruranic
acid UO4 2H,0,. wag precipitated

.Strong oxidising agents, w:l.th dilnte sulfuric a.c:l.d,
rapidly diesolved uranium bydr:lde. &‘heae included ceric
sulfate, potaalium dichmma'be, pemnganate, 'bromate, and
A chlorate. Sodium hypochlorite alone had no effect; such
vf solui;ions ax_'g_s;l‘ightly alkaline,
. Bases .
Aqueons solutions ‘of sodiun, potaaaium, and a—mim
E ‘hydrondea had.no visible effect on the hydride. Sodim
; _cyanide, whose solutions are caustic, .also failed to react.




Do Aeucn:.‘ozao:.?uw W) .
M samples of uranium nydride were covered wAth a
gerien of solvants, t.he only visible -gffeo't m the evo- |
lutdon of very small bubbles for & fow houre, The bubbles
mey have been adsorbed hydrogsn. The solvents included |
~ bensens, toluene, h@e, ‘ether, -ethanel, uéune,'_ethyl .
acetate, amyl acetats, carbon disulfide, glacia) acetic
acid, and acetones - L ' .
" With the tirat trial carben ‘I';atrachloride ‘behaved as
the’ solvents above, but on a—secdnd-abqﬁite»violeht ox- .
plosion occurre'&;: A third trial with a smaller quantity
. of the solven_fc;,gguse'd a red glow or cbﬁtaét«with the
hydride. Carbon “was a visible product of each reaction,
snd hydrogen and uranivm chlorides were probably the
others, The reaction of uranium hydride with carbon tetra-
chloride vapor is given l:ln'Secti'on F (ps 50). Addition
of chloroforh and chlorobanzené to uranium hydride samples:
evolved more gas than solvents ‘sugh as benzene did, and
a 8light odor of hydrogeh chloride was detected. No vio--
lent teaétion took place. :
Liquid ammonia had no effect on the hydride. Mercury

appeared to form an smalgam, which'is discussed separately -

(Part VII).
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Eo Aqtioxlx of Metallic ]

. v r ‘ ‘ Lo

a. The resotions with silver seltg’. Silver salts in
geﬁeral were found to react mpicﬁy with uranium hydride
ylelding free silver end a uranyl salt. = Silver fluoride,
which is:-véry soluble in water, reacted exothermally with
the hydride, but since uranium tetrafluoride is insoluble
the metel was not oxidized beyond the tetravalent stage.
Some hydrogen was libérated,v and it is probable that the
main reaction can be written as followss

2 UH; + 8 AgF —> 2UF4+8A8+3H2
It is also po;sible that to soma extent the following re-
action occurred: |

UHy 4+ 7 AgF —> UF, 47 4g 43 HF

Solutions- of silver nitrate reacted rssdily, dissolving
the uranium hydride, liberating silver and hydrogen, and
forming a yellcw -solution.. The equation for»the mostlprobe.-
ble princlpal reaction jas ' .

2UH3+12AgN03+2320 - - 12Ag+2002(N03)2
L : o \HNOB $ 3 Hz

which leads to the belief that six moles of ailvor m

liberated for each mole of nraniun *\tq'dride conmod lh

t

1l
The react.lons of uranium hydride uith s:.lvar salts and most
.of the othar heavy méal salts were: mvestigated for the

groater part by J. A. Ayres. |
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order to uat th:l.a, lmowmn. mighta o2 uranitm were oomrted
to the hydri.do nnd treated with an excess of ailver nitrete;
the ailver formed was filtez-ed off, mahed, 1gnited a.nd

wi@ed. It was found that the avera.ge,mmber»of mols of
silver liberated per mol of uraniwn hydride was 5.8, and
this is easily explainsble cn the basis that the nitric
acid formed during the ..'reactim,qx:i.dized ;art. of .the urani-
um hwdrido.as followss L L

UH 45 HNO; ~» 3 NO 4 U0,(NO5), + 4 H0

. Wnereas gilver fluoride and nitrate oxidized uraniwm = °
hydride rapidly_, requiring only a-fer mimtes to consume a
gram er two, the less soluble silver salts ‘weremngh more
slnggish in their action. 'Th_us silier. sulfate‘,‘ acetate,
and tartrate solutions required four to twenty hours to .
digsolve grdm quantiti‘es of .the hydride.- .

Silver perehlorata however, - is: exceedingly soluble,
and reacted with the hydride part:.cularly rapidly. .
reagent also dissolves uranium metal rapidly, and this re-
action has been studied in some detail (30). Tt was found
that contrary to expectations, that some of the perchlorete
ion itself was reduced and precipitated &s silver chloride.
From analoy; “the- twe prmcipel ~reac:biona‘.wj.th urenium |

o i ) ) b

hydride. ma,y be .repr'ea_entedi -
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zvua-rnmm‘unao - ntsnuoz(clo,,)g-&

2 UHy ¢ 5 Ag010, —> 4m+w1+2uoa(clo,‘)a+3na

' The silver-silver chloride mixturs formed by the asction of

" either the metal or its hydride on silver perchlorate sepa-

rated as gray, spongy masees.

Silver perchlorate is abundantly soluble in toluene
(31), and it was obeerved that even in this non-aqueous
medium a‘rapid,_exothemic reaction with the hydride ensued -
(32).
of silver liberated ws 'eqnive.lent to the amount of froe

Tt was hoped to find a reaction in which the smount

uranim (as the hydride) present, in order that the silver
cculd be ﬁltered off and 'Ieighed, this operation eerving

a8’ an analytical method fcr the determination of elemental

nranimn. It wae prcved, houaver, that again a mirtnre of
eilver and cilver chloride was formed, and the reaction was
not adaptable to cnalytical worke. "A possible equation iss
| 2 UH; + 6 AgCl0, —> 2 Ag + 2 AgCl 4 Ag,0 4

2 Uoz(cm )2 43 B0
It may be that theee reactions would be useful in

analyses for the perchlorate ion. Treatment with an excess

of uranium or uranium hydride may reduce the perchlorate

quantltatively to chloride, which could be detemined by

the ordinary methods. ‘
l

b, Premgatim of Ml aaltco A meana of preparing
pure solut:.ons of: uranyl salts frcm the corresponding eilver




salts is suggested by: the above reactions. An excess of

uranium hydride would be employed, with silver oxide added
to neutralize the acids formed, The unchanged hydride,

“silver oxide, and silver would be filtered off, and the

filtrate would contain the pure uranyl salt. The equations
‘below 1illustrate’ the reactions:

2Ag281FG+2UH3+4Ag20 - 2002i1F6+12Ag+ 3 H,

fluosilicate
( 2Ag20311503+2U33 + 4 Agy0 ~> 2U02c3a5o +12As
i lactate R
+ 3 H,

A solution of uranyl aalicylate was prepa.red in this faahion
by heating a suspension of sa.licylic acid, silvar ?:d.de, and
uranium hydride. The filtrate conta.med l.4 mg. of a.nium
per 100 ml. presumably as the salicylate. The uaafu.mess
of this react:.on could probably be extended by further in-

vestlgatlons.

2. _Other Heavy Metal Salts

A mmber of other heavy metal ‘salt solutions were also
found to maét'with urani\mhy'dride; “The aotion of the
salts of copper, mercury, lead, tin, arsem.c, antimony,
bismuth and iron were briefly J.nvest:.gated. '
Cupric sulfate solutions failed to react with the
hydride at room temperature s but on bo:Lling, a slow reaction v
“took place as mdenced by the fomation of copper. A so-

1ut10n of cupric ammonium chlor1de, Wthh dissolves me‘oallic




iron rapid.ly without fomw;og of s pmcip:l.tate (33), was
found to react with urenium hgdrida violantly, oausing com~
plete solution. The copper was reduced to the omprous
state, forming a soluble complex with the semmoniwm chloride.
Mercuric chloride solution gave & rapid reaestion,
forming a gray precipitate, probably a mixture of mercury
and mercurous chloride. Mercuric nitrate also reacted,
ylelding scms free mercury. |
“Arsenic trichloride solution was found to react very
slowly at 100°, while sntimony trichlorids in 3 N hydrochloric
acid‘nberated ﬁ:ee antimony in an exothermic reaction.
Ferric snlfa‘be\' containing & little sulfuric acid dis-

solved the hydride slowly but smoothly at the boiling point.

F. The Reactions of Various Geses with Uranium Hydride;
The Preparation of Tri- and Tetravalent Uranium Salts

It has been found possible to prepare a mmber of tri~
snd tetmvnlénti uranius compounds ccnwnientlj hy passing
certain ‘zasses foﬁr the hydride at temperatures varying
-fromroontemperaturetom depsndingupmfbe speci.ﬁc
"reastion. A dry state may be maintained by this meana,

‘and in no case !18 it neesssary to exceed the melting point
of the prodnct, giving an a.nhydrous, ﬁ.ne, and easily-
'handled pouier rather than & fused ms. mly aimple appa~
ratus is reqnired; a typical aetpup is shom\in Flig. 7.‘ In v

general the methoda are far snperior to the older procedures.
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1. Preparation of Uranium Balidesl

a. Uranium te}t.rafluoride. Anhydrous hydrogen fluoride
was found to react smoothly with uranium hydride at any
tempsrature ranging frﬁm room tamperatﬁre to 400° (13).
Monel and nickel apparatus were use‘d.‘~ Ths product was a;
light green powder and snalysis (analyticel methods are
given in Part IX) showed fair conformity with the compo-
sition of urenium tetrafluoride, as followss

cglcﬁlate-d‘for UF45 Found.
] 75.8% “ T5.5%
F ” 24.21 23.91
The equation is:

2UH3+8HF - 2111?4-!"732

A series of hydrofluorination experimants with 1arge
quantities of urenium wes. carried out (34). In an sgitated
apparatus, the hydride reacted r#pidl&, 92, per cenf; of
an 1160 gram sample being _c_onver"bed within two hours. It
-was not found necessary to convert al;l. of the metal to the
hydrids before introd'uqing tﬁe ‘hydrogen fluoridas Hydro-
gen and hydrogen fluoride reacted a'ampltanbo"galy, Careful

temperature control was essemtiel.

| : _
]'The reactions of uranium. hydride with halogen-bearing gases

wore for the most part investigated by A. S. Neﬂbm, O. Johnson,
and R. ¥ Nottorf» L . JL.

T
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and tetrachibride. Anhydrous

to give a reddish-brown powder, which changed to.an olive-
éreen color on cooling (13). The hydride prepared from
262 g. of uranium was treated with hydrogen chloride, snd
the p‘roduCt obtained weighed 375 g., whereaé the conversion
to uranium trichloride;"UCIB,_ would ;}iem 379 g+ hnalysis
of the p’roducvt showed conformity with the composition of

uraniuwm trichloride: -

Caloulated for UCl, Found °
v 69.0% 69.2%
c1 31,0 - 29.4

Urénium trichloride was prepare‘d‘ by this reaction on
& number of occasions, and it waé:.'noticed that a small
amount of a white crystalline sublimaté formed on the
‘cooler regions of the reé.ction tube just beyond the po-
sition of the uranium trichloride (35)e A Dbit of this.
volatilé material gave :;é‘:-\ﬁegative test for uranium, but
positive tests for chloride ions. It was found that the
axﬁonnt of white ‘sublimate was increased if the uranium
h,ydride wasg expéaéd_ to air before reaction with the hydro-
gen chloride. This sti'bnglly suggested that .ammonium
. chlo;'ide was being pr@qed by fix.e action of ﬁydrogen\
chi_oride_ on a uranium nitride. In féct, vhen some pure
uranium nitride was t.rea?e'd with hydrogen ,chio:'-:_lde at ele-
vated temperatures, ‘th:op'iou- q@éptitie's 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 reaction that took place was uncontrollable, and a
molten product was formed. The chlorine was then diluted
with ten volumes of helium and the reaction was then rela-
tively smooth at 250°, A light green powder was formed,
which was essentially uranium tetrachloride, UCl4, a8 was

shomn by the following analysiss

Calculated for UCl 4 Found
U . 62.6% 63.6%
Ccl 374 37.5

A more convenient method of preparing uranium ltetra—
chloride was found by preparing the trichloride first, and
then passing chlorine over it, as followa:

UH3 + 3 HC1 —> 00134332

27ClL, +Cl,; =—> 2 U°14
The product was a yellow-yxcreen hygroscopic powder which on

analysis showed the following composition:

° Calculated for uc14 Found

U 62.6% 63.6%.
. 6.4,
Cl ? 374 3644

Mixed uranium halides were prepared by passing bromine
or iodine vapors.over uranium trichloride (36). Thus -

uraniun monobromotrichloride, UBrCly, was made as a ten

IS
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powﬁer by the action of bfémine at 2500. n x-ray diffraction
. pattern of this materizl was indistinguishable from tke
pattern of a substance made by melting together one mol of
uranium tetrabromide and three of the tetrachloride. This

and additional evidence suggested that the‘system UClA—UBr4
forms solid solutions. The mixed lodide, UIClB, was a dark
tan powder, which upon neatln; was deuomposed into iodine

end uranium trichloride.

The reactions of uranium hydride with two other chlorine-
containing cases were aisq}investigated. Carbonyl”chloride
and carbon tetrachloridgtVapor reacted smobthly at 2500,
although neither reactg_éppreciably-mdth uranium turnings
below 500°, .The producgs:from the'hydride in both cases
were contaminated with‘carboh or a carbide, and probably
were mostly the tetrachloride. Possible orincipal reactions
are: : |

2UH3+400012 - 2UClA+3H2+4CO

2 UHy + 2 CCl4 —~3» 20UCl, +3H,+2C

¢e Uranium tri- and tetrabromide. Rezcticns snalogous

to those with chlorine-containing szses vwere stervéd (13).
Uranium hydride prepared from 392 g. of uranium was treated

with hydrogen bromide at 3000 until the reaction vessel was

o
&
i

at conétant veight (20 hours). The product weighed 781 g.,
whereas 782 g. was calculzted on the basis of conversion to

uranium tribromide. Analysis showed close correspondence to

‘e
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the composition predicted:

Calculated for UBrS Found
U 45.9% - 50.1%
Er 50.1. 49.C

The uranium tribromide wes & reddish-brovn powder,

The reaction of bromine itself was examined by employing
helium as a carrier gas. The reaction was quiet at 3500,
yielding a light brown powder, wvhich by analysis vwes shown

to have the composition corresponding to the tetrabromide:

Calculated for UBr4 Found
U 4L2.7% L42T%
Br 573 : 5742

Uraniwa tetrabromide was also prepared by brominating the
tribromide; this constitutes the preferred procedure. The

product analyzed as follows:

Calculated for UBr4 Found
U  42.7% L2.4%

Uraniun monoiodotribromide, UIBrB, was made by the
iodination of the tritroride (36). It was a dark brown
hycroscoplc powder.

d. ‘Uraniun icdides. The status of the uranium iodides

is less satisfactory than that of the. other halides. The
products were found to be thermally unstable and to decompose
on standing, especizlly after being exposed to the air (13).

Todine vapor, carried by helium, was found to react readily
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with ureniuwm hydride forming a brown product. Rydrogen
iodide at 250-400° gave a similar product. Analyses were
uncertein, but the products were probably uranium t'r_i- or .
" tetraiodide or mixtures of these materials. _ |

The effect of enother iodine-bearing material was
tested, namely methyl iodide (37). The vapors carried by
hydrogen were passed over uranium hydride at 275-300°. ’A
brown product was foimed, ;hosé uranium content was found
. %o be 39.0 per cent., which is reaeonably close to the
uranium content of the triiodide, UIB, which is 38.5 per |
cent. '.l'he material was ignited by air, when fumes of io-

dine vapor were liberated.
ranium Oxide ulfide, Nitride and Phosphide

_ Then steam was drawn over uranium hydride prepared from
& known amount of urenium, the mass glowed, and after com-
pletion of the reaction, a bi'qm powder remained. The weight
chengs showed the product to be uranium dioxide, formed as
follows: _

2 UH3 + 4 H20 v-) '2700.2 -} 7 H2

The reaction between hydrogen véqlfide and uraniumn
hydride was investigated. Littlé‘ reaction was observed up |
%o about 400°, when the rea_.cfion mass increased in volume -
and formed a fine black powder. Uranium hydrlde prepared
from 10,03 g. of the metel yieldad 12.61 g. of the sulfide,

- é&ffﬁfd/




which corresponded to an 6/U ratio of 1.93. Tho product
was therefore most probably &wim disulfide, US,.

Uranium hydride was found t.o react fairly rapidly at
250° with either nitrogen or ammonis, yielding a gray
product. The weight gains showed both preparations to have
compoaitions lying between U2N3 and UN,, which, as a study
of the uranium-nitrogen system (38) has shown, is within a
continuous phase region.

Phosphine was passed over the hydride made from 2.35 ge.
of uranium until the weight was constant. The temperature
was /.000. The dark gray powder formed weighed 2.83 g.,
which corresponds to a P/U ratio of 1.55, and the phosphide

was most probably the sesqui-phosphide, UzPB.
Reactions with er (esges Vapors

The action of carbon dio:d.tie on uranium hydride was
found to be very slow but appreciable at room temperature,
with the rate steadily increasing wit.h the temperature (13).
Above about 300°, the reaction was quite rapid. The products
were probably uranium dioxide, and carbon or a uranium
carbide. -

The action of carbon monoxide was much slower. It
behaved more or less as 2n inert gas and uranium hydride -
was decomposed te the metal. This was discovered in an

attempt to preparo_quium earbonyl by the action of carbon

# e
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monaxide on uranium hydrids (26). pranium carbonyl hssv not
been prepared to date. ‘

Acetic acid vapor at 300° was found to give a brown
powder, presumably a mixture of oxide and carbide (29).
Hydrogen cyanide similarly produced a mixture of carbide
and nitride.

Then heated to 500° in a current of ethylene (13), a
slow reaction took place, giving a black product containing
unreacted uranium metal. Methane reacted similarly at 550°,

giving uranium monocarbide, as shown by x-ray analysis.

G. The Purification of Iaboratory casest

By taking advantage of the extraordinary reactivity of
the hydride and the powdered uranium formed by thermally
decomposing it, and of certain compounds prépared from them,
a particularly simple and thorough method of purifying
certain gases often'uéed in the laboratory has been developed
(39). These include the inert gases, hydrogen, deuterium,
hydrogen chloride, hydrogen bromide, nitrogen, and possibly
others.

\ The procedure for purifying the rare gases consisted of
packing a vertical quartz, vycbr, or Pyrex #172 tube with

cleaned uranium turnings, conversion to uranium hydride, and

1The use of ursnium hydride or substances prepared from it
to purify laboratory gases is due to.A. S. Newton.
i <] :
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decompc;sition under vacuum .e.t 500°. Glass wool filters were
packed into each end of the tube before the hydride formation.
In use, a stream of the inert gas was passed through the tube,
with the first 15 or 20 cm. of the powiered metal maintained
at 750 to 800° with a small resistance furnace. This left

30 or 40 cm. of the tube protruding beyond the furnace, caus-
ing'a temperature gradient, the last few centimeters of the
uranium column being at room tempersture. Impurities such

as nitrqgen, oxygen, weter, hydrogen, etc., were completely
removed by the metal; hydrogen alone passed through the hot
portion of the tube, but was absorbed by the cooler uranium
powder. As the heated uranium was depleted, the furnace was
moved along the tube. The .tubes used were slowly etched by
the uranium at the high temperature.

The purification of hydrogen or deuterium was done in
either of two ways. A bulb charged with urenium was sealed
through a stopcock to the apparatus in use, and after con-
version of the metal to its hydride or deuteride, the hydro-
gen or deuterium was driven off by hela.t. This batch process
gave hydrogen free even from the raral gases, The uranium
was used over and over again. A continuous process which
freed hydrogen from all impurities except the rare gases

was identical with the one for the purification of the rare

gases, except that the column of uranium metal was heated

over its whole length; a 10 to 15 cm. length was sufficient.

The purff"féd hydrogen dic; not tami:'ah a shiny uranium surface

at 600°.
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The uwranium trichloride prepared by ths reao'b:l.bn of
hydrogen ohloride with uranium hydride was itself very re-
active, and removed oxygen, water va.pof, and chlorine from
a stream of hydrogen chloride. In practice, a horizontal
tube was packed with uranium, this converted to the hydride,
and hydrogen chlorids passed in. After complete conversion
to uranjum trichloride, the tube was clamped in a vertical
position and its contents tamped down. Hydrogen chloride
wgs passed through continuslly, and was stripped of its im-
purities when the uranium trichloride was heated to 400-500°.
The purification of hydrogen bromide was exactly analogous,
employing uranium tribromide at 350-400°.

Nitrogen is difficult to free from oxygen impurities by
the classical methods. Uranium nitride was prepared by
passing nitrogen over the hydride at elevated temperatures,
and it was found th;t after all of the nitride had been
formed, the emsuing nitrogen was oxygen-free. Thus the ‘o:q-
gen impurity reacted wit.h uranium nitride, forming uranium
oxide and nitrogen, when the reaction tube was at 500°,

The purified nitrogen gave negative tests for axygen and
oxides of nitrogen. One advantage of these methods of
purifying gases is that in all cases gas-solid reactions are
employed, and the use of liquids is avoided.
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H, Reduction of Organic Compmmds

The possible use §£ ursniun hydride as & reducing agent
:tgr' organic compounds was apparént soon after it had first been
prepared in a pure state, Experiments were conducted using
naphthalens, msleic snhydride, and nitrobenzene (40, 41).

In the case of naphthalene, the experiment was made
using the hydrocarbon with a relatively smali quantity of
uranium, i.n.the hope that in the presehce of an exc;esa of
hydrogen, the hydride would be re-formed after it had re-
Vduced the naphthalene. Fifty grams of naphthglene and five ’
grams of clean uranium turnings vere ﬁeat«ed in a high-pressure
bomb to 250°. The hydrogen preésure was maintained at 104
atmospheres, and the bomb was shaken constantly. After an
hour the bomb was cooled, and opened, and it 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 original sa.mple, show.l.ng that very |
1little if any reaction had taken phcp. As a matter of
fact it ha.s ..a..lready. been shown (pe. n)'tﬁa?‘me reverse of
the above attemp.ted reduction is thermodynmically .favoi'ed, :
' namely the detwdrogenation of tetral'l.n and, decalin by |
'uranium to form naphthalene and uranium lwdride. . )

_ The reduction of maleic anhydride to snccinic anhydride
rwas attempted :Ln a similar manner, bnt at atmospherio preasure

The nranium used: waa powdered by hyﬂride fo:rmation and “

Kinic ey v
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ldecompoaition, and the maleio anhydride d:l.lsolved :I.n d:l.oxa.no
was added. Hydrogen was bubbled through the 1iquid as the
temperature was raised to 1oo°,'- but tests of the produot -
showed that no "aighifican-}a' am’oﬁnt §£'reactibn had occurred.
A modiﬂcatidn was tried as follows: wuranium (3.5 g.) was
~converted to its deride, and maleic anhydrida crystals

(2.0 go) was added. 'I‘he organic substance was melted and
_refluxed (b.p. 200° ) for 1..5 hours, when a viscous dark
brom liquid remained., Attempts to is_olaf.e crystals from
both water and dioxane were fruitless. The material gave
a.strong unsaturation ‘test (reaction with permanganate),
despite the use of an excess of uranium hydride; spparently
little or no reduction occ\irréd.; ‘

_The reduction of nitrobenzene to aniline was attempted
first using an excess of uranium hydride and second usiﬁg
an excess of nit'robenzene. In the fizjst trial 3.5 g. of
nitrobenzene was refluxed using a salt bath at 180-185
with 15 g. of uranium previously converted to the hydride.
After sixteen hours tae resulting paste was cooled, eX-
tracted ‘with eher, and filiered. The filtrate, which was
greenish, wae extracted with dilute hydrochloric acid; the
aqueous phase”was ther made "alknrlﬁxle.’ No oily layer of ‘
aniline Et‘ofx_ned, but rather a trace of an amorphous precipi-
tate, which could not be identifi,ed. In a second -experiment
with the excess of ﬁitroben’z'ahe (8 g.) and the same amount

. of uranium hydride as. befor;e, the flask was heated orily three

hours, the suspected gmipe,_vué.s separaéed as before, cooled

7/ ,/Z’ “’}?J
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in ae'.!.d gsolution to 0° ) 8 l:l.tf'.le scdium nitrite added, end
then alkaline ‘bete—napbt_hol. Only a slight pink color
formed, whereas aromatic amines usually ‘give vividly colored
dyes when subjected to this sensitive diazotiaétion-coup].‘[lng
test. Te eviderlce indicated that no amine was formed.

The sbove experiments are by no means exhaustive, and
ii is’ probable that lie §rocesse.s could be realized by

more axtensive investigatiens 3 the use of uranium dee‘heride

may also prove useful.

I. Uranium Triflourides Its Preparation
and Properties .

A.rlother reaction was discovered which again demonstrated
the exceedingly high reactivity of the uranium prepared by
the decomposition of uranium hydride. ‘Gonsiderable interest .
had been showmn in uranium trif]noride, and a number of at-
tempts had been made to prepare the substance, all without

| success. It was shom that although ‘l‘.he action of hydrogen
chloride on the m'dr:i.de yielded uranium triehloride, the
act:.on of hydrogen ﬂ.uoride nevertheless gave uranium tetra- .
fluoride. Uranium triﬂuor:.de was prepared for the I:Lret

4 time, however, easily end 'in large quantitiee, by the re- |

- duction of uranium tetrafluozd.de with uranitm powiered by

' decompoeition of the hydnde (42). Sin‘ce this represents .
the first preparation of thie substance, it will be discuesed

in some detail.
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In t.ho first experimant a few grema of uranium were

'converted to its hydride end decomposed at 2‘75 under vacu-
um. It was ground wit.h the stoichiometric amount of uranium
tetrafluoride in a carbon dioxide-filled dry box, trans—
ferred to a nickel boat, and heated in a quartz tube to 1000’
in a.stroam of argon. After cooling, the material was_ tested
by heating from roon temperaﬁure to 250° in an atmosphere
of hydrogen, and it was found that no absorption occurred, ,
indicating the absgence oi‘ mreacted uranium metal. The
; black mass was sub;)ected to x-ray _a.palysis, and a new set
o diffraction lines were found, | show:i.og the presence of a
newrphasie. Thus it was seen‘that‘urmit.m trifinoride had.
been formed ac\oording' to the equations ‘
U430, = 4UF
‘'The 'pr"eparation was 'repe"a*ted ‘on. a larger .scale by miw-
:Lng 101 ge. of cleaned uranium turnings vd.th 400 g, of pure
uram.um tetre.fluoride in a 1arge nickel tube holding a
delivery tnbe 1ea.d1ng to the bottom. "me system was flushed
| with hydrogen and heated to 250° until no more hydrogen '
was absorbed, and the uranium hydride-uranium tetraﬂuo-
‘ride nl;l.i:mre was cooled and mixed thoroughly by shaid.hg.
The tube was heated while a -sklow stream of"a.rgon.’ passed
through until the §omperature iasjnoo°, which was main--
 tained for two hou;'s. / Qn cooling a black, dense, ‘coke-

H

like product was observed. .




Analysis of the uranium trifluoride by the pyrohydrolytio
method (42) gave the following results: '

Caloulated for UF‘3 Found
U 80.7% 80.29
F 19.3 19.2

The analysis corresponds to & fluorine-uranium ratio of 3.005.

2+ Physical Properties

The density of uranium trifluoride, measured with a
helium densitometer (22), was 8.1 * 0.1 g./cc. The crystal
structure, as revealed by x-ray diffraction studies, was
hexagonal, with 8 = 4.13 £ 0.01 A and ¢ = 7.33 X 0.01 4,
with two UF3 molecules per unit cell. An attempt to de-
termine the melting point by heating & sample in a graphite
crucible surrounded by helium in an induction furnace gave
evidence that the material decomposed. A heating curve
gave a break at 1610° £ 20°; inspection of the crucible
showed a sublimate of fine blue-green crystals in the upper
part, which by analysis were shown to be impure uram.um
tetrafluoride. The residue was a blacit button cont#ining
90 per cent uranium, and was presumably uranium/dicarbide.
The evidence thus suggested disproportionation with subse-
quent reaction of the uranium with crucible:

4 UF3 -» 3 UF4 +0
U42C == TUCy

&
v ) .
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A -faw‘chemica.l reactions of uranium trifluoride were
examined. Then boiled with hydrochloric acid, a green pre-
cipitate“ formed in a green solution, with a little evolution
of a gas. This suggested the foilcwing reaction:

4UF3+4H01 -— 3UF‘4-§»U014-]»2H2
A mixture of hydrochloric and boric acids rapidly dissolved
uranium trifluoride. Silve'r perchlorate was quickly reduced
to the metal. Chlorine, bromine, and iodine each reacted;

forming the corresponding uranium monohalotrifltoride (36).

J. The Clasaification of Uranium Hydride

According to Emeleus and Anderson (M), the compounds
of the elements with hydrogen fall into three fairly dis-
tihct classes, namely: the volatile hydrides, the salt~-like
hydrides, and thirdly a group of’ substal"u‘:es'derived from '
metals in which the 'proportion Q:, hyd.rogen varies with
temperature and pressure. The last may be considered inter-
stitial compounds. An example of the first type is water
or stibine, o,f the second ty'pe sodium or calcium hydride;
and of the third class the palladium-hydrogen system.

Data on the rare earth metal hydrides are inaccurate and
contradictory, but they belong to the salt-like or inter-

stitial type, or to yet amother type.
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It is interesting to consider uranium hydride in re-
lation to the above classification. Th; foregoing studies
lead to the belief that uranium hydride is of the salt-like
type. The evidence for this classification is summarized
below:
| 1. The composition of uranium hydride, after

taking into account the effect of the various im-

purities, showed that the hydrogen-uranium ratio

was « whole number, namely three, rather than a

fractional value which is characteristic of the

interstitial hydrides.

2. The constency of composition of the uranium
hydride prepared over considerable temperature and
pressure ranges indicated the formation of a definite
compound,

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

_ 4« The linesrity of the density-compositlion curve

showed tha.t the system was not an imperfect solution,

8s may be expected of an interstitial system,

5. .The failure of hydrogen to transfer from the
hydride to the metal isothermally indicated the
absence of solid sélution phenomena, and of .two differ-

ent hydrides.




6. The x-ray diffraction studies indicated compound
formation rather than solid solution or interstitial

compound formation.

VII. URANIUM HYDRIDE AMAIGAM AND FEIATED MATERIAIS

A. Formation and Physical Properties of Uranium
Hydride Amalgams .

l. Formation, Properties, and Reconinended Procedure for
Preparation

In some experiments with a uranium-gold alloy, & sample
was treated with hydrogen at 250° until a powder resulted,
and an attempt was made to separate any elementary gold by
amalgamation (45). It was observed that the entire mass
was “wetted® by the mercury, and appeéred to dissoive. A
series of hydride samples prepared from pure uranium was
then treated with mercury, forming "amalgams'; of inereasing
hydride concentration (13). The preparations ‘were extremely
bright and shiny, and some had a merked tendency to 'a.dhere
to the glass walls of the vessel. The amg.lgams féiled to
adhere to any greasy spots inside the glass vcon'bainers. It
was found that hydride samples which had been briefly ex-
posed to the air prior to the mercury treatment were not

wotted and did not amalgamate. Close examination of a’
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shiny hydride amalgam preparation revealed the presence of
a few unaffected particles; these were probably the im-
purities present in the original metal.

The consistency and appearance of uranium hydride
amalgams as a function of concentration are indicated in
Table 2 (45, 46)e ‘

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

Concentration Description
10% U'[-I3 Much like mercury itself; scarcely
adheres to glass :
20 Definitely more viscous; adheres
to glass; has appearance of
gallium metal
30 Semi-fluid mass; adheres to glass
readily
40 ' Semi-solid; hardly flows; adheres
to gless
50 Stiff semi-solid; does not flow;
adheres to glass
60 Borderline between solid:and semi-
. ,80lid; adheres to glass in spots
70 Light gray metallic looking powder;
does not adhere to glass
i 80 ‘ A gray powder; pyrophoric - |
3 : 1
i 90 A dark gray powder; pyrophoric

-y :
T
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When uranium hyd:."ide amalgams were prepared, no heat

was given off, This 1s in contrast to the process of




forming emslgems of uranium metel, powdered by formation
and decomposition of the hydride; a small but definite
amount of heat is liberated as uranium-mercury interme-
tallic couipounds are formed (47). |

Uranium deuteride was found to form amelgams indis-
tinguishable in appearance from hydride amalgams,

Recommended Procedure forv the Prepai'ation of
Uranium Hydride Amalgams}, " A simple apparatﬁs such as
that shown in Fig. 8 is constructed, and the flask
charged with a knomn amount of cleaned ursnium tum-
ings. The desired amount of mercury is poured into
the side-arm r_eservoir, and the whole apparatus flushed
tharoughly with hydrogen purified over powdered urani-
um, The flask is lowered into & molten salt bath and
heated to 250°, A.t‘foer complete conversion to uranium
hydride, the flask is removed from the bath, cooled,
washed, and dried. The inlet and outlet stopcocks
are closed, leaving the apparatus full of hydrogen,

" or, alternatively, the apparatus is _efvacuated before
closing the stopcocks. T:tze mercury reservoir is
rotated in its ground glass joint, pemitt:'&ng the
mercury to flow dom onto the hydride‘

Many modifications of the apparatus and pro-
cedure above may be made. The mercury may be stored
in a separa;te ‘i;unnel and permitted to run in by opening
a stopcock, or may be held in a.side arm until needed,

when the whole apparatus is tipped. Substances other
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than m_efcﬁry (ae'“' in ‘e\a:periments-qn the chenﬂ.eel i)roper-
‘ties of the hydride amalgam) ma,y be introduced by the
' rotating ground glass joint technique. Thickened con-
strictions for sealing off under vacuum may be bu:j.lt.,
in. Wan-fitting rubber stopper. connections are
sati.sfactory if no great time elapses after preparat:.on

Aoi‘ the hydrlde.

2 The R;adidchemical Properties and Nature of Uranium Hydride
Amalgams

The fonﬂation and the uncom and unexpected characte:
of urenium hvdx;ide @algéms gave rise‘ to speculations on the
disposition of the hydride in £‘he mercury. Samples of the
semi-liqu:.d amalgams were flltered centriﬁtgally through
porous alundum disks (45); Tt was found that the filtrate
contained less than 0.1 per cen;h hydﬁde, ihiie the residue
Wwas a more concentrated, nearly solid amalgam. In ‘experi-
ments in which some hydride a.exelga;ne ‘were being compressed -
in steel dies at high pressures (46), mercury almost free
of urenium was extruded from the crevices; the uranium
hydfide‘eoncentra;tion was raised from 60 to 67 per cent,

The radiechemical studies discussed previously‘ (p. 32)
wWere extended to hydr:.de amalgams prepared from bombarded
uranium contain:ing radioactive xenon. An apparatns con~-
sisting of a flask with a sealed-off side amm containmg

mercury, connections for introducing hydrogen, and a




counter attached through a stopcock, was cﬁar-ééd with the
bombarded uranium. After conversion to uranium hydride, in
which process less than one per cent of the radio-xenon es-
caped, the apparatus was tipped so that the mercury flowed
onto the hydride, forming the amelgam. Again not more than
one per cent of the xenon was_released, as shown by the
counter. Even when the amalgam was boiled, very little mors
of the xenon was liberated. It was found that in order to
effect quantitative release of the radio-xenon, the ursnium
hydride had to be dissolved completely in such reagents as
silver perchlorate so_lution, |

It was necessary to conclude from the above experiments
that uranium hydride emalgams are not true solutions, but
that they are suspensions of the hydride particles in
mercury. The amalgams are in all probability colloidal dis-
persions in which each particle retains its own structure.

No previous examples of such a hydride amalgam are known.

B. Chemical Properties of Uranium Hydride Amalgams

1, Action of

a. Coagulation of the mde amalgams by exposure to
air. When a liquid uranium hydride eamalgam was exposed to
the air, a dark brown powdery. a_ubsténcq began to appear on
the surface in & most remarkable mamner; small brown spots

sppeared which grew until the whole mass was.covered. In
o . f ‘ .

4
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some investigations of the reaction ang lbf«.ithe brown produot
(46), 270 ge of 20 per cent uranium hydride amaigam was pre-?‘
pared and air wes bubbled through it for 12 hours, when &
large amouﬁt of brown precipitate had formed. The mixture
wes exposed to air for 48 more hours. Enough heat was
evolved by the aeration to maintain the temperature of the
entire mass 6° above roam temperature for several hours
from the time the aaration degan. The bulk of the meroury
wae then aepérated by pouring through & paper oone'ith a
pin hole in its apex. Although the mercury came through
shiny it rapidly ternished, and yielded 15 to 20 g. more
of the powder on further exposure to the air,

The brown powder wag intimstely mixed with mercury,
It was analyzed in the aame fashion that uranium hydride was
(pe 13), 7 to 10 g. samples being used. The combustion in
ofygen was sometimes violent. The mercury contained in the
sample condensed in the coolqr end of the combustion tube.
It wus dissolved out with nitric acid at the end of the
analysis and titrated with stsndard potaseium thioccysnate
solution, using ferric alum as the indicator, asccording to
the method of low (48). The weight of mercury thus found
was subtracted from the weiglxt of the semple taken, permit-
ting the caloulations of the analysis of the brown powder
on & mercury-free basis. The following results were
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obtained:
' v
Trial 1 o 97448 1.17% 2.85
Trial 2 9747 1.16 2.82

These showed that the brown paliei' was 8till mostly uranium
hydride, probebly mixed with uranium dioxide, which is brown.
That the brown powder was principally urenium hydride was
confirmed by other evidence. Its x-ray diffraction pattemn
was identical with that of the ordinary hydride. Samples

on several occasions\ caught fire apmﬁneously, reacted with
nitric acid, with hydrochloric acid-hydrogen peroxide mixtures,
and with silver p.erchlbrate:solution in the same way uranium
hydride did. Another sample was heated in a vacuum, dis-
tilling off the mercury, and decomposing the hydride to free
uranium. This readily took up hydrogen again, and the
hydride thus formed again formed an amalgam, but a consider-
able amount of scum was left unaffected by ﬁie,pggcu:y; this
was presumably uranium oxide.

Some difficulty was encountéredii in separating the fine

‘droplets of mercury frcm the brown p?wd_er;.; A fairly satis-
factory way was devisefi, 1hich cons:.sted éf éuapending the
powder in petroleum ether, which left most of the mercury
towards the bottom of the coataining; vessel, and decanting
quickly into another vessel (49). ‘I‘irls o;}.era;ti;:n was |

repeated aeveral t.imea,“ which gave a prod\i;ct quite low in

[
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| moroury. A petroleum ether ‘suapeneione‘ o;‘ r;;hia material was
filtered using a sintered glass crucible with suction; the
wotted powder formed a mat ageinst the fritted-glase bottom,
while the merocury had a tendency to collect together in e
drop, which could be removed. In this fashion several grems
of product waas pfoduced‘ wh;.ch gave a negative test for
mercury.

An interesting observation was made incidental to the
work described ebove: Some 25 per cent uranium hydrideb
amalgem, left over from a previous experiment, was frozen
in an impression in a 1ump. of solid carbon dioxide. After
freezing solid, the surface was scraped clean; the shiny
appearance was not changed by tarnishing, even overnight,
except for the condensation of atmospheric moisture (50).
Yhen theA ‘frozen pellet wes removed and allowed to melt, the
characteristic formation of the brown pow:ler' took piace as
usual.

b. Rate of coagulation of uranium hydride amalgams by
exposure to air. In order to learn more about the process
by which‘aﬁ causes’ umnium. hydridé to separate from its
amalgams, two amalgams were prepared in wide mouth flasks,
and exposed to air for periodic weighings (46). The first
‘preparatign was 106 g. of a 28.7 per cent hydride amalganm,
and the second was 111 g. of a 30.8 per cent amalgam. After

exposure to the air the samples were weighed frequently at




the beginning, and then less a_.nd_vl;‘s‘s‘ frequently. The weight
gains were follcwed for three years, and are given in Table 3,
The brown powder gradually darkened, finally becoming black.
The data for the £irst semple in Table 3 are plotted in Fig. 9.
This shows that the most rapid abaorptiof;‘of oxXygen occurred
at the beginnings; thé rate dropped in the case of the first
sample from en 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 probebly attributa-
ble to two processes; the action of oxygen which precipi-
tated the hydride from the amalgam, and the subsequent slow
oxidation of the hydride on standing in air. After standing
for 1092 days, the weight gain of one sample was 74.5 per
cent of that expected for comversion of all of the uranium
to U308'

" ¢e Rate of formation of water by the aseration of uranium

hydride amalgam. It was shown earlier that the hydrogen to
uranium ratio of the hydride precipitated from éxnalgams was
lower than in the pure hydride, 1. e., about 2.83 rather

than' 2,97. It was shown above that the rate of gain of

‘oxygen was initially rapid, and ‘i:hen tapered off. When the
H/U ratio dropped to 2.83 after the hydride was precipitated
from mercury by air, the most probable fate of the hydrogen
lost was the formation of water, and it was mtere‘sting to l
 determine the rate with which water was formed,- and compare

it with the rate of weight gain.
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Table 3. Weight Gain of Uranium Hydride Amalgams
on Exposure to Air _ '

oy ismaitni
vinaa. e

ey
————

__Sample No. 1 Sample No, 2 :
Total tims elapsed Gain Total time elapsed Cain
' (days) (mg. ) (days) (mg.)

0.0 0.0 0.0 0.0
00035 4e6 : 90035 2408
+007 842 021 - 56.5
.13 87.0 15 152
°19 120 025 194
67 212 _ o7l 260
«97 231 1.00 27

1.66 253 ' 1.67 298

2.62 2175 2.25 315

4e59 310 : 3.63 347

5.62 326 4o67 366

6,67 341 5,71 384

7.15 352 - 6.70 399

8.63 365 7.70 IATA

9.67 381 8.7 432

10.9 397 9,90 451
11.8 406 10.9 463
13.9 430 12.0 480
15.1 443 A 13.0 490
16.6 : 460 1.1 506
17.9 475 5.7 525
19.1 489 17.0 : 541
20.6 506 18.2 559
2247 520 19.7 _ 578
25,6 546 21.8 594
27.7 564 26,7 645
32.0 595 31.0 681
37.8 642 36.9 _ 736
4645 704 4546 808

53.8 751 - 52.8 861

83.0 912 8l.8 1042

200 2102 : 199 2381

590 3127 589 3526

1092 4006 1091 4533
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One hundred and thirty-four grems of 21.6 per cent

uranium hydride amalgem was prepared in a flask equipped

with a delivery tube leading under the surface of the mercu-
ry (50). A slow stream of air, dried by anhydrous magnesium
perchlorate, was bubbled through the liquid, and was then
filtered through a tube containing fine glass wool to remove
suspended particles of the éolids. The stream was then
passed through a small tared weighing tube packed with an-
hydrous magnesium perchlorate,;which was weighed periodically.
Table 4 below shows the amount of water formed over a three-
month period.

Table 4. Formation of Water by the Aeration of
Uranium Hydride Amalgam

Time elapsed Water formed

(days) (mg.)

0 0.0

2 14.3

7 29.0

]-4 4609

23 58.2

33 67.0

55 82.0

The data in Table 4 are plotted in Fig. 10, and it is
seen that the water i;s formed most rapidly at the beginning,

the curve having the same general shape as that in Fig. 9.
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d. The aeration of uraniun amalgams. It is of interest

here to briefly present the results of some experiments on
the aeration of uranium amalgams, as contrasted to the urenium
hydride amalgams. The uranium eamalgams were prepared by ad-
dition of mercury to finely divided uranium formed by decom-
posing the hydride (45). Some heat was given off, indicating
that intermetallic compounds were being formed, It was found
that Sn exposure to air a rather rapid increase in weight
took place as a dark solid separated (52). If the weight gain
had corresponded to the oxidation of the ufanium to U308’ a
gain of 15.2 per cent would.be expected, based on the uranium
alone; actually one sample gained 19.9 per cent, another

22,0 per cent, within a two-month peri'bd. This strongly sug-
gested that oxlidation of the U-Hg intermetallic compounds |
gave oxides of both element.é rather than of uranium alone.
Support of this conclusion was gained when an oxidized sample
was leached with dilute hydrochloric acid, which'dissolves

HegO but not U10 the leachixigs gave a strong test for mercury.

g’

2, Action of Water Vapor

It had been observed that a precipitate formed when
uranium hydride amalgams were treated with water wvapor. This
reaction was studied by amalgamating the hydride prepared
from 10 g. of uranium with 70 g.  of mercury in a small flask,
and passing purified hydrogen, saturated with water. vapor,

through the apparatus for a month (53). The afié.sk and its -

a) e
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contents were weighed periodically. A grayish-brown emn-
crustation slowly formed over the surface of the amalgam,
The weight gain was about 15 mg. per day at the beginning,
gradually dropping, until after 10 days it was about 5 mg.
per day. After a month the hydrogen stream was shut off
and a little water poured into the flask, which was allowed
to stand another month. A slight preasure was built up
during this time, which was relieved by occasionally open-
ing the stopéock.

The water was decanted off, and the powder was sepa-
rated, washed with alcohol and ether, and dried. A sepa-
ration from the small droplets of mercury was made by the
petroleum ether suspension technique already described (p. 7).
The dried brown powder freed from mercury burned readily
when ignitsd. Analysis of the materiel for uranium by ig-
nition ®o U3Cq disclosed that it contained 96.6 per cent
uranium, which shows that it was mostly uranium hydride,

presumably contaminated with a uranium oxide,

3. _Action of Hydrogen Sulfide

Some 25 per cent uranium hydrida amalgam was prepared
ila fla.sk,‘ axfd a slow stream of hydrogen sulfide passed
1
through (50). Then the hydrogen sulfide was first passed

"in, s fine black powder separated immediately. After 36

hours several grams of a black ma.terlal‘ had separated. The
contents of the flask were emptied in a carbon dioxide-filled
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dry box, and the black powder separated i‘ro\ﬁx @ﬁe bulk of the
mercury. The dropléts of mercury were separated by the pe-
troleum ether flotation technique. _ _

The dried. mercury-free powder thus prepared was analyzed
by combustion in the apparatus previously employed in the
analysis of uranium hydride (Fig. 2). A ﬁodification was
introduced in order to defemin&the sulfur content. This
consisted of a small length of tubing holding several coiled
strips of platinum inserted after the combustion tube, heated
to about 500°.- This éaused the catalytic oxidation of sulfur
dioxide to the trioxide. The Imix‘ture of water and sulfur
trioxide thus formed ﬁas caught in a small weighing tube con-
taining both sodium hydroxide and anhydrous magnesium per-
chlorate. Thus weighing this tube gave the total of water
and sulfur trioxide. The contents of the tube were then dis-
solved in water and barium chloride added; the barium sulfate
formed was filtered off, ignited, and weighed.

In this fashion two analyses were run, giving H = 1.01,
0.92 per cent, and S = 0.62‘, 0.65 per cent. The samples
continously evolved traces of hydrogen sulfide, probably
because of hydrolysis of uranium sulfide presént by atmos-
pheric moisture.

It thus appeared that the ac;cionvof hydrogen sulfide,

like water, also caused uranium hydride to separate from its

mercury suspension. In this case the hydride thus sap_arated

. 3

.
.
4y
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gulfide. It is probable that the sction

glving some uranium
of air, water, and hydrogen sulfide are all similar in that

they react with the surface of the hydride partiocles in the

mercury suspension, which is likely a colloidal suspension,

and cause the separation of a product which is predominately
uranium hydride.

4e Rydrogen-Dsuterium Exchange in Uranium Hydride and Deuteride
Amalga.msl

In connection with the attempts to separate deuterium
from hydrogen employing uranium hydride or its amalgam, ex-
periments were run in which the rates of uMge of hydrogen
with uranium denteride amalgam and deuterium with uranium
hydride amalgem were meagsured (6). In the first experiment
a 25 per cent uranium ‘deuteride amalgam in a flask containing
hydrogen at about 400 mm. pressure was ‘heated to 350°. Samples
of the gas were removed periodicaily snd analyzed by the gas
demsity balsnce. It was found that after 5 mimutes the hydro-
gen contained 0.2 per cent deuterium; after 15 minutes 2.7
per cent, and after 2 hours 10.3 per cent. This amount of
deuterium could be accounted for by the thermal decomposition
of the deuteride at 350°, The second experiment was similar
except that uranium hydride was prepared, and the atmospheric
gas was deuterium. Comparable results were obtained. It may

l’lhis Section is based on the work of 0. Johmson and R. W.
Nottorf. .




be concluded that no' exohange took p:l.}o”é’fand that when the
hydride or deuteride 1n‘mermiry puspension T'deoonpoeed, the
uranium thus releeeed reeoted with the mercury forming an
intermetallic compotmd, yhich does not react with hydrogen.
It will be recalled. tha'h 'w:lth u.ranium hydride 1taelf et 300 s
complete and rapid exchange 'ni'hh deuterium was observed.

ednotonofe.n "’en'io‘o ound with Uranium Hydride

It was ehoun eerlier (p. 57) thet although soma organic
compounds could be reduced with ura.nimn hyd.ride, the reactions
were uneuccessful from the standpoint of ylelding the expected
products. = In order to detemine whether the hydride e.malgam
would be a more satisfactory reducing- agent, an experiment
was conducted with maleic anhydride (dl'). - Ten grams of
urantun was conve‘z«t{ed"éo the hydride in a flask with a long

sealed off side e.rm holding 1.8 ge of maleic anhydride. The

’ﬂaek was equipped with a vertical ;tnbe which acted as.an

gir condenser, and at the top was dropping funnel holding

30 g. of mercury, which was run i.n, form:.ng the amalgam.

The apparatus was tipped so tha_t. the me.leic-\’anhydnde could

be tapped in, and the flask was heated in a salt bath until

the organic compound began to reflux'}.rg }Af‘tler. 15 ﬁnutee.the
apparatue was cooled and washed out uith uionne. After

filtering, the solvent was evaporated. A 'hhick brom syrup
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remained, very similar to the:one jprepared from the uranium -
hydride reduotion itself. No orystals could be cbtained.

C. Related Materials

"

It was oi‘ interest to determine whather mercury was unique
in its ability to wet uranium hydride, or whether other liquid
metals also had this property (46 54). Sodium forms alloys
m.th potassium wh:.ch are liquid at room tamperatum; 20 ml.
of such an alloy, contaln_:l.ng 40 per cent sodimg, was allowed
to run upon o grams of uraniun hydride in an apégr#fus simi-
la.r to that employed in the prepa.ratian of hydr:i.de amalgama.
The sodim-potassium alloy appeared to wet the uranium hydride,
forming a composition of the same general appearance as the
mm, ‘ i . i .

Wood's ‘metal and tin were also tested in a similar fashion
(46). A fla.sk containing 5.2 g. of nranium was heafed to
250 with hyd.rogen passing t.hrangh 1t, until complete con-—
version to the hydride had occurred. After cool:i.ng a lump
"of Wood's metal (an moy of bismxth lead, tin and cadmiun,

M. Po 60.5 ) weighing 16.8 g. was louared .on to the hydride. ,
The flask was heated \mta.l the alloy melted A.fter a fevlr
minutes shaking, the a.lloy began to expand rap:.dly, forning a

g spongy mass which completely filled the flask (about ‘40 nl.). ‘
It is probable that: the- hquid alloy“ wetted the- uranium hsdri.de,.
and reacted with it, foming intermstallic compounda of 'nran:i.um




. with the constituents oi‘ the Wood's metal. ‘This proces'e

would liberate hydrogen in the interior of the mass, forming

~a froth of the still liquid metai. The experiment wes re- »

peated using tin (m. p. 232°)’in place oi‘ the Wood's metal.

- With the hydride prepared from 6.1 g° of uranium, 11.7 g. of v

tin at 240° also expanded rapidly to a spong mass whose ' : "

volume was about 12 mle ‘.
In order to determlne vmether mercury would ”a.malgamate"

hydndes other than uranium hydn.de, an exper:unent was con-

ducted with the m:l.xed ‘rare. earth hydr:.des prepared by heatmg

"Mischmetall" in hydrogen ( 55) The rare earth metal mixture, |

pnneipa.lly cerium and lanthanum, was qulte impure, and did

not dlsintegrate when heated in hydrogen. Mercury appeared

to have but llttle act:Lon on- the product but when some of

the mercury was poured out into the air a fraglle, ash—liloe

yellow encrustation slovly formed on the surface. The evi-

dence was msufflclent to d::.stmgush between rare earth

metal a.malgam and a rare earth hydr:.de amalgam. It would be

' interestlng to mvestlgate these phenomena more fully

-

VIII. USES OF URANIUM 'HYDRIDE AND "I"HE HIDRIDE REACTION
As stated :Ln ‘the introduction, there were several spe-

cif:.c reasons. for mvest:.gatmg uranium mrdrlde aside from .

_the_;general scientific interest, and some -of the predicted
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applications proved fruitful. During th

course of three
Yyear's work with this compound a number of other uses were

found and developed. These are summarized below.

A. Iaboratory Source of Pure Hydrogen and Deuterium

Uranium hydride or deuteride a.ffords & convenient labo-
ratory reservoir for hydrogen or deuterium. The hydride or
deuteride is prepared at 250° in a flask, and when needed,
the tfmperature is raised to whatever value gives the de-
sired gas pressure. A temperature of 430° is required to
give a hydrogen pressure 760 mm. The hydrogen or deuterium
thus evolved is free of all impurities, including the rare
gases. The only precaution necessary is to insert glass
wool filters in the lines to prevent mechanical carrying of

the fine hydride particles by the gas stream.

B, Preparation of Powdered Uranium

Powdered uranium is easily prepared by the thermal de-
composition of uranium }wdride._ The decomposition tempera-
ture determines the nature of thé metal formed. That made
by decomposition at 450-500° is hard, and must be ground
using a morter and pestle in an inert atnoa;ghere. Higher
temperature cause the metal to sinter more; a shiny ﬁaasive

lump is formed wheh heated to 900°. The recommended technique

g 79427
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is to decompose the hydride under vacuum at 2562’300 “although

the dissociation pressure at this temperature is not great and
the decomposition is somewhaﬁ slow (p. 16). Metsl thus pre-
pared is dark, almost black, and eiceedingly reactive. Its
use as a "getter" or "scavanger” in vacuum tube work is sug-
gested. Powdered uranium may also be used in the preparatlon
of certain uranium alloys or compounds 3 for exa.mple, uranium |
monocarbide, UC, 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_ w#s done in the
preparation of uranium trifluoride (p. 59). St11l enother

use of finely divided uranium mefal is the purification of
hydrogen and the rare gases (p. 54). -

C. Preparation of Uranium Compounds

1. Wet Methods

Two reactions of uranium hydridse with.solu_tions of oxi-
dizing agents serve to prepare uranyl salts: the reaction
vith a mixture of hydrogen peroxide and an acid (p. 38), and

with a silver salt and silver oxide (p. 44).

2. Dry Methods

Many preparatio.as of anhydrous binary uranium compounds

are possible by reaction with gases (p. 45 ff.). These include
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uranium tetrafluoride, chlorides, bromides, iodides, oxide,
sulfide, nitride, and phosphide. The use of these compounds,

directly prepared from uranium hydride, in the purification

of uboretory gaaee has been discussed (p. 54)

——

‘If.%@L"‘t:} ou 6] ir LAIEBTY

D, Isolatlon of Intern;e'balllc Compounds

As uranium hydflde is in en’ extreme state of subdivision

;}Aa.nd as intermetall:.c compounds of,,uranlum do not react with

T

hydrogen, crystals of the compound can be separated by siev-

a fine screen. thnl ure.nlum alloys with tin,

— ’“ ‘”f‘ :1 o ‘,, Lo , . K f 1‘ . 4,’- e e a o e B f e w e e
. :,‘ ‘l,‘, . .!h; ﬂ!{ L. - !
and with aluminum:are'powdered by treating

mg through

i
with bismuth,

with hydrogen at 250°, the intermetallic compounds can be

separated on a 400 mesh screen (57). An inert gas atmos-
phere must be employed.. The same technique may be employed
to separate inclusions of impurities such as uranium mono-
carpide from uranium. A modified procedure takes advantage
of the slow rate of solution of uranium hydride in non-oxi-
dizing acids; thus when a uranium-tin alloy is powdered by
conversion to hydride, the tin compound reacts preferentially
with dilute hydrochlo.ric or sulfuric acid, and may be leached
out (58).

E. Etching of Metallographic Specimens

Uranium alloys containing a matrix of uranium metal may

be etched by a short treatment with lydrogen at 250° (59).

j
'




The crystals of the compound are not affected, and after re-
moval of the hydride, they are plainly visible under the micro-

scope.
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Go Maintaining a Given Hydrogen or Deuterium Pressure

It is evident from the temperaiure—dissociation pressure
atudies of uranium hydride that any desired hydrogen pressure
can be maintained in an apparatus by merely having a flask
containing a uranium-uranium hydride mixture at the proper
temperature connected to the system. Deuterium and uranium
deuteride would behave similarly. ‘Gases other than hydrogen
in the system which react wi_th. uranium or its hydride at the

temperature involved, could not be tolerated.

H. 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).
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A welghed sample ia' converted to the hydride, which 1s then

thermally decomposed under vaouum, the volume of hydrogen
evolved being measured. Few interferences are encountered,
since other metals which absorb 'and release hydrogen as
uranium does (palladium, platinum, thorium, rare earths) are

rarely present in materials to be analyzed for free uwranium,.

I, Other Applications

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

may prove to be effective.




IX, SOURCE AND PURIFICATION OF REAGENTS, AND
ANALYSIS OF PRODUCTS

A. Source and Purification of Reagents

. The common reagents used--acids, salts, mercury, etc.—
were .of Analytical Reagent quality obtainable on the market
and were employed without further purification. The various
organic solvents and compounds used were purchased from the
Eaaﬁna.n Kodak Company, Rochester, New York, and were of the
highest purity sold.

The uranium metal from which the hydride was prepared
was manufactured by the Project, as éxplaixied in the Intro-
duction. Analyses are given in Table 1 (p. 17). The uranium
tetrafluoride eméloyed in the preparation of uranium trifluo-
ride was also from Project sources, Pyrohydrolytic analysis
(43) gave the following results:

Calculated for UF 4 Found
1] 75.8% 75.7%
F 24.2 24,0

The water cvontent was found to be less than 0.l 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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Wihen ever possible commercial sources of compressed or
liquefied gases were employed. This applied to hydrogen,
argon, helium, oxygen, nitrogen, ammonia, cérbon dioxide 5
hydrogen fluoride, hydrogen chloride, chlorine, hjdrogm
sulfide, methane, and ethylene. The purification of hydro-
gen (p. 54) and the inert gases (p. 54) has already been
described. Nitrogen and hydrogen chloride were purified
by passage over uranium nitride (p. 55) and trichloride
(pe 56) respectively. The remainder were used without puri-
fication. The hydrogen bromide was prepared by direct union
by the method of Ruhoff, Bumett, and Reid (64). Carbonyl
chloride was prepared by the action of fuming sulfuric acid
on carbon tetrachloride (65) and was scrubbed with concen-
trated sulfuric acid. Carbon monoxide was generated by the
dehydration of formic acid with concentrated sulfuric acid,
and was washed with sulfuric acid. Phosphine was produced
by the reaction between yellow phosphorus and potassium
hydroxide; it was dried by passage through a dry ice trap.
Bromine was purii‘iéd by shaking with concentrated sulfuric
acid in a separatory fumnel, with subsequent distillation

over phosphorus penwnde.

B. Analytical Methods for Products

In some cases analyses were not necessary to determine

the composition of products formed, since a given weight of

-
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uranium was used, and the total weight of the product could
be determined, which gave the compositioh at once.

Urahium analyses were made either titrimétrically or
gravﬁmétrically, depending upon convenience., In the tifri—
metric deteminations thq compound was converted into a
uranyl solution, reduce&ﬁin an amalgamated zinc—filléd Jones
reductor, aerated to ré—oxidize the small portion of trivalent
uranium formed, and titrated with standard ceric sulfate using
ferrous-1, 10- phenanthroline sulfate as the indicator (66),
The gravimetric determinations were made by either igniting
the uranium compound directly to U;04, or pfecipitating am-
monium diuranate from solution, and igniting it to'UBO8 (66).

The analysis of uranium hydride has alrgady'beén dis~
cussed (pe. 13 ff.). Mixtures of hydrogen and deuterium were
analyzed by the gas density balance of Stock and Ritter (24).

The uranous acetate was analyzed for tetravalent uranium
by direct titration. The acetate content was determined by
distillation with phosphoric acid and titrating the acetic
acid in the distillate.

Uranimm t¥ifluoride was analyzed by pyrohydrolysis (43).
Uranium chlorides and bromides were analyzed by dissolving
in water, o;;dation of the uranium to thg hexavalent state
with hydrogen peroxide, and precipitation of the halide with

silver nitrate (67).

al
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X. CONCLUSIONS AND SUMMARY
3

1./ Pui'e uraniun metal reacts rapidly with hydrogen at 250%
yielding a fine, black, pyrophoric powder, uranium hydride.
Analysis shows a composition corresponding to the formula

UHy 975 Sut when the effects of impurities in the metal are
taken into account, the formmla of the compound formed is
shown to be UH3°2‘4 .

2.‘7 Deuterium reacts with uranium analogously, forming uranium
deuteride] (/)3

[ 3] fUranim hydride| is also formed by the action of steam, or

of certain organic compounds, such as tetralin, on ﬁxrauﬁiué

" 4+’ The physical and thermodynamic propert.iea, x-ray analysis,

‘ L/
and the chemical composition of /u.ranium hydride)indicate that

it is not a solid solution or interstitial compound tut a
definite chemical compound.

0 -
5¢ ffi]ranium}f}iydnde may be thermally decomposed yielding

Elranqulumjmetal powder m:!.ch is exceedingly reactive.

| 6., The general chemical properties offuraniu(m/ hydride |are
those of a strong reducing agent; it readily reacts with
ozl.di;ing agents of all types, as well as certain organic
compounds. Some reactions in a.qnedus medium serve to pre-

pare wranyl salts.

O Mz :
17! [I:Iranim hytir.‘u;ieJ reacts nth a wide variety of gases,

yielding in cartain cases )'uranim‘lcanpannda difficult to

oI ]
\‘l
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prepare by other means. The‘."techniques are sinple,‘ and are
recomiended preparative methods. |
| 8, | Uranium metal or its hydride or certain compm:ﬁds prepared
from it are conveniently einplo&ed in the purification of
several. la.boratory gaaes. e A Ut T
i 9. By mi:d.ng the finely subd:.vided ura.nium hydride] with other
. substances also in the form of a fine powder, and heating s

the hydride is decomposed, leaving Ermiumjpomder intimately

mi.xed with the other substance, with which it may react on

stronger heating. iFor example)when carbon black in t.he

proper proportion is used, uranium monocarbide is formed.

Ay
/10. Employing the technique discussed above withLuranitm
) n

tah‘ai‘luoride icaused its reduction to@raniutx{lrtrlfluorldg, v
previously unknown. The trifluoride is a bl;.ck, coke-like
solid. |

e
] [orenium hydride] readily forms "amalga.ms'“ the evidence
shows that the preparations are not true solutions in/ meréury}
or true amalgams, butv suspensions. The amalgams vary in con-
sistency from a fluid through a sani-aélic_l to a dark solid,
as the jiranimm ﬁ?ydridéjconcentratiqn is raised. Air, water,
or E;ydroge/i/f’ ﬂgulfidéjserves to canse the hydridé to pre&ipi—
tate from its malgan. o
12. Several applications of @.raniﬁn/:ﬁhydridé}and the hydride

reactions are: laboratbry source of pure hydrogen or deuterium,

1/

: : U o .
preparation of powdered ,@zragziun@, preparation of uranium;com-

.V
pounds, isolation of intemmetallic compounds of j;reni\mﬂ,
. : 4

)
\

)
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~~Much-of-this- informai';ion has

been collected together, forming the Manhattan Project Techni-

cal Series (MPIB), of which the Plutonium P;'ojec{; Record (PPR)

i3 a division. The PPR consists of MAM volumes, which are of
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