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There are only two references t o  uranium 

chemical l i t e r a tu re  pr ior  to the existence of 

Project. The first of these gave no valuable 

hydride i n  the r 

the Manhattan 

informa tion; 

: 4 P  E-." 

the second. was a patent issued i n  1931 of a general mthcd 

of preparing metal hydrides. ,The reaction of hydrogen with 

the electrolyt ic  uranium available a t  thst time was f d  \ 

t o  take place above 20O0, and a crude dissociation preseure- 

temperature curve was g i  

properties were presented. 

No chemical or  other physieal 

The intensive inves of uranium hydride on the 

Manhattan Project began ear  

that massive uranium metal 

the first time, reacted nith hydrogen a t  250' forming a 

1943, when It was found 

gh purity, available f o r  

black, pyrophoric poder .  

bydride finely divided and exceedingly reactive uranium 

was produced. This pondered metal reacted rapidly w l t h  

By thermal decomposition of the 

hydrogen even a t  room temperature, w i t h  considerable heat 

being generated. Uranium hydride was also found t o  be 

lambc
Pencil



the action of tetrsl in or decalin on araninm, reactions 

which a l s o  yielded naphthalenee Deuterium RLB obaeared 

to reac t  wit21 uranium a t  250°, f m d n g  uranium deuteride. 

Arialgsis of uranium hydride by combustion and sighing 

the uater formed, by weight gain on formation, and by w i g h t  

loss on decomposition, s h o d  that there WB~Q 2,W @drogen 

atoms for every uranium atom. It waa demonetrated that the 

r a t i o  of hydrogen t o  uranium atoms in  the hydride, counting 

the Uranium not Combined dth the ~ U . I d , t ~ 8 S  O f l g u  

present in  the metal (carbon, ban, oxygen, etc.), was 3.00, 

making the forPlnla of uranium hydride UH3. 

The Wsica i .  and thermodynamic propertlea of uranium 

hydride m e  snmmarized, Fonned a t  atanospheric pmasure, the 

-de particles eas i ly  passed through a 400 mesh sieve, but 

formed a t  hi& pressures, the product cmeisted of much larger 

flbraaa W S t d - 8 .  X-ray diffract ion analyeis disclosed &e 

crys ta l  etruckrre of 9 as cubio, to ta l ly  unrelated to the 

ratzucture of the metal, M c h  is orthorhombic. The unit  cell 

of tihe -de, contaidng eight'molscules, waa fmnd to be 

6.631 A an edge, carrespand%ng t o  an x-ray density of 1082 f 

O,O~ ge/cco "he respec.tive figures for uranium d e u s  

were 6.6#, A and ?-loll 5 0.01 g,/cc. . The W c l e  densitiee 

of uranium hydridb an2 deuteride, m e a s u r e d  bg the u88 

of a hellwnidensitasneter, were 10-95 f 0.1 and U.20 f 

0,l go/cc., &le the bulk density '188 about 3.4 g./cce A 
8. 



series of measurements of the densit ies of U-UH3 and U-UD3 

mixtures, BE) a function of the coxposition, showed that the 

relationship was linear within the limits of experimental error. 

This established theit the systems Were e i ther  two-phase 

systems (U and 9 phases o r  U and ID3 phases) o r  perfect  

solid solutions. X-ray analysis showed that khe hydride 

could not be a sol id  solution, and was in a l l  probability 

a true chemical compound. 

Pressure-composition fso.l;hexmas f o r  urafum hydride had 

a steep r i s e  a t  the uranium side t o  a long horizontal section 

representing a constant pressure. The curves corresponding 

t o  formation of the  hydride then rose rapidly on the uranium 

side, but  the c m s  corresponding t o  decomposition contained 

a pronounced dip a t  about 98 mol per cent hydride, jus t  after 

the horizontal, constant pressure section. 

f o r  this unexpected dip is lacking. 

gen did not transfer from the hydride t o  tple powdered metal 

i n  a system maintained a t  325'. Mssociation pressure-temper- 

Bn explanation 

It was found that hydro- 

atme studies showed t ha t  the Clausius-Clapeyron equation was 

obeyed. The pressure f o r  the deuteride always about 1.4 

times *at of the hydride. The equations f o r  the dissociation 

pressures (in nun.) aa a function of t q e r a t u r e  were: 

Hydride 1% P -4500 + 9.28 
T 



f i ss ion  products from uranium bydride prepared from netal 

previously subjected to d a t e r a n  bambardment in the cgclotron. 

Oaseoarr Flesion products did not escape on conversion t o  

hydride, 

The chemical properties of the hydride uere investigated 

in some detail. Although pyrophoric, the hydride oould be 

rendered air-stable by gradual exposare t o  air, *oh caused 

partial  oxidatian. 

l i t t l e  effeot  a t  room temperature, the hydride, once ignited, 

Uthoagh nitrogen ahd carbon dioxide had 

contirmed to barn in these gaaes. Added gradually, lsater. cawed 

the evolution of some heat, but had l i t t l e  otber effect; 

addi t ion i n  a large maunt a t  a time caused deflagrafion. 

The ~ o ~ - a j d d i % b g  acids uhen dilute very slowly dissolved 

the hycM.de, but hot concentrated sullhpic acid was reduced, 

Nitr ic  acid, or acidified cxididising agents such as hydrogen 

paroxide, dissolved the fiordride forming uranyl salts. 

I .  

Organic 

solvents mere vdthoat effect ,  except for the chlorinated 

hydrocarbons, whicg yere decomposed, sometimes uith violence. 

http://hycM.de


t@ride, libera%ing silvw rnW> fn a epo- form; the  pew- 

ohlorate ion o f  eilver paroElxmte 8865 d e o  reduoed, yielding 

eflver ohlorldeo Other hecatry m e t a l  m l t s  reaoted with the 

bydxlde a8 w e l l o  

It was observed that the variow halogen-bearing ga8eM 

reacted wlth the hydride, generalby a t  S O 0 #  yielding d u m  

halide8 in  fine, conveniently-hanAled powders. Tbus hydrogen 

fluoride gave manim tetrafluoride, h;gdrogtm cblmlde gave 

uranium trichloride, and Wrogen bromide gave the trlbromlde; 

the la t ter  two halides were oxidized ly chlorine and bromine 

vapor to the respective htrahalide8. Steam reacted with the 

hydride fielding uranium dioxide, hydrogen sulfide gave 

, 

, *  

, 
uranium disulfide,  ammonia gave a nitride', and phoephlne gave 

the sesqui-phosphide, UzF3 .These reactlone served admlrably 

as preparative methods. By the use of upmiurn hydride and 

/ certain compounds readily prepared f h m  it, thorough purifl- 

cation of several common laboratory gases was achieved. Hydro- 

gen ckilorlde, fo r  efxamplep was f'reed of IBoisture, oxygen, 

and chlorine passing over heated baniurn trichloride. % 

rare gasse could be rigorously purified by parssing mer 

polrdered uranium at  7000; hydrogen or  deuterium could bs s h l -  

larly treated, o r  could be generated i q  t h d  deao&sition 

( I  

of the bydride or  dmterldse 

Attempts were made to  reduce organic, compounds with 

uranium hydrsde. Although reactions occurred, none of the 

expected products could h iaolated. 

i 
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BJI d x h g  uranium hydride intimately with uranium 

tetetrafluoride and heating t o  llooo, the hydride was de- 

composed, and the uraninm l iberated reduced the tetrafluo- 

ride t o  uranium tr i f luoride,  predously unknown. The tri- 

fluoride was a dense black, coke-Uke sol5.d. 

shod that its crystal st racture  pras hexagonal, w i t h  tn0 

UF molecules per unit ce l l ,  w i t h  a = 4.13 A and c = 7.33 A, 

X-rw analysis 

3 
-Heating-above l&OO-caused-disproportionation into uranium 

- I -r- -- _.I - 
andwanid Fetfafluoridethe l a t t e r  of which sublimed amyo 

___ --- 1- 

The evidence quite strongly suggested thad uranium hydride 

is a saltlike hydride, i n  the same clam as sodium and 

calcium hydridee, rather than an i n t e r s t i t i a l  compound, as 

is the case uith palladium hydride. 

Uranium hgdride fonned what appeared t o  be solutions 

in mercuryo 

were probably not true solutions, since mercury nearly free 

of uranium could be separated by centrifugal f i l t r a t ion ,  

and since amalgamation of uranium h@ride containing radio- 

xenon (from the d i sh teg ra t ion  of a fission product) did not 

cause the l iberation of this gas. 

consistency from a fluid through a semi-solid t o  a gray 

p d e r  w i t h  increasing hydride concentrations, and 8ome of 

them had a remarkable tendency t o  adhere t o  glass, forndng 

a mirror, 

These were termed @amalgam", although they 

The amalgams varied in 

The %*de was found to be precipitated from 

its amalgam by the ction of air, water vapor, or hydrogen 

sulfide. The product so obtained had an H/U r a t io  con- 



: k *  I 

I , '< '# . '' 
siderably lower than three 

..?..a 

shotsing partial attack by the 
& 

air, arater,: or hydrogen sulfide. The amalgams uere most 

probably colloidal suspensiona 

Uraniun Qvlrj.de and the hydride reaction proved to have 

a number of praotical appllcati'one. These included: labo- 

ratory source and reservoir of pure hydrogen and deuterium, 

preparation of powdered uranium, preparation of uranium 

' , ' I  

__I I-_.._ - -I_..-- -_I_ ___-___I_ _--- 
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a 
I. I"R0DUCTION 

A general investigation of the chemical properties of 

uranium and related materials was underway in the  various 

laboratories in the United S t a t e s  i n  1942, fF r s t  wder the 

auspices of the National Defense Research Council (NDRC), 

and later under the Manhattan Distlrict or Manhattan Project 

of the 't4b.r Department. The Project a t  Iowa Sta te  College, 

under the direction of Dr. F. H. Spdding, had two principal 

divisionst a section devoted primarily t o  the development 

of methods f o r  the manufacture of pure uranium metal on a 

large scale, and a section t o  carry out researches into the 

chemical, radiochemical, and physical properties of uranium, 

the  trans-uranic elements, thorium, the f i ss ion  products, and 

other materials. 

of pure uranium were manufactured by the first section, and 

were available for research purposes. 

A process IWS developed (1) and large amounts 

Methods of analysis of uranium for many trace impurities 

were being developed by a group under the direction of tQe 

writer, and i n  addition investigations into the general chemis- 

t.q of urenium mere undertaken. 

achene for  t h e  determinaUon of t races  of calcium i n  uranium 

In March, 1943, an analytical  

waa being develop,&, during which the f i r&  pure sample of 

uranium hydride waa prepared, the purpose being to leach the 
e. 

calcium fra the f inely divided -de. Although #is 
.- . 

.. 

. . I .  

. n 
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origins a b  was unsuccessful, uranium hydride i t s e l f  proved 

to  be such an interesting substance that the primary attention 

was directed to it. In the course o f  the next three years the 

chemical and physical properties of uranium bydride were the 

subject of extensive researches a number of  different  in- 

vestigators; the present writer 's  e f for t s  were concentrated on 

the chemical aspects more than the physical. 

U 

r 

The reasons for  t h e  investigation, aside from the general 

sc ien t i f ic  in te res t  by Project chemists in uranium hydride, were: 

(a)  the possibi l i ty  of leaching f i ss ion  products from uranium 

hydride prepared from metal from the piles,  (b) the possible 

analogy of uranium hydride t o  plutonium hydride, which had not 

been prepared a t  that date, (c )  the corrosion of uranium by 

hydride formation i n  water-cooled piles,  (d) the possible use 

of uranium deuteride in the place of frozen heavy water as a 

target fo r  deuteron bombardments i n  investigating the reaction 

d + d - - ) H 3 + n  

and (e) the possible use of hydrides or deuterides 88 moderators 

fur  neutrons. 

uses of uranizlm w i d e  have been discovered or developed, and 

are  discussed subxeqpently. 

Qui te a number of additional applications and 

Part V (Resume of physical Properties of U r a n i u m  Hydride 

and Deuteride) is abbreviated and i s  included f o r  completeness 

and t o  make the following parts more readily understandable, 

although the present writer did only a minor part  of the actual 

experimental work described i n  t h i s  section. C r e d i t  is given 
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t o  the Investigators upon whom work these part8 are based in 

footnotes in the appropriate placee, i n  the l i t e r a tu re  cited, 

md again in the Achowledgementa. This a l s o  applies t o  four 

;m,bseotions in Part V I  and to one subeection In Part V I I .  

Wmlle aonducting some experiments in 1912 an the eolu- 

b i l i t y  of helium and argon In 8 number of metals a t  elevated 

temperatures, Sieverts and Bergner (2) treated some crude 

uranium powder with these gases and also with bydrogen. They 

noted that a t  1100' a 100 g. sample of the M u r e  metal ab- 

sorbed 1.6 mg4 of m o g e n  when the pressure was 760 mm. The 

uranium they had available undoubtedly contained a large 

f ract ion of uranium d i d d e .  

The only other mention in the pre-Project literature is  

in a patant granted t o  Driggs (3) in 1931, which describes a 

general method of preparing metal hydrides. 

this source uranium -de was formed when tme metal, a 

sintered powder prepared electrolytically and containing con- 

siderable oxide, was heated to 200-225' in hydrogen. A temper- 

ature-dissociation preesure curve was given d i c h  has proved 

t o  be i n  modest agreement w i t h  the recent data; f o r  example 

Driggs gave the dissociation pressure of hydrogen a t  300' a8 

about 20 mm., a l e  the most recent determination (see Part V) 

According to 

i 
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riggs recogniaed that the reaction of uranium 

with hydrogen was exothermic, and gave the formula of the 

product as UH4; it is now knm t o  be 9o No chemical or 

other physical properties were presented. 

The ea r l i e s t  experiment (June, 1942) by Project investi- 

gators involving uranium w i d e  was an incidental  preparation 

of the material during an attempt t o  cas t  uranium in a bydrogen 

abosphere ( 4 ) o  The formation of a dark, pyrophoric p o d e r  

was recorded, but the work was not m e r  pursued. 

Wch,  1943, when the extensive researches noted earlier were 

initiated, after the present writer ( 5 ,  6 )  converted a sample 

of pure, massive uranium to  tbs hydride by heating it t o  250' 

i n  a current of hydrogen. 

It was 

111. PREPARATION AND COMPOSITIOS~ OF I I l W I U M  HYDRDB 

8. Formstion, Appearance, and R e c d e d  

Procedure f o r  Preparation 

In the first experiment designed t o  prepare uranium 

hydride, w i t h  the a b  of leachbg out the calciwm 5mpurity 

for analytical purposes as explained earlier, two grams of 

oil-free uranium turnings i n  a porcelain boat waa heated by 

a resistance furnace in a stream of hydro-. 

hydrogen was bubbled through water a l e  the furnace temper- 

ature was slowly raised. Rh3.n the temperature WES about 

The exhaust 



250°, the rate w i t h  *oh the exbauet hydrogen bubbled through 

the mater morhd2.y deoreaoed for a few -tea, end then row 

4x I t a  original rete. T h l e  showed that a o e r t d n  mount of 

bydrogen had been absorbed. 

the boat waa withdrawn, and 

After oooling t o  room temperature 

filled w i t h  a dark gray poder .  

The hydrogen f o r  the above experiment waa prepared by the 

action of Sulf'Uric acid on z a c ,  and was dried w i t h  calcium 

chloride, 

employed, and it was found that t h e  reaction did not occur 

unt i l  the temperature had been 250' fo r  some time. 

gation of the cause of t h i s  delayed reaction (7) disclosed 

t h a t  it vas due to the presence of oxygen i n  the hydrogen (the 

tank gas contained 0.5 per cent oxygen). Then the oxygen im-' 

purity was removed, no delay i n  the i n i t i a t ion  of the reaction 

was encountered. 

&om hydrogen is  t o  pass the gas through a tube packed w i t h  

In the next experiment commercial tank hydrogen was 

An investi- 

A widely used method of removing the oxygen 

copper t u r n i n g s  heated to a red heat; t h i s  converts lihe axygen 

to water, mhich is removed by a dehydrating agent such as mag- 

nesium perchlorate. m i l e  this technique was satisfactory,  it 

was found tha t  even more rigorous purification of the hydrogen 

could be effected by passing it through uranium turnings o r  

pomdered uranium heated to 700' (see p.55). While oxygen im- 

purity i n  the hydrogen caused a delay i n  the reaction when 
i 'uranium hydride i s  formed, it was found that an oxide layer 

on the uranium used had l i t t l e  effect ,  and required removal 

only i f  it constituted an undesired i m p u r i t y  in the hydride prepared, 



& ordMnarilfr grspwd uranium &ik!.dr ww tan exceedingly 

fine p d e r  with ia blaak or very dark way oolor. Close ex- 

mination showed a few small, shining par t ic les  (inclusione) 

scattered throughout the p d e r ;  these mare probably the ixn- 

purltie8 of the metal, principally uranium carbide, nitr ide,  

oxide, etc. The preparation8 were generally very pyrophoric. 

Based on the experience with the above and numerous ad- 

di t iona l  experiments, the following general procedure for the 

preparation of uranium hydride is presented, 

Recommended Procedure f o r  the Preparation of U r a n i u m  

The hydrogen used i s  purified &ether it is Hydride, 

generated i n  the laboratory or is commercial tank hydrogen. 

%e apparatus i s  shorn i n  Fig. 1. Sufficient pd-zification 

is achieved f o r  most mrk by leading the gse through a 

quartz, Vycor, o r  Pyrex #172 tube packed mith f ine  copper 

turnings and heated t o  650-70O0 i n  a r e s i s t a n c e ' h a c e ,  

and then through a second tube containing anhydrous mag- 

nesium perchloraF. The most exact work required more 

rigorously purified hydrogen, which is accomplished by 

passing the hydrogen from the above treatment through a 

ve r t i ca l  tube (quartz, Vycor o r  Pgrex #172) containing 

uranium powdered by conversion t o  the hydride followed 

by thermal decomposition, 

700-750°, Fine glass wool filters are inserted at e i ther  

end t o  prevent any of the f ine solid par t ic les  frombeing 

carried mechanically into other parts of the apparatus. 

This tube is  maintained a t  
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b -* 1 The uranium t o  be converted t o  the hybri.de, in , the 

form of k g s  or  a maesive lump, i e  oleanseci of any 

o i l  ala oarboln tetraohloride 06 other solvent, dried, 

and is treated with lwrm di lu te  n i t r i c  acid until the 

oxide i e  completely removedo The e- metal i s  rraehed 

thoroughly wlljh mter and distilled water, fol lowd by 

alcohol and ethero Aft+? d r y a g  48e metal i a  Inserted 

Into the reactlon tab or flask, which I s  prodded wlth 

a suitable h e a t b g  meane' end thermometer, Horizontal 

Mbes are  best heated with a hinged-top resistance 

fbnace ,  while flasks are conveniently heated w i t h  the 

aid of a 1ooFmelting ni t ra te -n i t r i te  salt bath (8 ) .  

- 

The reaction vessel must be large enough t o  accommodate 

a t  l e a s t  a ten-fold axpansion a8 the metal is converted 

t o  the hydride. Rubber connections are sat isfactory 

far preparations a t  atmospheric pressure, but ground 

I 

glasa j o in t s  are beat f o r  reduced pressure. The exhaust 

hydrogm is  o d u c t e d  through a t rap  tb a bubble bottle,  

*re I t a  rate may be checked, d i l e  a vacuum apparatus 

i a  ecpdpped -At21 a manometer, the exhaust hydrogen 88- 

caplng throu@ a atopcock t o  the pump, 

The a i r  i n  the reaction veasel is flushed out w i t h  

the purified hydrogen a t  room tempera&e, and then the 

tanperatawe is graduallr raised. The metal keeps i t a  

lus te r  up t o  about 200-210°, when it becomes coated with 

a thin layer of the hydride, which gives the surface a 

s ,  

, 

http://hybri.de


are used, the rept ion vessel should be tapped perlodl- . ,r.- -e- '. - 

cally to aid in ah@dng *e hyxid.de loose. 

l e  complete whq, on shutting off the hydrogen sapply, 

the water in the  

The reaction 
_ -  

. $ '  

bottle i s  not d r  

amtus, the manometer s h m  no 

change in press the hydrogen 

stopcocks are c e hundred grams of uranium 

turnings are c q l e t e l y  converted to the &ydride ^ *  in 25 
r , ' *  , 

to 30 minutes, while a lump of the same mass requires 
- < - -  . 

- .  90 to u o  minutes. 
* I  

' .  <- * 

B, Formation of U 

The povrdered uranium prepared by the lo.ro-.Mperatiih*decom- 

position of the hydride (pp, 16 and 85) proved to be exceedingly 

reactive. 

filled dry box, 

temperature, and became ho 

tauperature of solid carbon, 

absorbed (9). 

Specimslis Aometimes caught fire ih:a':~c&bon'didde- 

They absorbed,%ydrogen rapidLFeven at room 

! . < .  

'2[WL. I 
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sired & dete 

mation of urani e. A few grams of clean uranium 

turnings were c 

delivery tube reackiin 

i n  *ile ~e appars 

e ef iei t  of in i ne r t  s n t  on the for- 
~ q r !  L; ~ 

r *  . 
ih mineral oil in a flask holding a 

F.. _II 1 n , 
n'i EJ L* * 

i t s  bottom, and hydrogen mas bubbled 

s being heated t o  250' (7). The 
* . '2 .,:-4 - e "  

urani& was only v e e  slowly attacked, and a black deposit 
t " '. 

collected in the lomest part  of the flask. The r a t e  of re- 

action was perhaps one hundredth of the 'rate in the absence 

of the mineral o i l .  

a t t r ibutable  t o  two factors: 

J s+ ' 

-.. "->. . 
The slowness of the reaction was believed 

the low solubi l i ty  of  hydrogen 

5n the solvent a t  250°, and the manner in which the mineral 

o i l  caused the 

a.+ro,tective coating . 
de layer t o  adhere t o  the m e a ,  forming 

D. *Formation.. of Uranium tiydride by the 

i u n  

f , 
ur e is serious enough 

t o  necessitate jacketing the m e t a l .  1 
- 

I 

lambc
Line

lambc
Pencil
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In o&er to determbe whether hydrogan or  the -de 

l e  formed, a tube was-charged Kith cleaned uranium turnings 

and placed In a h a c e  (11). An argon stream RW bubbled 

through cold water and passed through the tube. After sweep- 

ing out the air, the uranium was heated t o  250°, and the water 

was lwrmed t o  about 70°. This pelmitted the water vapor carried 

by the argon t o  come i n  contact ~ 5 t h  the uraniun, which ows 

converted to a p d e r .  The gas stream was shut off and the 

temperature of the furnace raised t o  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. 

I 
- 7 ,  

E. Formation of Uranium w i d e  by the Action 

of Tetra& o r  Decalln on U r a n i u m  

At one time information was desired on the e f f ec t  of 

certain organic conpounds on m e t a U c  uranim, with the possi- 

ble a i m  of using these conipannds as cooling agents for a p i l e  

or related apparatus. A series of 8maU. f lasks ,  each holding 

a 2-3 gram lump of cleaned uranium, were charged Kith the 

foUcming reagents : biphenyl, naphthalene, d i p h w l  ether, 

methyl alpha-naphthyl ether, te t ra l in ,  and d e c a l h  (13). The 

air was flushed from the flasks with argon, and each ows sealed 

off a t  its necko The flasks =re heated t o  210-270° for 2& to 

. :. 
.- * 

\e; - -  
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7 days, cooled, a d  the uranium lump oletimed and neigh&. Tn 

the caee of the  f i r e t  four metexiala, the m m t  of attack was 

negligible, ranging from 0.002 t o  0.02 per cent of the t o t a l ,  

but  in the t e t r a l i n  and decalin flaekss coneiderable black 

powder was visible.  The corrosion by the tet~al in (e W S )  

acnmted to 9.1 per cent of the to ta l ,  mhile the decalln (7 days) 

caused 3.1 per cent of the total to disintegrate. 

The thermochemical calculations below show that it is verg 

likely that the attack of the uranium b~ the tetralin and decaUn 

is due t o  the formation of uranium hydride. Naphthalene would 

be formed i n  each case. The equation for  the reaction dth 
. _  - - - - __ I 

.m---- - 

V 



. ,  . -. --, * - .  ’,,, > * , .  
In these calculations the resonance energy of t e t r a l i n  is as- 

sumed t o  be the same as that”of benzene, although it may be a 

f e w  kg.-cal. lower. It is seen that the occurrence of the re- 

action i s  favored thermally, 52 kg.-cal. being liberated by 

the reaction 88 d t t e n ,  o r  17.3 kg.-cal. per mol of tetsalin. 

d similar ca lcuh t ion  may be made f o r  the reaction w i t h  decalin, 

F. The Composition of Uranium Hydride 

1. Earliest Measurements 
0 

Two rapid experiments were run using small samples of 

uranium, which were weighed, converted t o  the hydride i n  short 

segments of glass tubing, and weighed again. The weight gains 

showed a hydrogen t o  uranium r a t i o  of 4.15 and 3.85 ( 5 ) ,  which 

suggested the f o d a  u84, assuming that the w i d e  had a 

defini te  composition. The hydrogen used was not purified, the 

m i g h t  gains were not large, and the hydride samples were not  

protected from the air during ueighing. Therefore more accu- 

rate analyses were made. 

2. A n a  sis by Combustion 

An apparatus was assembled for the preparation and txi- 

dation of uranium hydride, the =tar formed being weighed (15). 

A sketch of the apparatus is  given in Fig. 2. 

bustion tube was plaaed in a hinged-top resistance furnace 

equipped w i t h  a variable t r a n a f o m r  and a thelrmocouple w i t h  

AWcor com- 
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a potentiometer. 

followed by anhydrous magnesium perchlorate, was introduced 

Hydrogen, purifipd by passage over hot copper 

i n t o  the tube through me a m  of R threcp=ssay atopcock, the other 

arm of which waa connected through stopcocks t o  an -gem supply, 

an argon supply, and a vacuum pump w i t h  a manometer, aa a h m  

i n  Fig. 2. The other end of the combustion tube was connected 

t o  a m d l l  quartz combtktion tube packed w i t h  cupric &e, 

which could be heated w i t h  a flame. 

tube l ed  t o  a magnesium pe&hlomte-filled mighing tarrer, The 

hydride waa prepared and oxidised in a enall quarts boat. About 

seven grama of cleaned uranim~ turnings -re used in each trial, 

t h i s  giving approximately 

The exit of the nsrazl c p q t l e  

0 

mg. of water., 

Hydrogen was passed through the apparatus and the m c e  

Bfter complete convqsion to  the hydride, was waked t o  250'. 

the furnace was cooled, the hydrogen flushed out w i t h  argon, 

and oxygen admitted. The oxidation mas generally mild, 80- 

times without any glowing, but in several cases there were 

amall explosions, the quarts boat being moved and i t a  contents 

scattered, and the rubber stoppers being blom aut. The s m a l l  

- 

tube holding the cupric a i d e  was kept'hot during &e oxidation 

t o  i n m e  converting any free hydrogen t o  water. 

some hydrogen bws liberated, 88 diadlos6d by the f o r y t i o n  of 

f ree  copper; i n  a few-trials the amount of hydrogen was so 

great that the copper f i c h  vas formed melted and broke the 

In all cases 

tu&. The oxidation *s completed a t  900°. Out of fourteen 

attempts four were cmpleted Kitfiout mishap, giving the 
11 

r 

, 
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thie besis the hydride did not absorb U t i o n s l  hydrogen to 

any extent, even .Qhough it had cooled to room temperatwe in 

t h i s  gas. 
, 

In order to test the stability sf urenium hydride, 

trials sere run with one'modificetion. Bfter conversion t o  

tbe hydride, the hydrogen supply was shut off and the pressure 

reduced to  approxLmateu 0.1 m. me t eqk ra tu re  was main- 

tained a t  256' ? 2' for  60 minutes, wit21 the pump running. 

Argan was *en admitted, the system cooled, and the oxidation 

carried out as usual. 'Ihe amount of water formed showed that 

the vacumn treatment a t  256' had caused 54.6 per cent of the  

hydride to decompose* in the first trial, and 53.6 per cent in 

the second (00 see p. 85). 
, \ o  

3. Apalssis by Weiaht G a i n  and bs Theha1 Decomositiori 

* 
Samples of uranium were converted to. the hydride a t  250' 

in a small tube w i t h  stopcocks a t  e i ther  etad (16). This per- 

mitted a detenaination of ths might gain on formation, and 

gave a H/U r a t i o  of 3.04 in m e  trial and 2.97 in another. 

The first is probably s l igh t ly  i n  ~ I T O ~ ,  being to high. The 

hydride a v p l e a  were deoolnposed.by heating t o  400' under 

vacuum until constan 

gave an average'II/U ra t io  of 2.95. a addition an apparatus I 

was ccns t ruc td  to detexmine the r a t i o  by w e  volume of 
1 
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hydrogen abeorbed, and +e volume of hydtoogea 9srolv~'upan 

deoompoeition; -eo gaye *2.92 ruzd 2.94 reepeotively. 

4. V-leFJf feat of 3uuu-i t i e s  ox). the Comoeition of Uranium 

tJx?s& 

1 

The analyeee of ~rseniprm hydrede have e h m  mt the aotual 

ratio of hydrogen t o  uranium is s l i g h t l y  less tkLsra three, m e l y  

about 2.97. This dieorepanay cannot be entirely moounted for 

by experimental error. It has been found that the metal does 

not react  vi^ h;6drogen if the uranium is a canstitamti of an 

intewetal l ic  or oiher aoplpound, and since quite aamplete 

aualyses have been made ,of the uranium in use, it hsze proved 

possible (17) to calculate the effect of impurities. Table 1 

gives a l i s t  of the ma3or impurities in uranium and their 

abundance in a typical sample. The compound in nhich the im- 

purity is most l i k e l y  t o  be present is given, BB 7 a r e l l  aa its 

amount . 
Table 1. Impurities in a Typical Sample of Uranium 

P. p. m. of Present P. p. I R O  of 
as compound 

Impuriw 
Impurity 

C 300 U C  6100 
1550 
130 f f ,  ' 470 

Fe 60 
?& 5 
si 50 

50 
1240 0 80 uo F 10 m3 



. .. 

. ,  
m3 

Other inveetigations g v e '  ahown no substantial demi- 

stion from t h i e  composition for urauium,hydr$.de formed under 

pressures varying from 0.3 t o  116 atmospheme (18) and under 

temperatures varying frau 150 to 330' (19). 

Iv. 

It has been fd that deuterium reacts w i t h  uranium 

in the same 

deuteride dth the same phgsical appearance a8 the hydride, 

but w3.a sllghtly djfferent thermoohdcal properties (see 

Part V). Attanpb have been made to take advantage of these 

that hydrogen does (6, U), forming a 

differences to effect a separation of deuterium from hydrogen, 

.. 
T 
i 

In this paper the term %ydrogen" is  generally used to 
d ote protium (HI) only, as distinguished from deuterium 
(H 9 1. 

. c  -. . . .  . .  
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ing reaotion oacurred quantiitati.sel3t 

2D20+U 4 2D24UCl2 

Tnis process serves admirably to  c o m r t  sample8 of ordinary 

OF heavy water into hydrogen or deuterium. 

Tne particles of uranium hydride -re f a d  to be small 

enough to pass through a 400 mesh sieve, which retained the 

0 larger inclusions of &ties. 

high preaeures (8% high as 126 atmospheres), the bydride 

coctained *at appeared to be fibrous crystals, some 6 mm. 

But *en prepared under 

long, and sws much coarser. 

BY x-ray- diffraction sftrdiis *e crgstal stn;Cture of 

Li 

. I 
uranium hydride has been fd to be cubic. This s h c t u r e  

1 
~n addition to' theiwriter, * the fouoning investigators 

carried out most of '+e experimental rork of this Part: 
A. S. .Newton, I. 9. Johns, 0. JoWson, 'I A. ?sane, €2. W. 
Nottorf, and R., E. ihurdle. 



is  wholly mrfelated to that of uranium metal, which is 

orthorhombic. The samples prepared under high pressure 

yielded x-ray diffraction patterns w i t h  much.aharper lines 

than tihe b p p r e s s u r e  preparations, indicating coneiderable 

recrgek::.'tj -tiion. The patterna indicated only a swh 

phase. X-ray analysis i a  particularly adapW t o  the dia- 

' 

tinction between ccwrpaund foxmatian and solid solution or 

inters tAtial  compaund behavior. The dissimilari  ' ty o f t h e  

hydride stnzcture t o  that of arenium is evidsnoe that the 

ayetern is not a sol id  solution. The x-ray data strongly 

mggecPt that nraniUm hplride is a t r u e  chemical C O I I Q O U d e  
. 

me a+rv di f f rac t ioddata  showed that the unit c e l l  

of uranium hydride, which contAns eightmolecules, is 

6.631 A on edge, while the corresponding l a t t i c e  constant 

for uranium deuteride i s  6,620 bo A diagram of the unit  c e l l  

of the hydride is given i n  Fig, 38 only the uranium atoms 

are drawn in- 
0 

The bulk density of uranim hydride nas determined as 

The par t ic le  density, measured by immersion in 3.4 g./cc. 

hexane, was roughly U.4 g./ccoa but more accurate detenni- 

nations made using a helium densitometer (22) gave p0095? 

0.10 g./cc, Sindlar measurements w i t h  uranium deuteride 

a h m d  that its density was U.20 2 0 , l  ge/CCe The x-ray 

densit ies of uratxium hydride and deuteride &re calculated as 

10.92?0,01 and ~ . l l . ? O . O l  g./cc. respectively. 

0 

The densi- of 
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note that %e ciearsi~$ of the w o g m  abne. in rrran~um 

-de ( 0 4  $./ooo) i c l  g ~ e e k r  then the daneity i n  liqutd 

w e e e n  ibeu (0.07 e . / b d 0 )  by a faotor o f  two. . 
Tben uranium hydride powdes ma oomprasaed at pressures 

up t o  22600 atmoapheree, it formed blocks of metallic a p  

peqw-~ce w i t h  densities 'up to 8b7 g,/cc. The coarse type 

of hydride *ah was prepared a t  high pressures could be 

conpressed more than the ordinary form prepared a t  atmos- 

pheric pressure. 

.. 

' n  

I A ser ies  of masuremsnts of the densit ies of uranium- 

uranium hydride and uranium-uranium deuteride mixtures waa 

made usjrrg the helium densitometer. 

experiments was to determine whether there was any deviation 

from l i nea r i ty  i n  the volume-compositio? relationship. 

the hydride mre an imperfect solution of hydrogen in uranium, 

a deviation from U e a r i t y  lllDuld be expected, &ereas i f  tlro 

phases (a compound and unreacted uranium) o r  a perfect solid 

rsolution were present-there should be no deviation. The re- 

s u l t  was that a p lo t  of the specific volume (cc./g.) against 

composition was linear within the limits of error  of the 

bqeriment (2  1 per cent). 

\ 

2he purpose of these 

If 

L a  

The uranium-uranium deuteride 

behaved s i m i w l y .  

I 

, 

. .  
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1. Preseure-Cmosition Isotherm 

Extensive pressure-temperature-composition studies have 

(he of the chief difficulties en- been made on t h e  hydride. 

countered in obta5ning accurate data on t h i s  aspect of the 

investigation was t he  slowness w i t h  which equilibrium was 

attained. Thus at constant bmperature uranirna metal pre- 

pared by the decomposition of the hydride took on hydrogen 

rapidly at the s tar t ,  but on approaohing the equilibrium 

value the pressure changed very slowly, requiring as mob as 

tu0 days to become constant, 

The pressure-composition isotherms of the palladium- 

hydrogen system is here revieued briefly as a wnormal@ case. 

The studies of Gillespie and Hall (23) show that at a 

constant tempeFature pure palladium absorbs hydrogen as it 

is introduced, the pressure r i s i n g  steadily to a certain 

value where it r- constant. 

whose magnitude depends upon the temperature, is maintained 

until the composition corresponds to the formula FVi$l, 

rhen the preasure again rises, lhis is illustrated in 

Fig. 4 for the 160' and the 180' isotherms. 

This constant pressure, 

The substance 

may be regarded as a canpound, although its compC+ 

s i t i o n  is not definite at the lower temperatures. 

Isotherms for the uranium-hydrogen system were obtained 

similarly, and they have the same general appearance. The 

.. - t . . .$-- . ,."'e*- .-, - . ~- 
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thrsae experimgntra wad held l a  B bulb eurrounded by tha vaporea 

of boil* mpoury or otber matsrial, to insure oonetmt 

teaperature. Tho laanmkr readingr were taken efhr eQUi- 

llbrium had been attained. SlIghtQ different equllibrlum 

pressures were obtained, d9pandl.q on whether the hydride 

ma being decomposed or formed; thus two c w m a  -re ob- 

tained for each tempera%wee The higher curve wae f o l l o d  

on foxmation and the lower curve on decoxposition. The 

system is seen t o  be quite different  from the palladium- 

hydrogen systemo 

Another remarkable feature of the isotherm was a pro- 
/-- 

nounced dip in the loner curve in the region betmen 90 axgi 

98 mol per cent ?.-.-The dip waa real and reproducible, and 

appeared at  both higher and l m r  temperatures. Samples of 

composition near the bottom of the dip, d e n  subjected t o  

. _ - -  

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

hydride only. This unique behavior i s  as yet  unexplained. 

2. 

Hydride t o  Podered Uranium 

A t t e m p t e d  Isothermal Transfer of €&dr o ~ e n  from Uranium 

Two bulbs, one containing uranium hydride and the other 

pomdered uranium prepared by decomposing the hydride, were 

heated s ide by side i n  the same bath t o  325', at  which 

temperature the dissociation pressure of the hydride is about 
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55 mm. "he tm bulba wrsr- connected, and after ten hours 

the bulb which held the powdered uranium was opened to a 

vacuum systen, Only a s W l  amount of hydrogen m e  f d ,  

and this could be accounted for by the volume of the bulb 

and a hydrogen pressure of 55 mm. Thie evidence indicated 

that uranium hydride doee not conaist of tor0 hydride6 of 

different diasociation preseures, and is not 'a  eolld sofution, 

Samples of uranium w i d e  and deuteride, partially de- 

composed into the metal, were allowed to  corns t o  equilibrium 

with hydrogen o r  deuterium a t  a aeries of temperatures. The 

dissociation pressure of the deuteride a88 about 1.4 time8 ' 

that of the bydride m r  all the temperature range studied. 

For example, a t  357', the d$asociation preseure of the 

hydride ma8 I34 mm. and that of the deuteride 186 mm. Ac- 

cording to the Clausiua-Clapeyron equation, the logarithm 

of the pressure is a -ear function of the reciprocal of 

the temperature. Thie a s  found t o  be the case, as shown 

i n  Fig, 6 ,  the elope of the hydride abd deutexdde curve8 

being identical. The equations of these lines are (pres8ure 

in mm.): 

Hydride lOgp=-4500 +9.28 

Deuteride log P = -1500 t 9.43 

T 

T 
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when the seaation for&.rig tho hydride i e  written 
@ 

2 0 + 3 Q  4 2 m 3  

9t  i s  men that the equiUbdm constant ie k 

p I s  the equiUbrium hydrogen preasupe. vault Hoffts re- \ 

aotion isochore may be sated in the fom 

f'3, where 

d l n k  P - 3 d h g  - 
d T  dT 

Since log p = -4500 + 9.28, 
T 

J 

from uhich 

A H  t '61.6 Kg.-cal., or AH = -30.8 Kg.-cal per mol 
of uranium 

0 
This value has been checked by direct measurement, using 

uranium prepared by decomposing the hydride, since this form 

of the m e t a l  reacts rapidly w i t h  hydrogen at room temperature. 

The average value was d B =  -30.5 Kg.-cal. 
1 

5. The Rate of Formation of Uranium €W.n 'de and Deuteride 

I h e  rate of formation of uranium hydride depends upon 

the temperature, the surface of the me'tal, the hydrogen , 
pressure, and the fraction of ?-tal converted t o  the hydrlde. 

' L .  ' 

. .  

6 

A .  
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mature the reaouon ra te  WBS found t o  

deoreaee with deoAasing pressm i n  a somewhat oampllcatsd 
ab fashion, in  that the data bd ioa ted  a'5/2 order of reaotion. 

The ldnetios of the reaotion have been incompletely investi- 

gated plnd understood, 

A t  the same tomperatwe deutesium was obserped t o  react 

w i t h  uranium a t  a ra te  only about one fifth that of hydrogen. 

!Phis, snd the different  diilsociation pressures of the hydride 

and deuteride, suggested a possible means of eeparatfng deuterium 

from hydrogcm. 

C. Hydrogen-Deuterium Separation S b d i e s  

A mlxture of known composition of heavy and ordinary 

water was converted into a laixture of deuterium and hydrogen 

by reaction w i t h  uranium (p. 19), and this was converted into 

a ndxture of uranium deuteride and hydride. The gas phase 

in equilibrium m i t h  the mixture was analyzed by the use of 

a density balance (24) capable of detecting a few tenths of 

a per cent of deuterium, It mas found that there was rapid 

exchange at 300' between deuterium gas over uranium hydride, 

giving a lnixture of hydride and deuteride. 

3 

In a typical experiment the uranium hydride-deuteride 

mixture contained 19.8 per cent deuterj.de, Ten samples of 

gas were withdram during thermal decomposition and each 
I 

I 

4 
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cent deuterium.- Them data cox9-eepopd to a eeparatim factor 
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of the metal. A t  the hte&e&atO temperatures it is  diffi- 

a*-- 

~ w' *: 
of the metal. At. the hte&e&atO temperatures it is  diffi- 

o u l t  t o  establish nhether either or both components react. 

I 
A t  250°, for amqle, the di8soaiat&on pressure of the 

hydrj.de is  4.8 mm.,. so Wt-in a stream of a reacting gas 

mah ae hydrogen chloride the expornre of a ,fresh uranium 

surface would continually o c ~ .  

the same product is  foneed from the hydride or the metal i n  

* 
In virtually a l l  reactions 

any c u e .  No attempt is  made to distinguish the two cases . 

sharply,. for even i n  .&om mhere it i a  known that the freshly 

prepared pondered uranima is the reaatsnt, ihe preparation 

and dFomposltion of the hydride are an integral  part i n  

the process. 

fn general banium -de reaate a8 a powerful rechraing 

j agent, and often has an effect similar to that of uranium 

naetal ,  whose c h d c a l  properties have a l s o  been extensively 

investigated (25). 

wre of a survey and exploratory character, only a few of 

them were exhsustively studied. 

t . .  
Since the invest;igatiana discussed below 

. I  . , 
* *  

1 

A. Radiochemical Properties 

As explained i n  the introduction, the fix& sub- 

divided character of:,tb hydride immediately auggested 

leaching of $he fission products from the laaterial prepared , .: 

I 1  
- 1  

' 

' 

from the piles.  In  order t o  invesagate this,  

a sample of urkium rihich had been subjected t o  a 5 3 m '  

micro-ampere hour deuteron bombardment'in the SO. -8 

.i r 

.A. 
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v a r l o u ~  f leeion groducte, ma convertea t o  the -de aed 

dividgddl.nto two weighed portlono (26). The f l r e t  1888 

refluxed wlth 005 N hydrochloric acid, and the tsecond w i t h  

5 N hydroohlopic said contdnhg e n d 2  a m o k 8  of 'KI and tBg * 

chlorides of the following metals 819 car r ie rs t  Te, Ma9 Lap 

Y9 Zr, Ce, BEL, Sr, and Th. Vycor flash =re employed to 

minimize adsorption, The solutions acquired a deeper and 

deeper green color ae the r e f l d g  continued. Aliquot8 

of the first eolutfon wep taken p e r i o d h d l y ,  centrifuged, 

and evaporated to dryness on a watch glass. 

radioactivity wa~ measursd uehg a Lsuriteen electroscope. 

The total 

Aliquots from the second solutiai ,  containing the  carriers, 

were a l s o  taken, and analyzed by chemical separations (27). 

The ulrplium in a l l  aliquot3 was deteIlnined. 

showed that no preferent ia l  extraction of any element 

The, results 
- a  

occurred, and that the ac t iv i t i e s  of the solution8 =re i n  

proportion t o  the amount of urdm 0 they contained. 

thus became evident that the f i ss ion  products uam dissolvgd 

only mhen the uranium bydride i n  &ich they were held argg 

also dissolved, and no enrichment omld be achieved. 

It 

Further experiments' wre conciuctai on the behavior of 

the fission-produced xenon in uranium when the metal is 
1 

t t  

h e  remainder of the r aochemica l  studies were carried aut 
by J. A. &res slrl I. B..Jahns. 

' 
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converted t o  Ita hydride (28). Arnong the fission produots 

present in neutron-bomb&ded uranivm are three short- l ived 

isotopea of krgpton, which =re allowed to &cay befare the 

esrpe&w3nts were made, and tw iodine isotopes, dduh as- 

integrate into xenon i s o t o p e  of 9.3 hour and 5.3 day half 
* 

lives . 
An apparatus aae constructed which consisted of a rec 

action flask l e u  to a b e d  tube containing saturated 

sodium bisulfite; t h i e  uas connected through a trap to  a 

hesttad cupric d e - p a c k e d  tube. The exit of the cupric 

W e  tube led t o  a eudiometer filled mith potassium hy- 

droxide solution. 

t o  a tube holding a Ggiger-hheller counter tube. 

The top of the eudiometer -8 connected 

Samples of bcanbded uranium were converted to the hy- 

dride i n  the reaction fiaak. Bny radioactive iodine carried 

the excess hydrogen mas absorbed i n  the sodium bisulfite 

tube, and the excess hydrogen ~ALS converted to mater by the 

hot copper ordde. A nmn.ll amount of argon ‘1~88 introduced 

along w i t h  the bydkogen into the reaction flask, SO a8 to 

provide a carr ier  f o r  any traces of radioactive xenon libers- 

atgd. The gas vas caught in the eudidmeter and then flushed 

in to  the counter tube; and any ac t iv i ty  measured. N e x t  the 

uranium hydride in the reaction-flask -8 deccmpoe& a t  400’ 

Mder reduced pressure. 

lected and the’ radioactiviw masurd. ;Fiaally the m n l i b h g  

%e gases evolved .rpere,agp col- 
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metal (in some case the hydride) vas ~om- metal (in some cased 

pletely diseolved i n  phosphoric acid, and tbe apparatus 

flushed w i t h  carbon dioxide, a c h  dissolved in the alkfiU 

of the eudiometer. 

total x6nm radioactivity, 

This pewi t ted  the calculation of the 

The studies showed that the disintegration of the me- 

tallic structure of the uranium upon conversion to the 

hydride caused less than one per cent of the xenon to be 

liberated. men an thennally decomposing the hydride lese c 

tha~ 15 per cent of the xenon nas &+en up. Complete solution 

of the sample WB necessary to cause the evolution of all of 

the xmon. 

clings so tenaciously to the urenimn or i ts  hydride, ht it 

is in  keeping dth the retention of the f iss ion products by 

the bydride upon leaching. Uranium hydride prepared i n  the 

presence of some radioactive xenon failed to adsorb the gas, 

Experiments on the behavior of the radioactive xenon ia 

uranium hydride ermalgsme a m  discnesed in Part VI1 (p. 68). 

It is not ent i re ly  clear nhy the t race xenon 

B. Action of Air, Hitrogm, Carbon  M o U ,  and IBate~’ (3.3) 
c 

F The pyrophoric natbre ok’the hydride has already been 

mentioned. 

oxide, u&, are foxmad. 

plosive even den as much as 1500 g. m s  buxned in the open 

0ihen the hydride i s  burned rater and urani\rm 

The reaction lraa not fami ex- 

I .  1 .  

* .  
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sb. Numerous eamples of the not pyrophoric, 

and it WES found that l f  a preparation k s  exposed to trmall 

amounte of air a t  a Ume mer an hour o r  80 it aould th6n 

be handled i n  air wlfihout catching fire, although It aae not  

completely air-etable. m d e n t l y  a protective layer of d d e  

formed on each particle. when a ample was eo treated, peri- 

odic lreighhgs shmed that it was slouly being d d i s e d  on 

standing in the air, the rate falling t o  about half i t a  origi- 

nal value in 45 d a p .  wlen ~~ uranium hydride in the 

Woratorg,  it is recom&"ded that the operator take the pre- 

caution of rearing asbestos gloves and a face shield. 

cbrsgen acta similarly to  ab, but more pigoraplsly. 

vraa mentioned earlier (p. 15) i n  connection w i t h  the analysis 

It 

of the hydride by combaetion i n  oxygen, that some cases of 

oxidation withoat ignit ion had been observed. 

2. N i t r o -  and Carbon Dioxide 

For the hadling and transfer of uranium hydride, a 

*dry box" BEAS often used, from rrhich the air was flushed 

w i t h  nitrogen, carbon d i d d e ,  or  in some malJ boxes, w i t h  

hellum or argon. The experiemce aas that the hydri.de could 

be handled safely in either nitrogen or  carbon dioxide Ff 

care vas tabn to flush all the air From the box. Wren 

enough air was left  in the baor t o  ignite the hydride, it 

continued to bum i n  either nitrogen or casbon dioxide, 

-@ 

.. 
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forndng uranium n i t r ide  or &de. These reactions are \- 

further discussed i n  Section F (p. 53). - 

It aas observed tha t  small quantit ies of  the hydride 

(1-30 g.) could be covered w i t h  water with no apparent 

reaction; the odor of acetylene was detected, evidently 

from the carbide impurities. On the other hand, ?hen a 

larger  quanti* (500-600 g.) of the hydride was mtted, 

ad@ng the water a l l  a t  once, the mass deflagrated, t,he 

sudden red heat breaking open the glass containers. 

oxide was fanned, and hydrogen was l iberated by the reaction. 

men water was added d r o w s e  to a large amount (400 g.) 

Uranium 

of the hydride i n  a flask, a emall amount of heat was given 

off. 

to permit the heat t o  be dissipated. 

who10 maas -8 thoroughly mtted without accident. 

reaction of uranium -*de w i t h  ateam is discuesed in 

The rate of addition of the mater 'was adjusted so as 

I n  t h i s  fashion the 

The 

Section F (p. 52). 

. ,  . . I  

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

B -  
1. Non-oxidizing A cids . 

Hydrochloric acid, d i lu t e  o r  concentrated, hot or cold, 

reacted only very,slowly w i t h  uranium hydride. 

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

The solutions 

U r a n i u m  &, men i n  the massive form, 
0 
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*reacted bath hgrdr0chlod.c acid dth phenomenal r a p i a t y .  

The e f f e d  of dilute sulfuric, perchloric, eJLd phosphoric 

acids were similar t o  that of hydrochloric. "he solution 

rate in hot concentrated phosphoric was quite Mgh. 

There uaa no reaction between the hpdride and dilute 

acetic aaid, bat on bofllng under reflux a b r d e b b l a a k  

apparently coUoidal euspei~ion resulted. The hydride ma- 

gension readily paseed t&@ filter paper but eone SOU 

uas W n n  d m  by long centrifuging. The hydride did not 

resat d t h  glaoial aoetic aoid until 8- hydrogen chloride 

gaa bubbled into the 8uspensio.n. "hie cawed a dgorous, 

e x o t h e d c  reaatioa, eed upon coollag a Ugh% green precipi- 

tab w 1 ~  deposited, rhioh by aBalysi8 (Part nt) m~ ohom 

to b@ uranuua awtste (29). The reaction of acetic acid 

vapor a t  elmatied temperatures is considered later (p. 54). 

. 

Nitric acid, either dilate or  concentrated, mu i d  

t o  attack the hydride violently, epolving the 

nitrogen, snd forming a yellow solution of uranyl nitrateo 

On several occasions the concentrated aeid caused ignition. 

of 

Concentrated s d f b r i c  acid, .rrhes heated rdth uranium 
0 

bydride, ma readily reduced t o  wrlfhr dioldde, 8lllfar, and 

hgdrogen &Me. 

Uranium hydride uas attacked by thirty per cent hydrogen 

peraadde, d t t i n g  aparka. The produd ma an oxide of 

t 

14 
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I u ~ o ~  of YO- W balbbhe f~ im Tha bgbbbr 
\ 

I K W V J ' ~ ~  -0- m g m .  ~b are~vmh i n e l ~ d e d  

bmsenep toluenep hexam, ems,  mthanpIfr diox&iae, ethyl 

aeeate, 

acid, d acattanee 

ocetste, oerrboap dimiUide, @.mian mwbic 

With tbe flr& W oarbaa t e t t 7 3 O h l o P i d S  behaved m 
I the s o l m t e  abm,  but on a second a qults+vlolent  ex- 

plosion ocmrred0 A aird t r i a l  witb a smaller quantity 

of &e solvent caused a red glow on contact slth the 

hydride. 

and hydrogen and uranium chlorides were probably the 

others. 

Carbon was a visible product of each reaction, 

I h e  reaction of uranium hydri.de w i t h  carbon tetra- 

chloride vapor i s  given in Section F (po 50). Addition 

of chloroform and chlorobensene to Uranium hyklde  sample8 

evolved more gas than solv'ents such as benzene did, and 

a s l igh t  odor of hydrogen chloride waa detected. 

l e n t  reaction took place. 

No vio- 

Liquid ammonia had no e f fec t  on the hydride. Xercufy' 

appear8d t o  form an amalgam, which is discussed separately 

(Part VII). 
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, . E. dotion of Bds 

gieldfng free silver end a wanyl sal%. Silver fluoride, 

which is very soluble i n  water, reacted g x o t h e w  with 

f ib  hydride, but a h c e  uranium tetrafbor!.de i e  ineoluble 

the m e t a l  waa not oxidized beaond the tetravalent atage. 

' Some hydrogeh wae liberated, and it i s  probable that the 

main reaction can be written as follows, 

2UH3+8BgF + 2 U F 4 + 8 & + 3 H 2  

It is d e o  poesible that to some extent the folloriag re- 

action occurred: 

uH+7AgF -3 u F 4 i 7 & 4 3 H F  

Solutions of silver nitrate reacted rmadily, diesoldng 

tbe u r d &  hydride, liberating silver crnd hydrogem, and 

7 folming a yeUaw.eolution. The equation for the most proba- 

f ,  8 .O 3 HZ 
which leada to, t h e  belief that six moles of eilver were 

0 

. I  
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mmed. It wan found tihr4, tJm amrage number d mala of 

eilvw llbberated per mol o f  tart idtam hydride war 5.8, and 

t k i e  i e  eaaiu ea@ainable on the basir that the,  nitric 

acid f o n d  during tbe reactica Olddimd part of the urani- 

um hydride a8 follovm t 

9 6 5 HBo3 =+ 
Whereara silver fluoride and nitrate oxidized uranium 

h 

. 
3 XO + UO2(NO3I2 + 4 50 

a 

m e  rapidly, requiring  nay a-femmimtee t o  conatme a 

gram or tno, the less soluble silver sa%te sere mnch more 

sbggiah in their action. Thus ailver sulfate, acetate, 

and tartrate solution8 required four t o  tnmty hours to 

dlasolve gram quantities of the hydride. 

Silmr perchlorate, however,. is exceedingly soluble, 

and reaeted with the hydride particularly rapidly. 'fhirr 

reagent also dissolves uranium metal rapidly, and tbis re- 

action har been stadiedl in some detail (30). ,It mas found 

that contrary to expectations, that some of the perchlorate 

ion itaelf mar reduced precipitated aa silver chloride. 

Fraap analogy, the two principal reactions with uranium 

-de may .be representads 

- *  

U 

f 

. .  

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

uranium hydride would be employed, w i t h  eilver oxide added 

to neutralize the acids formed. The unchanged hydride, 

s i lver  oxide, and s i lver  would be f i l t e r ed  off, and the 

, 
* ,,% 

* 

f i l t ra te  -would contain the u rmyl  silt. The equatipqs 
l e 

below illustrate the reactionst . .  

l ac ta te  

? A  solution of uranyl serllcylate was prepared i n  this fashion 

by heating a suspension of sa l icy l ic  acid, s i lver  @de, and 
- _  

uranium hydride. The f i l t r a t e  contained 1.4 mg. o 
"2 

per 100 I&. presumably, as the salicylate. The usefbine8a 

of this reaction could probably be extended by further in- 

vestigations. 

2. Other Heavy Metal Salts 

A nunber of other heavy metal a a l t  solutions uere ala0 

found t o  react w i t h  uranium hydride. The action of the 

salts of copper, mercusy, le,aci, tin, arsenic, antimony, 

bismuth and irpn were briefly investigated. 

. .. ... 
I 

cupric m a t e  solutions failed t o  react  wia me' 
hydride a t  m o m  temperature, but  on boiling, a slow reaction 

took place as evidenced by the formation of copper. A so- 

lution of cupric ammonium chloride, which dissolves metallic 



solved the hydride s l m 4  but smoothly a t  .the bolling point. 

F. me, Reactims of ~ a r i o u e  w e e  rlth uranium -j 
5 

The Reparation of R1- and Tetravalent Uranium 

. -. 
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a. Uranium tetrafluoride. Anhydrous hydrogen fluoride 

wm found to  react amSotMy w i t h  uranium bydride at my 

tempratwe ranging f r o n  rom temperature to 400' (13). 

Mone1.axx-i nickel appam%ue -re US&. Ths product was a 

fight green po*er and analysis (andytic8l methods are 

given in part ZIS) s h o d  fair conformity with the compo- 

The 6qUat iOA is8 

2 9 4 8 H F  -9 2 U F i + 7 5  

A eeriea of hydrofluorination experimen%E w i t h  large 

quantities of uranium M d e d  aut (34) .  In an agi;tsrted 

apparatus, the hydride reacted rapidly, 92 per cent of 

an U60 gram sample being converted within two hours. 

was not found necessary to convert al+ of the metal to t& 

hydrida before introduobg the hydrogen fluorides mu- 
gen and hydrogen fltaorich reaatd eimultamoualy, C a r e f u l  

It 

> 

temperature control wm ea88pptiBls , 

'I 

%he reao%ions of d u m  hydride wL$h halogen-be- gases 
were for the moat parti inveetigated by A. S. Neatcm, 0. Johnson, 
and B, w o  I?o%torf. ' 11 . 

t v . 



chloride was observed t o  react wit21 uranium hydride a t  250’ 

t o  give a reddish-brm powder, mhich changed t o  ,an olive- 

green color on cooling (13). 

262 g, of uranium was treated with hydrogen chloride, and 

the product obtained weighed 375 g,, whereas the conversibn 

t o  uranium tr ichloride,  UC%, would yield 379 go Analysis 

of the product showed cordormity w i t h  the composition of 

The hydride prepared from 

uranium trichloride: 

Calculated f o r  UC13 Found 

U 6900% 6q.2;% 

Cl 31.0 29.4 

Uranium t r ichlor ide was prepared by this reaction on 

a number of occasions, and it wa8”noticed that a small 

amount of a ahite crystaI&he sublimate formed on the 

cooler regions of the reaction tube just beyond t&e PO- 

s i t i on  of the  uranium t r ichlor ide (35). A b i t  of t h i s  

vo la t i l e  mteria~. gave-,& negative t e a t  f o r  urenirrm, but 

posit ive t e s t s  fo r  chloride ions. It was found that the 

amount of white sublimate was increased if the uranium 

hydride lsa8 exposed t o  air before reaction w i t h  the hgdco- 

gen chloride. 

chloride mas being produced by &e action of hydrogen 

chloride on a uranium nitride.  In fact ,  when ’some pure 

uranium n i t r ide  ma treated w i t h  hydrogen chloride a t  ele- 

This strongly suggested t h a t  mnuonium 
I 

. 

~ - 
-rated temperatures, copious qnantit ies of ammoninm chloride 

_, d 
, 

- 1  
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=re subUmed amy, and condensed on the cooler par ts  of the 

.. . . 
.., I . .  

. .  ,. ., I ' I 
'. * .:. 

.. - 
=re sublimed amy, Ad condensed on the cooler par ts  of the 

apparatus . 
Chlorine was passed over uranium hydride, and the vio- 

l en t  reaction that took place mas uncontrollable, and a 

molten product was formed. 

w i t h  ten volmnes of h e U m  axxi the reacticm me then rela- 

t ively smooth a t  250'. A Ught green p o d e r  was formed, 

which mas essentially uranium tetrachloride, UC14, as was 

sham by the following analysis: 

The chlorine was then diluted 

Calculated for UC14 Found 

U 6206% 63.6% 

c1 37 04 37.5 

A more convenient mewed of preparing uranium tetra- 

chloride was found by preparing the trichloride first, sad 

then passing chlorine over it, as follows: 

U H 3 + 3 H C 1  -3 UCl=,+3 % 
2 UC% + CQ -9 2 UC14 

The product was a yellow-ween hygroscopic ponder *ich on 

analysis s h o d  the foUowhg compoeitim: 
e calculated for El4 F d  

V 62.6% 6306% 

37 -4 36 .I. 
8 c1 

Mixed uranium balides were prepared by paesing bromine 

or  iodine vapors. over u r d w n  trichloride (36). Thus 

uranium monotffomotrichlodde, UBrC9, was made as a tan 
-_ c 

c I .  



0 powder by the action of ljromine a t  250 . 
pattern of t h i s  rraterial was indistlnguishable from the 

pattern of a substacce %de by melting toeether one c,ol of 

uraniim, tetrabromide and three of the tetrachloride. This 

and additional evidence suggested tha t  the systein UC14-L'Ljr4 

forms solid soliit,ions. The mixed iodide, UIC13,  m s  a &ark 

tan ponder, whic!i upon heating was decomposed into iodine 

and u r u l i m  trichloride. 

h x-ray diffract ion 
e 

The reactions of u m i u m  hydride mith two other chlorine- 

containing gases r e re  also icvestigated. 

and carbon tetrachloride vapor reacted. snoothly a t  250°, 

although neither reacts appreciably rrj tk. urmiiul turnings 

below 500'. The products from the hydride i n  both cases 

were contaminated with carbon o r  a cartide, and. probably 

were mostly the tetrachloride. 

me : 

Carbonyl chloride 

Possible r r incipal  reactions 

2 UH3 -+ 4 cml, -9 2 UC14 + 3 E2 + 4 co 

2 UH3 -+ 2 C C 1 4  9 2 U C l 4  + 3 H2 + 2 C 

C. Urar.iu.rr tri- a d  tetrabrorLdA Reactions :.nalogovs 

t o  those xiti? chlorine-ccntaining 'f8se.s were o>served (13). 

U r a n i u n ;  hydride prepared f ro?  392 e;. 01 uranium vias  treated 

w i t h  hydrogen bromide a t  300 ur . t i l  the reaction vessel %as 
.i; 

a t  constant weight (20 hours). The product v,eighed 781 g., 

whereas 782 g. was ca lcukted  on the basis of conversion t o  

u r u l i u n ?  tribromide . 

0 

Analysis shoved close correspondence t o  
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the cotnpositior, predicted: 

CaLculeted f o r  USr- Found 
2 

il 

Er 50.3. 49 09 

The uranium tribromide TES a reddish-brov.n povrder. 

The reaction of bromine i t s e l f  w s  examined Gy ezploying 

helium as a car r ie r  z$s. 

yielding a l i g h t  broxn povder, rhich by anal-ysis ivzis shom 

t o  have the coxposit2 on corresponding t o  the tetrabromide: 

The reaction -ims quiet a t  350°, 

Calculated f o r  UBr4 Found 

U 42.7:; 42.7% 

B r  57.3 57.2 

U r a r i u r n  t e t r a b r o ~ d e  wzs a i s o  prepared by brominating the 

tribrorniae; t b i s  constitutes the  preferred procedure. 

prodvct analyzed as follows: 

The 

Calculated f o r  UBr4 Found 

u 42.7% @*.d$ 

Er 57 -3  56 *? 

V r z i u n  mor,oiodotribron5de, UIBr3, was made by the 

It was a dark brown iodination o i  the t r ibror ide (36). 

1 .  

1iy c_'ro 5 cop i c  ponder . 
d. U r a r - i u l  iccfides. The s ta tus  of the uranium iodides 

i s  l e s s  satisfactorg than tkiat of' .the.other halides. 

products were found t o  be them,al.ly unstable and t o  decompose 

on standing, especialiy a f t e r  being exposed t o  the air (El). 

1otib.e vapor, carried by helium, was found t o  reac t  readily 

The 

. i 4 

> ' 1  

. 



x w -  with uraniun hydride forming a brown produot. Hydrogen 

Iodide a t  250-40O0 gave a eimilar product. Analyses mre 

uncertain, but the products were probably uranium tsi- or 

tetraiodide or  mixtares of these materials. 

The affect of another iodine-bmring material 
~ 

tested, namsly methyl iodide (37). The vapors carried by 

hydrogen were passed over uranium 4ydride at  275-300'. A 

broun produot mao io&, whose uranium conteat was found 

. to be 39.0 per cent, which i a  reaeonably close to the 

uranium content of the trfiodide, U13, which is 38.5 per 

cent.  he matexid 'IRLB ignited bs; air, uhen fhmea of IO- 

dine V q O r  WSXW liberated. 

3. Uranium Oxide. Snlfide. Nitride and Phosrhide (13) 

?!&en steam was dram over uraniun bydride prepared from 

8 knom amount of uranium, the w e  glosed, and after con+ 

pletion of the reacttion, a brown powder remained. 

a s  showed We product to  be wanium dioxide, fonsed as 

fsllmt 

%e might 

2 9 + 4 E20 + 2 UOg + 7 H2 

The reaction betwen hydrogm sulfide and uranium 

-de was invertrCgated. U t t l e  reaction was observed up 

to about 400O, d e n  the ramtion n u s  increased in volume 

end fowed a fine black p o a r .  Urauiun m i d e  prepared 

from 10.03 g. of the metal yielded 12.61 g. of the sulfide, 
I .  
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OOXT~S~QZXM t o  EI/U P ~ ~ I O ' O ~  ~ 9 3 .  me grtxiuut 

waa therefore mast probably uranium & W i d e ,  us?. 
Uranium hydride ma found to reat& fairly rapidly et  

250' dtb either nitrogen or mrmnie, yielding 8 way 

produot. The weight gain8 shcnmd both preparatione to ham 

compositions lSing b e t U W R  U93 SraLd UH2, WCh, W 8 8*d7 

of the uranium-nitrogen systam (38) has s h m ,  is althln a 

continuous phase region. 

Phosphine waa passed over the hydrI.de made from 2.35 g. 

of uranium unt i l  the might was constant. 

mas 400'. 

which corresponds t o  a P/U ra t io  of 1.55, and the phosphide 

was most probably the sesqui-phosphide, U&. 

The temperature 

The +k gray powder formed weighed 2.83 g., 

3. Reactions with Other Gases and V a D O r 8  

The action of carbon dimdde cm uranium l@r5da maa 

found to be very elow bat appreoiable at  rooa tenrperature, 

dth the rate steadily increasing dth %e teaperatare (3.3). 

Above about wo, the reaction m a  wte rapid. pr~dncte 

were probably ur&um dioxide, and carbon or a uranium 

carbide . 
The autlon of Qarbon monculde l l~8  much slower. It 

behaved more or less as an I n e r t  gaa and uranium hydride 

was decolnpoaed ta the meDal. 

attempt t o  prepare.rrrPlium mrbonyl by the action of carbon 

This ma8 discovered in an 

. 8 ,  

, . .I 
I .  
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moncudde on uranium hydri.de (26.). Uranium oerrbonyl h a  not 

been prepared t o  deb. 

Aoetio a d d  vapor a t  300' ma found 50 give a brom 

poder ,  presumably a mixture of oxide and carbide (a). 
Hydrogen cyanide similarly produoed a mixture of oarbide 

and nitride.  

%en heated t o  500' i n  a current of ethylene (13), a 

slou reaotion took place, giving a black product containing 

anreacted uranium metal. 

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

Methane reacted similarly a t  550°, 

G. The Purification of Iaboratory Gases' 

By taking advantage of the extraordinary react ivi ty  of 

the hydride and the powdered uranium formed by thermally 

decomposing it, and of certain compounds prepared from them, 

a particularly simple and thorough method of purifying 

certain gases often used in the laboratory has been developed 

(39). 

hydrogen chloride, hydrogen bromide, nitrogen, and possibly 

otbers . 
These include the inert gases, hydrogen, deuterium, 

The procedure f o r  purifying the rare gases consisted of t 

packing a ver t ioa l  quarte, Vycor, o r  Pyrex #172 tube kith 

cleaned uranium turnings, conversion t o  uranium hydride, and 

h e  use of uranium Wdride or  substagices prepared f r o m  it 
t o  purFfy laboratory gases is &e to,A. S. lerrtan. 

I 
1 
'I 

& 
..I AI- 
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decomposition under vacuum a t  50O0. 

packed into each end of the tube before the hydride formation. 

In use, a stream of the i n e r t  gas was passed through the tube, 

w i t h  the first 15 o r  20 cm. of the podered metal maintained 

a t  750 to 800' ~ l t h  a small resistance furnace. 

G l a s s  wool filters were . 

This l e f t  

30 or  40 cm. of the tube protmding beyond the firmace, caus- 

ing a temperature gradient, the last few centimeters of the  

uranium column being a t  room temperature. 

as nitrogen, oxygen, mter, 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 

passder. 

moved along the tube. 

the uranium a t  the high temperature. 

Impurities such 

Aa the heated uranium was depleted, the furnace was 

The tubes used ware slowly etched by 

The purification of hydrogen or deuter im was done in 

either of  two ssye. A bulb charged w i t h  uranium waa sealed 

through a stopcock to the apparatus i n  use, and after con- 

version of the m e t a l  t o  its hydride or dateride,  the hydro- 

gen or  deuterium was driven off by heat, This batch process 

gave hydrogen free even from the rar? gases. !Re uranium 

was used over esd mer again. A continuous process nhich 

freed W o g e n  from a l l  impurities y c e p t  the rare gases 

was ident ica l  with the one for the purif icat ion of the r a re  

gases, except t h a t  the column of d i m  metal was heated 

over its d o l e  lea@; a 10 t o  15 cm. length waa suff ic ient ,  

The &xed hydrogen 9 not tarnish a shiny uranium surface 

I i  
I /  
I i  
I I  
I 1  
I !  
I /  
I 

, 

r 
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The uranium WohlA.de prepared by ths reaotion of 

eatitre, end w d  a~ygm, d~ vapor, ej3d ohlorbe from 

a stseem of hydrogm ohloride, In practtice, a horlzantal 

tube '~811 peaked w i t h  urenlrtm, 

end hydrogen cthlorj.de passed in. After ctomplete conversion 

to uranim trichloz9.de, the tabe was cl8nped In a vertical 

con.partgd to the w, 

position aud ite c t a t a t S  tamped d m o  C h l O r l d e  

mas passed through continuc;lly, spd Waa stripped of ita i.m- 

purities ahen the uranium trichloride aee heated t o  400-50O0. 

The purification of hydrogen bromide ma exactly analogous, 

&loying uranium t r i b e  a t  350-400~. 

Nitrogen is  d i f f icu l t  t o  &ee from oawgsn imparities by 

the classical. raethoda. U r a n i u m  nitride was prepared by 

paesing nitrogen over the hydride a t  elevated temperatures, 

and it was fouad that  after all of the nitride had been 

formed, the ensuing nitrogen was oxygen-free. Thua the oxy- 

gen impurity reacted w i t h  uranium nitside, forming uranium 

d e  and nitrogen, mhen tke reactisn tube waa a t  5OOoO 

The purified nitrogen gave negative tests  for oxygen and 

oxides of nitrogen, 

purifying gases is that i n  all cams gas-aolid reactions are 

eqployed, and the use of liquids is avoided. 

Qae advantage of these methods of 

http://WohlA.de
http://cthlorj.de
http://trichloz9.de


-*.. ' .* . 
H. Reduotian,of Ckg;an$o Compouade 

The possible we of uranium wide a~! a re&oing Mat 

for o r g d a  oompounda &a apparent soon after It had first been 

prepared in a pure e&te, E%perimenta ware o d u s t e d  p e a  

naphthalem, maleic an@W.de, cmd nitrobansene (40, a). 
In the w e  of naphthalene, the eqeriment was made 

using the hydrocarbon w l t h  a relatively smal'i quanti* of 

uranium, in the hope that in the  presence of an excess of 

bydrogen, the bydride muld be re-formed af ter  it had re- 

duced the naphthalene. Fifty grama of naphthalene and five 

grama of clean uranium turnings -%-re heated i n  a high-pressure 

bomb to 250'. The hydrogear preasare was malntalned-at 104 

atmospheres, and the bomb was shaken constantly. After an 

hour the bomb mas cooled and opened, end it waa foaad,that 

the uranium metal had been broken domn t o  the hydride. 

melting point of the naphthalene from the b o d  VLB Identi- 

cal w i t h  that of the origlnal sample 

l l t t l e  I f  any reaction had taken pla b o = t * o f  - 

fact  it has already been shorn (p. ll) that I the m r s e  of 

the above attempted reduction I s  thennodynamlcally f amed ,  

namely the dehydrqgenatim of tetra& and) decalin by 

uranium t o  farm naphthalene and uranium hykW.de. . 

The 

shoalng that Wrg 

I - I  

me reduction of maleic anhydrijie t o  succinic snhydride 
, 

was attempted in a , simllar manner, yt a t  atmospherlo pressure. 

The uranium used was posdered by d i d e  ' I  + <-tion and 
I 

' 

u 
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deoomposltioa, end the mal& anhydride diesolved In  dioxane 

waa added. Isydlrogen was bubbled Gough &e liquid 88 tne 

temperature was raised t o  ~ o o O ,  but teste of the produot 

showed that no significant mount of reaction had occurred. 

A modification was tried a8 followar uranium (3.5 g.) was 

. . 
converted t o  its hydride; and maleic anhydride crystals 

(2.0 g b )  sas added. The organic substance was melted and 

refluxed (bop; 200’) f o r  4.5 hours, when a viscous dark 

brom liquid remained. Attempts t o  isolate crystals from 

both water and dioxane mere fruitless. The mktez5al gave 

a etrong nnsaturation ‘test (reaction w i t h  permanganate), 

desptte the use of an ~xces8 of uranium hydride; apparently 

l i t t l e  or  no reluction occurred. 

I 

”he reduction of nitrobenzene t o  ani’lins was attempted 

first  using an excsss of uranium’bydride and second using 

an excess of nitrobenzene. I n  the first trial 3.5 go of 

nitrobenzene was refluxed using a salt bath a t  180-185° 

with 15 g. of uranium previously converted t o  the hydride. 

After sixteen hours b e  resulting paste wae cooled, ex- 

tracted withcther, and filtered. The f i l t ra te ,  a c h  was 

greenish, w e  extracted w i t h  dilute hydrochloric acid3 the 

I 

aqueous phase’m then made alkaline. No o i l y  layer of 0 

aniline formed, but rather a trace of an amqhous precipi- 

, tab, d c h  could not be identified. In a second experiment 

with the excess of nitrobenkene ( 8  g.) and the same amount 

of urdm hydride as before, the flask was heated &ly three 

hours, the suspected amine,was separated as before, cooled 

-J. 

\ 



dyes when subjected t o  a i s  eeneitive dia%otisation-aouplhg 

t e s t ,  2he evidence indicated that no amine was farmed, 

l'he above experiments are by no mepuls exhaustive, and 

it is'probable that valuable processes cauld be rseU5ed bg 

more extensive investigatims; the use of ursnium deuteri.de 

may ab0 prove usef'ul, 

I. U r a n i u m  'PPiflouridea Its Preparatfon 

and Properties 

Another reaetion was discovered which again demomtwted 

the exceedingly high reactivitg of the uranium prepared 

the decompositdon of uranium hydride. Considerable iaterest 

had been shorn in uranium tslfluoride, and a rmmber of at- 

tempts had been made t o  prepare the mbatance, a l l  without 

~ U C C B ~ S .  

chloride on the hydride yielded uranimn trichloride, me 

action of hydrogen fluoride nevertheleas gam' u r d w n  tetra- 

fluoride, Uranium tr'iffnuride '1w8 prepared for ths first 

time, honwer, easily and 'in large quantities, by the re- 

I duction of uranium tetrafluoride w i t h  uranium p d e r e d  by 

decompoaitibn of the hyd@de (42). Since t h i s  represents 

the first preparation of this substance, it hill be discussed 

in some detail, 

It was shown that altzhmgh the action of W o g e m  

. b  

11 
I 

II 
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B the first  q e - n t  tj few gmm of uranium were 

converted t o  i ts  hydride and decomposed a t  275' under ma- 

um. It WBB d.th  the StOiChiOWh%c af r t r a n l ~ m  
I 

te trafluoride in a carbon dioxide-filled dry  box, kana- 

ferred t o  a nickel boat, and heated in  a quarts tube to  lQOOo 

i n  a stream of argon. After cooling, the material was tested 

by heating from roord temperature t o  250' in an atmosphere 

of hydrogen, and it  was found tha t  no abeorption o c m e d ,  
L 

b 

s indicating the absence of unreacted uranlum metal. The 

black mass was subjected t o  x-ray apcrlysis, and a new s e t  

$f diffract ion llnes were found, showing the  precrence of a 

new phase. Thus it was 8een that uranium t r i f luoride had 

been formed according t o  the equationt 

W 3 W 4  + 4uF3 
The preparation was repeated on a larger  scale by & 

ing 101 go of cleaned uranium turnings wi th  400 g. of pure 

uranium te t ra f luodde  i n  a large nickel tube holding a 

delivery tube leading t o  the bottom. 

with hydrogen and heated t o  250' u n t i l  no mre hydrogen 

was absorbed, and the uranium hydride-uranium tetraf lu+ 

ride G l a r e  was cooled and mhed thoroughly by shaking. 

The tube was heated while a slow stream of.*argon paaaed 

The system was flushed 

* 

thrqugh until the temperature was l lW0, which was main- 

tained fo r  taro hours. On cooling a black, dense,' coke- 
I 

. .  
like produot was observe& . 

, 
, . .,. I 

/ 
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~ ~ ~ 1 s  of the uranium W l u o r i d e  by the pyrohydrolytlo 

method (42)  gave the followhg results: 

Caloulated f o r  UF3 Found 

U 8 0 0 7 %  so.% 
F 19.3 19 6.2 

The analyeis corresponde t o  a fluorhe-uranium r a t i o  of 3.005. 

2. Phssical Promrtles 

The density of uranium tr lf luoride,  measured w i t h  a 

helium densitometer (a), m s  8.1 ? 0.1 g./cc. 

structure, as revealed by x-ray dFffraction studies, was 

hexagonal, w i t h  a = 4.13 2 O . O l  P and c = 7.33 2 0.01 A, 

w i t h  two uF3 molecules per un i t  cel l .  An attempt t o  de- 

termine the melting point by heating a sample i n  a graphite 

crucible surrounded by helium i n  an induction Aunace gave 

evidence that the material decomposed. 

gave a break a t  1610' t 20'; inspection of the crucible 

showed a sublimate of fine blue-green crystals in the upper 

part, mhich by analysis were shoun t o  be impure uranium 

tetrafluoride. 

The crys ta l  

A heating curve 

The residue was a black button containing 

90 per cent uranium, and was presumably uranium dicarblde. 

The evidence thus suggested disproportionatdon dth aubse- 

q u a t  reaction of the uranium with crucibles 

4uF3 -+ 3 u F 4 + u  

U I 2 C -  ucz 



A few chemid. reactions of uranium t r i f luor ide  mre 

examined. Wen boiled mith hydrochloric acid, a green pre- 

c ip i ta te  formed i n  a green solution, wlth a l l t t l e  evolution 

of a gas. This suggested the following reaction: 

4 UF3 + 4 €IC1 + 3 UF4 i UC14 + 2 H2 
A mS8Ure of hydrochloric and boric acids rapidly dissolved 

uranium trif luoride.  Silver perchlorate was quickly reduced 

t o  the metal. 

forming the corresponding uranium monohalotriflboride (36) . 
Chlorine, bromine, and iodine each reacted, 

J. The Classification of U r a n i u m  Hydride 

According t o  Emeleus and Anderson (44), the compounds 

of the elements with hydrogen f a l l  i n t o  three f a i r l y  dis- 

t a c t  classes, namely: the vola t i le  hydrides, the sal t - l ike 

hydrides, and thirdly a group of'substances derived from 

metals in which the proportion of hydrogen varies wifk 

temperature and pressure. 

stitial compounds. An eosample of the first Qpe is water 

or stibine, of the second type sodium or calcium hrdride, 

The last may be considered inter- 

P 

and of the third class the palladium-@drogen system. 

Data on the rare earth metal hydrides are inaccurate and 

contradictory, but  they belong t o  the salt-like or inter- 

stitial type, or t o  ye t  mother type. 



a 

It i s  interest ing t o  consider uranium wdride i n  re- 

l a t ion  t o  the above classification. 

lead t o  the belief that uranium hydride is  of the salt-like 

Ihe foregolng studies 

type. 

below2 

The evidence f o r  this classif icat ion i s  sMlmsrized 

1. The composition of uranium hydride, after 

taking in to  account the ef fec t  of the varioua im- 

pur i t ies ,  showed that the bydrogen-uranium r a t io  

mas a &ole number, namely three, rather than a 

fract ional  value which is character is t ic  of the 

i n t e r s t i t i a l  hydrides. 

2. The constancy of composition of the uranium 

hydride prepared over considerable temperature and 

pressure ranges indicated the formation of a def in i te  

c o m p d .  

3. The pressure-composition isotherms mere 

character is t ic  of a salt-like hydride, except f o r  the 

unexplained dip near 97 mol per cent hydride. 

4. The l inea r i ty  of the density-compoeition m e  

showed t h a t  the eget%m was not an imperfect solution, 

as may be expected of an interstitial gratem. 

5. The failure of hydrogen to transfer  from the 

hydride t o  the metal isothermally indicated the 

absence of so l id  solution phenomena, and of two differ-  

ent  hydrides. 



6 ,  The x-ray diffraction studies m i c a t e d  compound 

fonnation rather than solid solution or interstitial 

compound fannation. 

A. Farmetion aud Physical P r O p e r t h ~  of Uranium 

Hydride AmaQspns 

1. Formation. Prmerties. and Recomended Procedure f o r  

In some eqerlment.8 w i t h  a uranium-gold alloy, a sample 

waa treated wlth hydrogen a t  250' until a powder resulted, 

ani an attempt was made t o  separate any elementary gold by 

amalgamation (45) .  

lll~18 %ettedw by the mercury, and appeared t o  dissolve. 

It was observed that the ent i re  mass 

A 

series of Wdride samples prepared from pure uranium was 

then treated with mercury, forming Wnalgamsn of increasing 

hydride concentration (3.3). The preparations were extremely 

bright and shiny, kid some had a marked tendency t o  adhere 

t o  the glass walls of the vessel. The amalgams failed t o  

adhere t o  any greasy spots inside the glass containers. 

was found that hydride samples which had been br ie f ly  ex- 

posed t o  the air prior  t o  the mercury %reatanent mere not 

It 

wetted and did not amalgamate. Close examination of a 



. I .  

shiny hydride amalgam preparation revealed the presence of 

a few unaffected particles;  these were pr0bSibl.y the Ilk. 

pur i t ies  present i n  the original metal. 

The consistency and appearance of uranium hydride 

amalgams as a htnction of concentration are indicated i n  

Table 2 (45, 4 6 ) .  

Table 2. Variation of the Appearence of Uranium Hydride 
Amalgams m i *  Concentration 

Concentration Descriptian 

bhch W e  mercury itself; scarcely 
adheres t o  glass 

lo% 9 
20 

30 

Definitely more vi8cous;"adheres 
to glass; has appearance of 
gallium metal 

Semi-fluid mass; adheres t o  glee8 
rea4 

40 Semi-solid; hardly flows; adheres 
t o  glass 

50 Stiff semi-solid; does not flow; 
adheres to glass 

70 Light gray metallic looking powder; 
does not adhere t o  g h s s  

$0 A gray ponder; pyrophoric I 

I 
90 A dark gray powder; pyropho+c 

el 1 

I 

Wen uranium hydride amalgams mere prepared, no heat 

was given off. This is i n  contrast to the process of 

A 



forming amalgama o f  urm-an metal, powdered by formation 

and decomposition of the hydride3 a small but  def in i te  

amount of heat i s  Uberated as uranium-mercury Interne- 

t a l l l c  compounds are formed (47). 

Uranium deuterlde was found to form amalgams indis- 

tinguishable i n  appearance from hydride amalgama. 

Recommended Procedure f o r  the Preparation of 

Uranium Hydride Amalgams. A eimple apparatue such as 

that shown In Fig. 8 l a  constructed, and the flaek 

charged with a knm mount of cleaned uranium turn- 

ings. The desired amount of mercury is poured in to  

the side-arm reservoir, and the whole apparatus flushed 

thoroughly wlth hydrogen purified over pomdered urani- 

um. The flask I s  lowered in to  a molten salt bath and 

heated t o  250'. After complete conversion to uranium 

hydride, the f l a sk  i s  removed from the bath, cooled, 

washed, and dried. 

are closed, leaving the apparatus f u l l  of hydrogen, 

or, alternatively,  the apparatus i s  evacuated before 

closing the stopcocks. 

rotated i n  i t s  ground glass joint ,  permitting the 

mercury t o  flow down onto the hydride* 

The i n l e t  and out le t  stopcocks 

. 
The mercury reservoir is 

Many modifications of the apparatus and pro- 
s J 

cedure above may be made, 

i n  a separate funnel and permitted to run i n  by opening 

a stopcock, o r  may be held i n  a side am u n t i l  needed, 

when the whole apparatus is tipped. 

The mercury may be stored 

- 
. 

Substances other 
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than mercury ( a s  i n  experiments on the chemical proper- I 
' ties of the.pydride amalgam) may be introduced by the 

rotat ing ground glass j o i n t  technique. Thickened con- 

s t r i c t ions  f o r  seallng off under vacuum may be b u i l t  
' .  

I '  . . 

in, 8Fell-fitting rubber skopper- coke,ctions are 

sagsfac tory  i f  no great time elapses after preparation 

of the hydride. 

2. The Radiochemical Properties and Nature of Uranium €&dride 

4!sws 

The formation and the  uncollg~an and unexpected character 

of uranium hydride amalgams gave r i s e  t o  speculatio~s on the 

disposit ion of the hydride i n  the mercury, Samples of the 

semi-liquid amalgams were filtered c e n t m g a l l y  through 

porous alundum dish (45). 

contained less than O . 1 p e r  cent m e ,  while the residue 

was a more concmtrated, nearly so l id  amalgam. In'experi- 

ments in wlxich some hydride amalgams were being compressed 

in steel dies  a t  high pressures (&), mercury almost free 

of uranium was extruded from the crevices; the uranium 

hydride concentration was ra ised from 60 t o  67 per cent. 

i 

1 

It was found that the f i l t ra te  

The radiochemical studies discussed previously (p. 32) 

were extended t o  hydride amalgams prepared from bombarded 

uranium containing radioactive xenon. An apparatus con- - .  

I s i s t i ng  of a f l a sk  with a sealed-off side arm containing 

mercury, connections f o r  introducing hydrogen, and a 

- 

-. 



counter attached through a stopcock, was charged w i t h  tihe 

bombaxded uranium. After conversion t o  uranium hydride, in 

which process less than one per cent of the radio-xenon es- 

caped, the apparatus mas tipped so that the mercury f l o w e d  

onto the hydride, forming the arnntlgam. 

one per cent of the xenm was relesaed, as shown by the 

counter. 

Again not  more than 

men when t he  amalgam was boiled, very l i t t l e  m o m  

of the xenon was liberated. It m s  found tbat in order to 

ef fec t  quantitative release of the radio-xenon, the uranium 

hydride had to be diasolved completely in such reagents as 

s i lve r  perchlorate soh t iono  

It v s ~ 9  necessary t o  conclude from the above experimenb 

that uranium hydride BmBlg(b~i[p 81p) not %rue solutions, but 

that they are euspenaione of the hydride par t ic les  in 

m e r c u r y .  The amalgams are in all probabili ty col loidal  dis- 

persions in which each pa r t i c l e  retains i ts  om st2acture. 

No previous example8 of such a hydride smalgam are knm. 

B. Chemical Froperties of Uranium Hydride Amalgam8 

1. Action O f  A k  

a. C w l a t i o n  of the hsdri de amalgams bs BXD o m  t o  

- air. Ti!hem a Uquid uranlm hydride amalgam VBB exposed fo 

the air, a dark brown porderg substance began to appear on 

the &ace i n  a most remarkable manner3 mal l .  brm spots 

appeared which @err until  the *ole mass mas cbvered. In 
f ’  



1 

m a  a p o e e d  t o  air fort. 48 m o m  hour@@ Enough heat me 

evolved by %&e aeration t o  meigbl,?~ the temperahre of the 

rSnq;ire ma68 6* abcwe room temperature f o r  eeveral hmrs 

f'rm the t i m e  the scaration began. The bulk of the meroury 

then separated by pauring +4wciugh a paper cone &th a 

p b  hole In i t 8  apex. AlQhough the meraurlp came through 

rphlpIy St rapidly tamleheri, srad Helded 15 to 20 g. more 

of  the powdsr on further ~s;lrpowm t o  the d.r. 

The brown powder ma intimertely misad wiW mer0~1.g~ 

1% ma enalyred I n  the same faahion that uranium hydride RUI 

(p. l3), 7 to 10 

oxygen mtl eomtlmes violent. The mercurg oontalned i n  the 

sample oondensed in the cooler end of the  earnbustion tube. 

It $repa dis80Zved out w l t h  n i t r l c  rold a t  the end of the 

melyeir end t i trated rrlth standard potasl8ium thiooyenate 

rsoPution, u e h g  f e r r i c  alum a8 the jndicator, ascording t o  

amplee being ugdb The combustion In  

the method of bor (48). The m i g h t  of mgrenuy t h r r  found 

arae eubtraoted fram the w i g h t  of the ample Wen, p e r m i t  

t i n g  the aaloulatlanr of the analyeis of the b r a n  porder 

0x1 a mretwy-free baaie. The follomlng reaul te  PIC)- 



' .  

U H #/a ratio 
Trial 1 97.442 L17$ 2.85 

Trial 2 97.47 1.16 2.82 

There rhomd that the brown podor mas sti l l  m o s t l y  uranium 

hydride, probebly nJxed mith uranium d i m e ,  *oh 18 broror. 

That the brown parder WM prinoipally uranium hydride was 

conflnned by other evidence. 

rae identical d.th  that of the ordinarg hydride. Samples 

I t a  x-ray diffraction pattern 

on several occasions caught fire aponteneously, reaoted nith 

n i t d c  acid, w i t h  hydrochlorlc aoid-hydrogen peroxide mlxturea, 

and with si lver  perchlorate solution In  the same ray uranium 

hydride did. Another sample was heated i n  a vacuum, dim- 

t i l l i n g  off the mercury, and deccanposing the &cIri.de to free 

uranium. 

hydride thus forked again formed an amalgam, h t  a consider- 

able amount of scum uas lef t  unaffected by &e y.rcury; this 

was presumably uranirrm oxide. 

This readily took up hydrogen again, and the 

Some difficulty TBB encountered in separating the fine 

droplets of mercury f r c m  the brorn ppder. A fairly satis- 

factollg way ma devised, uUch consj+.ted of aaspending the 

p d e r  i n  petroleum ether, nMch lef t  most of the mercury 

taffllde the bottom of the codtainingl vessel, and decanting 

quicklg into mother vessel (49). 

repeated seveml times, .rrhich gave a p-ct qdte l o w  i n  

- 

This operation uas 

, .  
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the beginning, and then lese and lees  frequently, 

gains wre followed f o r  three years, and are given in Table 3. 

The brom powder gradually darkened, finally becoming black. 

The data f o r  the f i r s t  eemple In Table 3 a r e  plotted in Fig. 9. 

The weight 
/ - - 

This shorn that the most rapid absorption of oxygen occurred 

a t  the beginning; the r a t e  dropped I n  the case of the  f i rs t  

sample from an initial value of about 1 mg. of oxygen per 

minute t o  about1.7 mg. per day near the end of the time of 

observation. 

ble t o  two processes; 

t a ted  the hydride from the amalgam, and the subsequent 81oa 

oadat ion  of t h e  hydride on standing i n  air. After standing 

fo r  1092 days, the weight g a b  of one sample wa8 74.5 per 

cent of that expected f o r  conversion of all of the uranium 

The gain in weight was most probably attr ibuta- 

the sctfon of oxygen which precipi- 

t o  u30s. 

C. Rate of formation of water bs the aeration of uraniq 

hydride amalgam. It was s h m  e a r l i e r  that the hydrogen to 

wimium r a t i o  of t h e  hydride precipitated from amalgams was 

lower than in the pure hydride, i. e., about 2.83 rather  

than 2.97. 

oxygen was i n i t i a l l y  rapid, and then tapered off. l%en the 

H/U r a t i o  dropped t o  2.83 after the bydri.de was precipitated 

from mrcuzy 

l o s t  was the formation of mater, and it was interest ing t o  

determine the rate w i t h  mhich water was formed, and compare 

It was shorn above that the rate of gain of 

a i r ,  the most probable fate of the hydrogen 

it with the rate of m i g h t  gain. 
.,.x:--, .. . ~ 

i - P  
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Table 3* Weight Qa3.n of Uranium w i d e  Ibmalghtatatr 
on Exposurs t o  A i r  

0.0 
00035 
0007 
.I3 
0 19 
067 
0 9 7  
1.66 
2.62 
4.59 
5 062 
6.67 
7.15 
8.63 
9.67 
10.9 
ll.8 
3.3 49 
2.501 
16.6 
17.9 
19.1 
20.6 
22.7 
25.6 
27.7 
32m8 
37.8 
46.5 
53.8 
83 .O 
200 
590 

1092 

0d.n 
(w. 1 

0,o 
4.6 
8*2 

87.0 
I20 
2p2 
231 
253 
275 
310 
326 
341 
3 52 
365 
383. 
397 
406 
430 
443 
460 
475 
489 
506 
520 
546 
564 
595 
642 
704 
751 
912 
2102 
3127 
4006 

0.0 
40035 
,021 ' 

e 15 
* 25 
071 
1600 
1.67 
2.25 
3.63 
4067 
5871 
6.70 
7.70 
8.a 
9.90 
10.9 
l2 e 0  
l3 .O 
Uel 
15.7 
17.0 
18.2 
19.7 
21.8 
26.7 
31.0 
36e9 
45 06 
52.8 
81.8 
199 
589 
1091 

Gain 
(w. 1 
0.0 
24.8 
56.5 
152 
194 
260 
277 
298 
315 
347 
366 
384 
399 
414 
432 
451 
463 
480 
490 
506 
525 
5w 
559 
578 
594 
645 
681 
736 
808 
861 
1042 
2381 
3 526 
4533 

i 
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d e  hundred and thir;ty-four grama of 21.6 per aent 

uranium hydride amalgam was prepared I n  a flask equipped 

with a delivery tube leading under the surface of t h e  merou- 

ry (50). A slow stream of air, dried by anhydrous magnesium 

perchlorate, was bubbled through the liquid, and was then 

f i l t e r e d  through a tube containing f i n e  glass m o l  to reaove 

suspended par t ic les  of the solids. 

passed through a small tared weighing tube packed w i t h  an- 

hydrous magnesium perchlorate, which was weighed periodically. 

Table 4 below ahows the amount of water formed over a three- 

month period. 

The streamwas then 

T a b l e  4. Formation of Water by the Aeration of 
U r a n i u m  Hydride Amalgam 

0 0.0 
2 u.3 
7 29.0 
14 46 09 
23 58.2 
33 67.0 
55 82 .O 
84 97.1 

The data i n  Table 4 are plot ted i n  Fig. 10, and it is  

seen that the water i s  formed most rapidly a t  the beginning, 

the curve having the same general shape as tha t  in Fig. 9. 
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d. The aerat-on of uranium amal~ms. It i s  of in te res t  

here t o  br ief ly  present the resul ts  of some experiments on 

the aeration of uranium amalgams, as  contrasted t o  the uranim 

hydride amalgams. The uraniua amalgams were prepared by ad- 

dit ion of mercury t o  f inely divided uranium formed by decom- 

posing the hydride (45). So- heat was given off, indicating 

that ia tennetal l ic  oompounds mre being formed. It was found 

that on exposure t o  a i r  a rather rapid increase i n  weight 

took place as a dark solid separated (52). 

had corresponded t o  the oxidation of the uranium t o  U308, a 

gain of 15.2 per cent would be expected, based on the uranium 

alone3 act- m e  samplo gained 19.9 per cent, another 

22.0 per cent, within a tm-month period. This strongly sug- 

If t h e  migh t  gain 

gested that oxidation of the U-Hg intermetall ic compounds 

gave oxides of both e l a e n t a  rather than of uranium alone. 

Support of this conclusion uas gained when an oxidized sanple 

was leached with d i lu te  hydrochloric acid, which’ dissolves 

HgO but not U308; the leachings gave a strong t e s t  f o r  mercury. 

2. Action of Water Vapm 

It had been observed t h a t  a precipitate formed when 

uranium hydride amalgams -re treated with water vapor. This ’ 
reaction was studied by amalgamating the hydride prepared 

from 10 g. of uranilrm mith 70 g. of mercury i n  a small flask,  

and passing purified hydmgen, saturated mith water vapor, 

through the apparatus for a month (53). The $ask and i t s  . 
‘ 1  
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contents were weighed periodically. A grayish-brown en- 

crustation slowly formed over the surface of the amalgam. 

The weight gain was about 15 mg. per day a t  the beginning, 

gradually dropping, u n t i l  a f t e r  10 days it was about 5 mg. 

per  day. 

and a l i t t l e  water poured i n t o  the flask, which was allcrwed 

t o  stand another month. A a l igh t  preesure was b u i l t  up 

during this tirue, wNch was relieved by occasionally open- 

ing the stopcock. 

After a m9n,nth the hydrogen streem WBI shut off 

The water was decanted off, end the povder BWS sepa- 

rated, washed w i t h  alcohol and ether, and dried. A aepa- 

ra t ion from the small droplets of mercury was made by the 

petroleum ether  suspension technique already described (p. 71). 

"he dried brown polsder freed f r o m  mercury burned readily 

when ignited. 

n i t ion  l o  U308 discloaed that it contsined 96.6 per cent  

uranium, which ehowa that it was mostly uranium hydride, 

presumably contaminated w i t h  a uranium y i d e .  

Analysis of the material f o r  uranium by ig- 

3. Actioa of RvdroPen Sulfide 

Some 25 per cent uranium hydride aubslgam waa prepared 

a flask, &d a elow stream of hydrogen sulf ide paeeed 

through (50). Men the hydrogen salfide m e  first paeaed 

in,  a fine black powder separated inrmediatelyo After 36 

hours several grams of a black material had eeparated. B e  

contents of the flask were emptied in a' carbon dioxlde-filled 
$7 



dry box, and the black polrdes separated fromvthe bulk of the 

mercury. 

troleum ether f lo t a t ion  technique. 

The droplets of mercury were separated by the pe- 

The dried mercury-free p o d e r  thus prepared was analyzed 

by combustion i n  the apparatus previously employed i n  the 

analysis of uranium hydride ( Figo 2). A modification was 

introduced i n  order t o  determine-the sulfur content. 

consisted of  a small length of tubing holdfng several coiled 

s t r i p s  of platinum inserted after the combuetion tube, heated 

t o  about 500°. This caused the catalytic oxidation of sulfur 

dioxide t o  the trioxSde. 

tr ioxide thus formed was caught i n  a small weighing tube con- 

taining both sodium hydrofide and anhydrous magnesium per- 

chlorate. Thus weighing this tube gave the to ta l  of water 

and su l fur  tr ioxide.  The contents of the tube were then dia- 

solved i n  water and barium chloride added; the barium sulfate 

This 

The &bare of water and su l fur  

formed was f i l t e r e d  off,  ignited, and mighed. 

In t h i a  fashion two analyses were run, givFng H = 1.01, 

0,92 per cent, and S = 0.62, 0.65 per cent. The samples 

continously evolved t races  of hydrogen sulfide, probably 

because of hydrolysis of uranium sulf ide present by atmos- 

pheric moisture. 

It thus appeared that the action of hydrogen sulfide,  

l i k e  mater, a lso caused uranium Wdride t o  separate from i t a  

mercury suspension. In this case the hydride thus separated 

probably continued t o  reac t  slowly with the hydrogen sulfide, 
e 

t 
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g i v b g  some uranium sulfide. It l e  probable that the aotiou 

of air, water, and hydrogen eulfide are a l l  similar in  th& 

they reaot w i t h  the eurfaoe of the hydride partlolee in the 

merq  Buspension, which l e  lure* a oolloldal 8uspeLL8iam, 

and cause the separation of a product which l e  predominately 

uranium lqydride. 

4. RY droaen-Deuterium Exchan~e in Urani mil Bdr ide and De uteridg 

BmaltZamSl 

In connection dtb the attempts t o  separate deuterium 

from hydrogen employing uranium hydride or Its amalgam, ex- 

perimsnta were run In d d c h  the rates of exchange of hydrogen 

with uranium deuteride amalgam and dsuterium w i t h  uranium 

hydride amalgam mere measured ( 6 ) .  

a 25 per cent uranium 'dateride amalgam in 8 flaak containing 

hydrogen a t  about 400 mm. pressure aas'heated to 350'. *lea 

lh the first experiment 

of the gas =re removed periodioally and analysed by the gaa 

deneity balance. 

gen caatained 0.2 per cent deateriam, after 15 mlnutee 2.7 

per cent, and after 2 hours 10.3 per cent. l h i s  aaynmt of 

deuteriam could be accounted f o r  by the t 2 1 d  deoomposition 

of the deuteride a t  350'. The second experiment naa 8- 

except that uranium hydride uaa prepared, Bnd the atd~ospheric 

gaa mas deuterium, Comparable resu l t s  were obtained. It mcry 

It FBB found that after 5 minutes the hydr- 

'This Section is  based on the work of 0, Jobnaon and R. $1. 
Nottorf. 



-de or  deuteride i n  lgeroury eusggneion deoompoeed, the 

uranium thue released reaoted wlth the me3sourjr forming an 

intermetalllo oompound, which does not react dth hydrogen. 

It a131 be reoelled that with ursnlpm hydrld@ I t s e l f  a t  W O O ,  

o o q l e k  and rapid e~~~hen$e, $I& deuterium -8 observed. 

5. R eduotion of an Orrranic Comound mith Uranium Hsdri de 

&* 

\ 

It ma shown earlier (p. 57) that although so& organlo 

compounds could be reduced with uranium hydride, the reactitma 

were unmccessful from the standpoint of yielding the expected 

products. 

would be a more satisfactory reducing agent, an eqerlment 

was conducted w i t h  maleic anhydride (41). Ten grams of 

uranium was converted 40 the hydride i n  a f l a sk  .rrith a long 

sealed off side e i c  W d r i d e .  The 

flask was equipp 

air condenser, and at  the top 

30 g. of mercury, which was run in, forming the amalgam. 

In order to determine *ether the hydride 'smalgam 

e which acted as an 

ping funnel holding 

The apparatus was tipped so that the maleic anhydride could 

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

the organic compound began t o  reflux. After 15 minutes the 

apparatus was cooled and uashed out d t h  ciioxane. Bfter 

f i l ter ing,  the solvent mas evaporated. A thick brolrn syrup 

f 
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C. Related Materiale 
, 

It waa of interest to dtptsrmjse whether mercury was unique 

Sn its ability to mt Uranium hydride, or whather other liquid 

metals also had t h i s  property (46, 54). Sodium forme alloys 

w i t h  potassium which are liquid a t  room temperature3 20 ml. 

of such an alloy, c o n t a w  40 per cent sodium, was a l l o d  

to run upon two grams of umnium hydride in an apparatus SM- 

lar t o  that employed in the prepration of hydride amdgams. 

The sodium-potassiam a U o g  appeared to  mt the uranium hydride, 

forming a canposition of the same general appearance as the 

WoodIs\metal and tin mere a h 0  tested in a similar faahian 

( 4 6 ) .  A flask containing 5.2 g. of uranium was heated to 

250' w i t h  hydrogen passing through it, until complete con- 

version to the hydricie had occumed. After cooling a lump 

of Wood's metal (an a l l o y  of bismuth, lead, tin and c a m ,  

m. p. 60.5') weiighing 16.8 g. was loaered on to the Wdride. 

The flask was heated until  the a l l o y  melted. After a few 

minutes 8haldnng, the e l loy  began to expand rapidly, fonnlng a 

spongy mass Bahich completely filled the flask (about 40 m l . ) .  

It is  probable that the liquid +oy wet& &e umnimi hydride, 

and reacted w i t h  it, foming intermetallic caapouncb of laranium 

- 7  I r r  . 
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with the oanstituents if the Woodfa metal.% This process 

m i l d  liberate hydrogen i n  the i n t e r i o r  of the mass, forming 

a f ro th  of t h e  s t i l l  l iquid metal. The experiment was re- 

peated using tin (m. p. 232') in place of the WoodIs Fetal. 

W i t h  the hydride prepared f r o m  6.1 go of uranium, 11.7 g. of 

t i n  at*240° also expan& rapidly to a spongy mass whose 

volume was' about I 2  ml. - 
In  o d e r  t o  determine whether mercury would "amalgamate" 

hydrides other than uranium hydride, an experiment was can- 

ducted with the k e d  rare earth  hydrides prepared by heating 

RMischmetall" in hydrogen ( 5 5 ) .  

principally cerium and lanGanum, was quite impure, and did 

not disintegrate  when heated i n  hydrogen. Mercury appeared 

The rare earth metal mixture, 

t o  have &t l i t t l e  action on the product,'tmt d e n  s b m  of 

the mercury was poured out i n to  the air, a fragile, ash-like 

yellor encruetation slowly formed on the surface. 

dence was insuf f ic ien t  t o  distinguish between rare ear th  

metal amalgam and a rare  earth hydride amalgam. It m l d  be 

interest ing t o  investigate these phenomena more fully. 

# 

The evi- 
I .  

VIII. USES OF URANIUM.HPDFEDE AND THE HID= REBCTION 

/ 

Bs stated id the introduction, there were several  spe- 

c i f i c  reasons f o r  inves%igating uranium bydride aside from 

the general ncient i f ic  interest,' and some ,of the predicted 

- I 

Y 
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applications proved f ru i t fu l .  course of three 

year 's  work with t h i s  compound a number of other uses were 

found and developed. These are  summarized below. 

A. Iawra tory  Source of p?m Hydrogen and Deuterium 

U r m i u m  Qdr ide  o r  deuteride affords a convenient l a b e  

ratory reservoir f o r  hydrogen o r  deuterium. 

deuteride is prepared a t  250' i n  a f lask ,  and *en needed, 

the temperature L is raised to whatever value gives the de- 

s i red  gas pressure. A temperature of 430' i s  required to 

give a hydrogen pressure 760 mm. 

thus evolved is  f ree  of a l l  impurities, including the rare 

gases. The only precaution necessary is t o  i n s e r t  glass 

wool filters i n  the  l i nes  t o  prevant mechanical carrying of 

the fine hydride par t ic les  by the gas stream. 

Tfie hydride or  

' 

The hydrogen or deuterium 

B. Preparation of P d e r e d  U r d u m  

P d e r e d  uranium is eas i ly  prepared by the thermal de- 

The decomposition tempera- composition of uranium hydride. 

tu re  determines the nature of the m e t a l  formed. That made 

by decomposition at 450-500° i s  herd, and must be ground 

uaing a mortar and pes t le  in an inert atmoqhem. 

temperature cause the metal t o  sinter more; a shiny massive 

lump is fonned d n  heated to qOOo. 

Higher 

The recommended technique 
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is  ,D decompose the hydride under vacuum although 

the dissociation pressure a t  t h i s  temperature i s  not great and 

the decomposition is somawbat slow (py 16). Metal thus pre- 

i pared i s  dark, almost black, and exceedingly reactive. 

use as a '"getter" or "scavengern i n  vacuum tube work is  sug- 

gested, Powdered uranium may also be used i n  the preparation 

of certain uranium a l b y s  or compounds; for example, uranium 

monocarbide, UC, is formed by heating the metal with the proper 

amount of powdered carbon (56). 

t o  lrrtx the hydride itself with the other reaction substance 

Its 

It is  usually more convenient 

before decomposition t o  uranium metal. 

preparation of uranium t r i f luor ide  (p. 59). 

This was done i n  the 

S t i l l  another 

w e  of finely divided uranium metal is the purification of 

hydrogen and the m e  gases (p. 54). 

C, Preparation of Uranium Compomda 

Two reactions of uranium hydride with solutions of oxi-  

dieing agents serve t o  prepare uranyl sa l t s :  

w i t h  a mixture of hydrogem peroxide and an acid (p. 38), and 

w i t h  a s i lve r  a a l t  and s i lve r  &de (p. 44). 

the reaction 

2. Brs MsthOdS 

Mauy preparatioAs of anhydrous binary uranium compounds 

are possible by reaction w i t h  gases (p. 45 ff.). These include 
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uranium tetrafluorlde,  chlorides, broql es, Iodides, 0: Kide , 
aulflde, n i t r ide ,  and phosphide. 

direct ly  prepared from uranium Wdride _____ L7 i n  the purif icat ion .-A - 

The use of these compounds, 

__-- e-- 

' I  

d r i d e  i s  in an-extreme state of s u b d i v i s i m  

ik compounds  of /;Uranium do not r e a c t  with 
I 

I 'I 
hydrogen, cryst4ls of the compund can be separa ted  by siev- ~ 

I 

' , ,  

r. k. . , 

e screen. Whsn/'+i- a l ~ s  w i t h  tin, 
- 1 ._ _-_ '"li -11 - -- - . .  . .l ' I [ -  'I 

- -  
! 

L----J w i t h  hydrogen a t  250°, the intermetal l ic  compounds can be 

An inert gas atmos- 

1 with bismqth, and with_alu%inum;are powdered by t r e a t b g  

separated on a 400 mesh screen (57). 

phere must be employed. 

to  separate inclusions of impurities such as uranium mono- 

carDide from uranium. A modified procedure takes advantage 

of the slow rate of solution of uranium hydride i n  non-ofi- 

dizing acids; thus when a uranium-tin alloy i s  pomdered by 

conversion t o  hydride, the tin compound reacts  preferent ia l ly  

The sams technique may be employed 

w l t h  d i lu t e  hydrochloric or  su l fur ic  acid, and may be leached 

a t  ( 5 8 ) .  

(. 

E. Etching o f ,  Metallographic Specimens 

Uranium alloys containing a matrix of uranium metal may 

be etched by a short  treatment with m r o g e n  a t  250' (59) .  



The crystals of the compound are not affected, and after re- 

moval of the hydride, they are  plainly vieible  under the micro- 

scope . 

0. Maintaining a Given Hydrogen or  Deuterium Pressure 

It is evident from the temperature-dissociation pressure 

studies of uranium &-de that  any desired hydrogen pressure 

can be maintained i n  an apparatus by merely having a flask 

containing a uranium-uranium hydride mixture a t  the proper 

temperature connected .e0 the system. 

deuteride would behave similarly. Gases other than hydrogen 

i n  the system which react w i t h  uranium or i ts  hydride a t  the 

temperature involved, could not be tolerated. 

Deuterium and uranium 

H. dnalysis of Metallic U r a n i u m  f o r  the Free Elemeit 

A method f o r  analyzing uranium samples f o r  the f r ee  ele- 

ment based on the hydride reaction has been developed (61). 

# 
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thermally decoqosed under vaouum, the volume of hydrogen 

evolved being measured. 

since other metals a c h  absorb 'and release hydrogen as 

uranium does (palladium, platinum, thorium, rare earths) are 

rarely present i n  materials t o  be analyzed for  free uranium. 

Few interferenoes are enoountered, 

I. Other Applications 

The attempted use of the hydride reaction i n  the sepa- 

r a t ion  of the isotopes of hydrogen, although unsuccessfbl 

t o  date, may d t h  additional modifications y h l d  prof i table  

amounts of deuterium, A temperature-measuring device, con- 

sisting of a hydrogen-filled bulb containing uranium, mey be 

constructed; the pressure of the hydrogen would give a 

measurement of the temperature of the bulb. The slomess 

with which equilibrium i s  reached and the avai lab i l i ty  of 

other temprature+neasuring instruments w i l l  probably pre- 

vent i t s  use. 

pounds w i t h  urcnium and the reduction of organic compounds 

Finally, the dehydrogenation of mganic ctn+ 

with uranium hydride are applications a c h  fbrther researah 

may prove t o  be effective. 

I -  -&' 
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IX. ScQlElcE BMD PUEIFICATIW OF REACIENTS, AND 

ANAIXSIS OF PRODUCTS 

A. Source and Purification of Reagents 

The u m n  reagents used-acids, salts, mercury, ek.- 

were of Analytical Reagent qualitg obtainable on the market 

and were employed without further purification. The various 

organic solvents and compounds used mere purchased from the 

Eastman Kodak Company, Rocheater, New York, and -re of the 

highest puri ty  sold. 

The uranium m e t a l  from which the hydride naa prepared 

was manufactured by the Project, as explained i n  the Intro- 

duction. Analyses are given i n  Table 1- (p. 17). The uranim 

tetraf luoride cmployed i n  the preparation of uranium t r i f luo-  

ride was also from Project sources. 

(43) gave the f o l l o d g  results: 

Fp=ohydrolytic analysis 

Calculated f o r  UF Found 4 
U 75.0% 75 . 75 

F 24.2 24.0 

The water content was found to be less than 0.1 per c m t  (62), 

and the uranyl fluoride content approxhatelg 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 
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When ever possible commercial sources of compressed or  

l iquefied gases were employed. This applied t o  hyeogen, 

argon, helium, oxygen, nitrogen, ammonia, cebon &oxide, 

hydrogen fluoride, hydrogen chloride, chlorine, hydrogen 

salffde, methane, and ethylene. The purif icat ion of hydro- 

gen (pm 54) and the inert gases (pa 54)  has already been 

described. Nitrogen and hydrogen chloride were purified 

by passage over uranium n i t r ide  (p. 5 5 )  and trich3oride 

(pm 56) respectively. 

f ication. 

by the method of Ruhoff, Burnett, and Reid (64). 

chloride was prepared by the action of fuming su l fur ic  acid 

on carbon tetrachloride ( 6 5 )  and uas scrubbed w i t h  concen- 

trated su l fur ic  acid. Carbon monoxLde was generated by the 

dewdration of foxniic acid w i t h  cancentrated su l fur ic  acid, 

The remainder were used without puri- 

The hydrogen bromide was prepared by direct union 

Carbonyl 

and was washed w i t h  sulfuric acid. Phosphine was produced 

by the reaction between yellow phosphorus and potassium 

hydroxide; it was dried by paesage through a dry i c e  t rapo 

Bromine w a s  purif ied by shaking with concentrated sulfur ic  

acid in a separatory funnel, w i t h  subsequent d i s t i l l a t i o n  

over phosphorus pentodde . 
B. Analytical Methods for F’roducts 

In  aome cases analyaes =re not  necessary to determine 

the composition of products formed, since a given weight of 

i 



uranium was used, and the total weight of the product could 

be determined, which gave the composition a t  once. 

Ur&ium analyses were made e i ther  t i t r imet r ica l ly  or 

g r a a e t r i c a l l y ,  depending upon convenience. In the titri- 

metric determinations the compound was converted in to  a 

uranyl solution, reduced i n  an amalgamated zinc-filled Jones 

reductor, aerated t o  re-oxidize the small portion of t r iva len t  

uranium formed, and titrated w i t h  standard cer ic  sulfate us- 

ferrous-1, 10- phenanthroline sulfate  as the indicator (66)- 

The gravlmstric detenuinations were made by ei ther  igni t ing 

the uranium compound direct ly  fa U308, or precripitathg am- 

monium diuranak from solution, and ignit ing it t o  U 0 ( 6 6 ) .  3 8  
The analysis of uranium hydride has already been dis- 

cussed (p. 13 ff.). -tures of hydrogen and deuterium were 

analyzed by the gas density balance of Stock and Ritter (a). 
The uranous acetate was analyzed f o r  tetravalent uranium 

by direct t i t ra t ion .  

d i s t i l l a t i o n  with phosphoric acid and t i t r a t i n g  the ace t ic  

acid in the d i s t i l l a t e .  

The acetate content was determined by 

Uranium tirifluoride waa analysed by pyrohydrolysis (43). 

Uranium chlorides and bromides mere analyzed by dissolving 

h water, oxidation of the uranium t o  the hexavalent s t a t e  

w i t h  hydrogen peroxide, and precipitation of the halide w i t h  

silver nitrate (67). 

. .  *+- I_ 
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I 
1.&e uranim m e t a l  reacts rapidly w i t h  hydrogen a t  250% 

yielding a fine, black, pyrophoric p d e r ,  uranium hydride. 

Analysis shorn a composition corresponding t o  the formula 

but *en the effects of impurities in the metal are m2.979 

taken into account, the f o m l a  of the compound formed is 

shown to be UHg.i 

14 ~ s u t e r i u m  reacts w i t h  uranim analogously, f o m j n g f i m  c 

deuteride3 u.?~ , 
u h'3 1 3.1 (Uranium hydridelis a l s o  formed by the action of steam, or 

of certain organic compounds, mch as tetralln, oni'upanlm!& 

4. ' The physical and aermodynamic properties, x-ray -sits, 

and the chemical composition of iuranium hydridejindicate fhat 

it is not a solid solution or in ters t i t ia l  campound, but a 

definite  chemical compound. 

5* hranium hydrid2may be thermally decomposed, yielding 

!"I cp / 

ljP3 
A 

U)t3  
L A I/ - luanim]metal pander which ie exceedingly reactive. 
4 dttj 1 6., E e  general c h d . c e i  properties of banimp Qdridelare 

those df amstrong reducing agent; it resdiu reacts r r s i ~  

0xidj.z~ agents of a~ types, as m u  as certain organic 

compounds. Some reactions in aqpeoua medium seme to pre- 

I 

' f . . .  
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prepare by other means. The techniques a r e  simple, and are 

recomnended preparative methods. .. 
I 8. Uranium metal or  its hgdside o r  cer ta in  compounds prepared 

from it are conveniently employed h the purification of 

several laboratory gases. 
2 8 ?A3 ~ 

' b  ..- 

I 9.1 By mkdng the f inely subdivided braniwn hydriddwith other 

substances also in the form of a f ine  poder ,  and heating, 

the hydride is dec 

mfxed with the other 

stronger heating. LFor example,)$en carbon black i n  the 

proper proportion is used, uranium monocarbide is formed. 

10,' Ehploying the technique discussed above with@anium 

tetrafluoride2caused its reduction to $raniurn L trif'luoridf, 

previously unknown. !he trif1uori.de is  a black, coke-like 

SOUdO 

c) 
aving @anim]pmier intimately 

ce, lrith which it may react  on 

-/ 

FY 
I) F3 1 

4 

vlk 
' ll.7 LUr8nium kydriddreadily forms Wamalgamanj the evidence 

B 
n 

8 h m  that the preparations are not  true solutions idmermu+] 

ox true d g a m s ,  but suspensions. The analgama vary i n  con- 

aistency from a f lu id  through a semi-solid t o  a dark solid,  

a~ theLbranium hydrideJconcentration is raised. Air, -water, 

or  bdrogen aulf iddserves  t o  cause the hydride t o  precipi- 

%ate from its  amalgam. 

12. Several applications of &raniurn hgdriddand the hydride 

reactions are: 

preparation of powdered @anium~, preparation of @ra@um< com- 

pounds, isolat ion of intermetallic compounds of &anium, 

0 h!! 
< 'i, s 

n 

laboratory source of pure hydrogen o r  deuterium, 
c' 2' 

O i  
1 

, 
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etching -- -Eebllographic.. specimens., 
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been collected together, forming the Manhattan Project Techni- 

c a l  Series (MPTS), of which the Plutonium Project Record (PF'R) 

i s  a division. The PPR consista of lfAlt volumes, which are of 

a text and aurpey nature, and "Bn volumes, mhich contain papers 

written i n  the style of ordinary chemical journals. 
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