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Thermochemic::,l :~tudies of Oxides Df Praseod.:rm"ium an· 1 ~:J.iirie:um and 

n • + 3 +4 A + 3 A +4 the L~st1mation of the Pr -Pr , m - m Oxidation Potentials 

LeRoy Eyring 

ABSTRACT 

The heats of reaction of Pr
2
o

3 
and Pr0

2 
have been measured in 6.02 

M HNO~ to be 106.2 :!: 0.3 and 42.4 :!: 1.5 Kcal/mol respectively. The reaction 
- v 

heat with 6.0 _g Hl'J0
3 

and 0.1 Z1 HBF
4 

of Pro
2 

and Arn0
2 

was measured as 42.0 ~ 

1.0 and 30.4 ! 1.0 Kcal/mol. 'Tth these c..nd other data an aqueous solution 

oxidation potential of -3.1! 0.2 volts was estimated for the Pr+
3
-Pr+

4 

+ . +3 +4 
couple and -2.6 - 0.2 volts as the potent1al of the Am -Am couple. 
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LeRoy Eyring 

INTROJUCTIOIJ 

fund.,'J:k' ::te ;_ j_·-.:·~)orto.ncs in undorstcmdinr; t:v chomj_stry of ar.tcricium, not cmly 

in o.c:ueous solution but also in -the ~'orm of' solid compounds. 'l'his po-tcntio.l 

cannot be ··!1oasured directly bcco.use the Am+
4 

ion decomposes water. Attempts 

t .d. A +3 . . "d 1 t• ith o o::l ~ze m 10:'1 1n ae1 so u ~o:n, even v1 , arrentic ion) have 

Since americium forms an o:;ddo in which it is in the tetravalent 

state, th{.o oxida"cion potcnti.s~l can ':,~ estimated with reasonc..olo confidence ;)y 

thcrmochel"l.ico.l observations. 'l'hcse measurementc c-.~1d the-ir tr,oat:Jen-G forn -::;h'o 

A l:nov:lede;e of th::.s potontlal Y/Ould servo to indicn.tc whether it is 

fens)_;JlE ~JV com;_Jle::in: , adjustment of the )Ii, or by other ncu.ns to achieve, 

o;dda tion in acJ.cl solution and thus to secure the be1.sis for a rapid scpara tion 

of o.me ricium e.nd curium. Such a rapid separation would be of e:rea t value in 
' 

nucleo_r stulies dealinc with the short-liv-ed isoto?CS of these elements. In 

addjtion to this.' r. !:no;·,led~je of this ::~otcntial mirjl.t make more evident such 

rer::ulo.ritics as nm~· e::ist in the oxidution-re~mction equilibrium of thG 

actinide elements. This would be of great vvtlue in the s~aroh for still 

he[< vi0r members of the actinide series. 

Beoauce of th<: ha&arr.lous na. tu:rc, ol ·,Jor!:in~, v:i -th ar;>.ericium and 

')e.rticularly because of th:: very limited supL;l:r of that clement, it rras desir-

clblc first to pcrl'orm si;·:-d lar •_:;:;_)eriments on anothar material as c. 11 stand in;'. 
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Praseodymium was notably suited to this purpose because ()f its similar chemical 

and physical properties and because of the desirability of checkinr, the 

literature values of its thermodynamic data. 

NATURE OF THE PROBLEM 

. +3 +4 
The method chosen to estimate the oxidation potenbal for Pr -Pr 

and Am +
3 

-Am+
4 

couples required the determination of the heats. of solution of 

the dioxides of these elements. 

~ ... 

Since this reaction resulted in the immediate reduction to the trivalent cation in 

solution by the decomposition of water, it VlC.S also necessary to estimate as 

accurately as possible the heat 1r1hich would be :Jroduced had the reduction not 

occurred. The only additional information required was the entropy chan;·e for 

the reaction 

+3 + +4 
M + H = M + l/2 H

2 

Previous thennodynamic measurements of plutonium su:)plied the data necessary 

to estimate the entropy change. The dioxides of americium and praseodymium 

were used for the determine. tion of the heat of reaction since they were the 

only tetravalent compounds known in either system. 

A microcalorimeter had be.en built for another purpose and was 

available. 
2 

It was, however, a type not sui ted to measurements of heat 

developed over a time longer than a very few minutes. As usually prepared, 

the oxides of elements in this region are difficultly soluble in ordinary 

solvents at room temperature. Some means, therefore, had to be found to 

reduce the solution time of these oxides to a maximum of about ten minutes. 

The reason for this limitation of reaction time was the large drift correc-

tion involved and the dan:-"er of change in thermostat or room temperature 

during the period of the calorirne trio run. 
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It hc.s lonr; been knovrn tho. t ;Jrolongcd l1<:c.tin:' at hic;h tom~)cra tur::s 

~- ': renders raost subste.nces less reactive. Therefore, experiments were made to 

determine the mildest conditio:c1s of temperature and tir:10 nhich could be used 

to obtain the dcsirccl. oxide o.s a sin:;le pure phase. X-ray dif.frr.ction on all 

samples \Tc,s tho cri tor ion by v;hich the COl:!IJOS ition and phase of the product 

•,ro.s determinvd. Tho hoo.t content of the o;;:ide produced under these mild oondi-

tions is cl.iffcrcnt from thn. t of the usuo.l stetndard stat:::; this difference, how-

ever, is negliGible .in this case. 

Amcriciura forms o. scquioxide a.nd a dioxide. The ;:10thods of prcpal·ation and tho 

sta~Jility of each nill ~c discussed later. 

As sto.rtins materials hydroxides, nitro.tcs, and oxo.latcs narc 

J..gniotcd in air to produce pure oxides. In all cases t:1;:; decomposed oxala to 

gave the nicest, most reactive product. Qualito.tivc tc.sts showed that tho 

oxides could bo prepared with the solution properties shown in Table r. It 

should bo }'ointcd out that a non-rcducinc: acid had to 'oc used because tho 

solution of Pr0
2 

or Am0
2 

would othcr1'riso lend to side reactions not entirely 

prcdictn1Jle. 



Oxide 

Pr2o
3 

Pr 6oll 

Pr0
2 

Am2o3 

Am02 

PRASCODYMIUl\1 

Table I 
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~olubility of Praseod~ium and Americium Oxides 

Approximade Solution Time in Minutes at Room Temperature 

6 ,!! HN03 
6 ~ HN03 

0.005 M Na
2
SiF

6 

~ ~ HN03 
0.1 ~J. HBF4 

2 - 3 

10 8 - 10 5 

10 8 - 10 5 

> 30 4 

> 30 35 5 - 10 

EQUIPMENT AND :GXPERHlENTAL RESULTS 

The praseodymium used in all the experiments to be described herein 

was obtained as "spectrogro.phically pure 11 from Johns on, Ha tthey L Co., Ltd., 

of London. This Elaterial in the form of Pr0
2 

was found to contn.in about four 

percent sodium and potassium, and of the order of one-half of one percent 

other rare earths, principally neodymium. This relatively pure oxide was 

further purified by D. c. Stewart and R. C. Lilly of the University of California 

Radiation Laboratory by a cation-exchange column separation procedure using 

nalcite resin. The resultin·g material was quite free from any impurities as 

indicated by the following spectrographic analysis: (Hicror::rams per fifty 

micro~ram sample) 
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Al 1~D I~ ND 

Ba lTD La ND < .1 ,, 

Be rm / .005 
~. 

Lu 1m (·1 

Ca I 0.01 liJa ND .... _ 

Cc IID < .1 Nd liD ( .01 

Dy ND < .1 Sm ND < .1 

Er HD < .1 Sr ND ( .01 

Eu ~m <' .1 Tc. ND < .5 ., 

.:•'c ND Tb ND ( .1 

Gd ND I .1 .. Yb ND ,/ .1 ,, 

no l'JD I .1 
"' 

y ND < .1 

lTD not dct0c ted 

Th0 praseodymium from th:; column runs 1ms prccipi tatcd as 

o:~o.lo.tc .:1.nG. icnitcd in air to the black c:~idc usua.lly cc,llod Pr
6
o

11
• Tho 

ignition vr:J.s carried out in o. plo.tinum conto.incr o.t cc;Jout 650°C. This oxide 

consti tutc:d the stock mo. tcrial from vrh :i.ch tl1-:: succeedinc praseodymium calorimeter 

so.mplcs were prepared. 

Prasc:od·rmium lieto.1 _____ ,;;:_ ---------
At pr.cscnt tho most likely value for the hco.t of solution of prasco-

dymium metal wo.s obtD.incd sor,:cviho. t indirectly l:J~r Bommc ;:· o.nC. Hohmann. 4 This 

rc;Jrcscntc:d o. correction of about three kilocalories per nolo to th:; previously 

accepted vo.lu-> from. BiohovJs}:y and ~:cossini. 5 
It vms desired to check these 

values l:Jy production of tho pure ;-:1ctnl and the dirvct mcusur(..;·ilcnt of its heat 

of solution in 1.5 1<1 HCl at 25° C. 

The l'l.etllod of pro6.uction of pro.s;Jod~.T.'litU't ;notnl s imilo.r to that 

d • b ' b •·r t • -; • • 6 '-- • d b • n l f ll oscrl ect y ;,cs rum an, .•• ,ooJ.nson :r:1a.y uc su:·!l';'lO.rlzC rJ.Gl. :;r o.s o ows: Pu:ro 
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Pr
6
o

11 
was, placed in the hydro~ry;cn r:Jduction o.ppo.ro.tus shown in Figure 1 and 

pumped down to remove all adsorbed moi sturc. The nolybdonum radio. tion shiJ ld 

used to heat tho oxide sc.mplc in the reduction o.pparatus rms found to resist 

action of hydror:;en at tho so. h! r;h tcnpero.turos to a much groo. tor decree than 

tunrstcn, to.ntalum, cold rolled stool or stainless steel. The Chromel vs. 

Alumcl thermocouple wc,s spot welded to the bottom of the platinum sample holder. 

About one-third a tmosphorc of pure h~rdrogon vtas o.dmi ttod from a tube of uro.nium 

hydride mainto.inccl o.t 360° c. A discussion of this pur;; h~rdro;:on source is 

given by Amos i.'Jewton. 7 It is cspocio.lly r,ood for such an o.p~)o.ro.tus o.s this 

bocc.usc, in addition to the purity of tho hydro';on produced, any desirable 

pressure can be mo.intainod simply by ac1justing the equilibrium temperature of 

the uranium hydride. 

The oxide char(';e was heated to 500° C. and maintained at that 

temperature throughout the reduction. After tr:o or throe minutes the blo.ck 

oxide changed with o.n observable rate to yellow-creon Pr
2
o

3
• No further 

decrease in ·weight was observed after one hour under these conditions. There-

fore, an a de quo. to time of one and one-ho.lf hours vrets adopted for tho roduc tion 

to rr
2
o

3
• X-ra~r diffraction results on this T'lO.tcrinl consistently indicated 

tho cubic C form with a = ll.E ! 0.01 R • trthon the tcmpcro.turo of this 

product no.s increo.sod to 1000° C. in vncuuxa, it chanced over to the po.lo green 

. + 0 + 0 
hcxn~;ono.l A form with c. = 3.859- 0,003 A , c = 6.008- 0.003 A. 

is reduced o.t 1000° C., the A for::! is produced directly. The reaction o.t 

lo-v!cr tcrape ro. turc ma~r be roprvscntccl o.s 

1/3 o.tm. _H .... 2.~) 
500° c. 

3Pr
2
o

3 
+ 2H

2
0 

C Form 
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This Pr
2
o

3 
was removed and ~laced in n ·.')la tinum fluorination line

8 

and treated with a 50 - 50 mixture of HF and hydroccn at 700° c. for one hour: 

The pro.scodymium trifluoride from this treatment rms rGducod by 

barium vapor o..t 1100° C. in a beryllin .crucible system supported by a tunr;stcn 

furno.ce in hi:;h vc..cuum: 

2PrF 
3 

+ 3Ba --4 2Pr + 3BaF 2 
I 

The praseod~rmium ::1otal ·chus produced always tended to spread out over tho 

beryllin surface. l·Tovortholoss, rood colorimeter samples were uade. 

Tho metal was v:.;ry maleablc, had a iJright grey meto.llic luster and 

readily formed a hydride at ubou t 240° C. I'he metal sanples su'Jmi ttcd for 

X-ray analysis were never anneetlod cnoue;h to c.ivc r:ood patterns. 

Th::: metnl pellets vrere il1117lorsed in dr~r xylene in a "dry boxa cmd very 

co.rcfully clGc.no~l under o.. microsco~c. They vtcrc uoi)1cd by difference directly 

9 
into the cc.lorimctc;r bulbs on a Kir!( quartz microlK.lancc. 'l'his balance is 

-8 scnsi ti vc to 10 grc.ms and could rc;;roducc the wei;·ht of tho fe>'! hundred nicro-

gram samples of mcto.l to a few hundredths percent accuracy. In order to usc 

this balance, very fra~~ilo glass calorimetor bulb systems ·were mudc vrc;i.:;hing 

less than tv;cnty milligrams. 

For the pro.sood;)nnium metal, pro.scod~nnium sequioxido a.nd one set of 

prascod~nnium dioxide cnlorim0ter runs, the microcalorimetcr described by 17ostrum 

and :Gyrinl nas used wi'j:;hout modification. 

The microcalorimctcr wc.s ac;o.in ca libra. ted chemically using pure 

mct"ncsium metal in 1.0 H HCl at 25° C. The results are shown in Tnblc rr. 
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nun lJo. -
1 

2 

3 

We iJ:._r:._t-Hc:.:_ 

0.5280 

0.5066 

0.2061 
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Table II 

Hcc::.t Evolved-Calories -----·-
0.2410 

0.2673 

0.1309 

!:. H ( xca l/!1olJ 

111.3 

111.1 

111.6 

+ 
111.3 - 0.3 

+ The best litcro.turo value of 111.322 - .041 was d<::tcrmincd under 

H 10 
similr:.r conditions by Shomo.to o.nd ~uffmo.n. Eloctrioo.l calibrations wore made 

with each run. 

Consistent results on the heett of solution of prets:;odymium ;;10to.l in 

1.50 MHCl wore not obto.incd. They ran··ed in Vi:\luc from 170.5 to 178 KCal. 

per •:1ole in s.;von runs, four of which were about 173 Ieco.l. Thoro were no 

obvious reasons why tho runs shJuld not o.:::rco since the s~:\m!:'lles wore very co.re-

fully prepared o.nd tho oporc.tion of tho cc..lorimetcr nc..s normal. 

Spectroc:ro.phic analysis on tho calorimeter solutions showed o.s 

impurities in tho metal 0.1 - 0.4 percent bcq.-llium o.nd 2 - 6 percent barium. 

This mo.y explain tho vurio.tion in results. Tho hio;h values wore probably duo 

to the presence of boryll ium mcto.l in tho so.mple. Although it was present in 

low wci;sht percent, its lo11 atomic weight led to a high mole percent. Low 

rcsu~ts could be explained by the presence of barium or oxide in tho metal. 

Tho spectrographic analysis o.t best is accurate to,_, factor of two, and within 

this limit tho hi[:h heats of solution corresponded to high beryllium content. 

Lc..ck of' exact knowledr;c of impuri tics prohibited uccuru to culcula tions of the 

correction to be applied. 

One v;ould not O~{pcct th0 bcrylJia to bo reduced under the conditions 

of metal production unless beryllium ~ncto.l :1us a :1ir;h heat of solution in 
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praseodymium ractnl and/or the beryllia reacts with PrF
3 

to give BcF2 and PrOF, 

the first of which could be reduced by barium. Both reactions arc thcrmodyno.mi-

cally poss iblc. 

In tvw runs the metal sample was divided into two portions and one 

used for a calorimeter run and the other for G hydrot;en. evolution measur.::ment. 

Both detCl·mino.tions shoHcd one to tr10 IJOrccnt more hydrogen evolution than 

wot:ld be co.lculo.tcd o.ssuminc pure praseodymium metaL This also could be 

a. ttri'Jutcd to thu presence of Do moto.l. The o.ppo.rc. tus used is shown in Figure 

2 :::.nd cons is ted of o. vcr~r small bulb o. tto.ched to o. cal i bro. ted capillary fixed 

to a meter stic!c. The r.1etal sample was ex~oscd to acid solution in the bulb 

and the volume of t;as cvolv.:;d measured by the movement of tho liquid column 

in tho capillary tube. A thermometer was fixed o.longsido the capillary un.d 

the temperature noted carefully. Corrections vrcro mo.do to standard con.di tions 

of tempera turc and pre ssuro. 

It is difficult to give very much we ic;ht to those rcsul ts, but, if 

anything, the~; seem to indicate that tho result of Bommer and Hohman4 of 172.9 

:!: 0.7 Kcal/mol is bettor than the lovvcr previous litero.turo value. 

Praseodymium Sosquioxid~ 

Praseodymium scsquioxido was propo.rod as above o.nd removed immediately 

into tho dry atmos1Jhorc of o. nitro,o;cn "dry box". There it was qu:i..ckly loaded 

into weic·hod sample bulbs and sco.lod off with Apiczon "VIr" wax ready for rc-

wo ir:hin[j o.n~l calorimetric runs. 

The results of the dotcrminntion of the hoa.t of solution of 

praseodymium sosquioxido in 6.02 _M mm
3 

at 25° c. arc :·ivcn in Tt~blo III. 



·. 

Table III 

Heat of Solution of Pr2o3 

"reight Heat Evolved 
Run No. Hg Calories 

1 7.312 2.355 

2 4.109 1.324 

3 4.539 1.459 

Praseodymium Dioxide 

in 

UCRL-327. 
Page 13 

6.02 NBN0
3 

at 25° c. 
··-1-

a == 11.14 -
- fl H C Form 
Kca1Lmo1 

106.2 

106.3 

106.0 

+ 106.2 - 0.2 

Upon heating Pr
2
o3 in oxygen at one atmosphere or in air, the 

resulting product upon coolinG closely approximated the formula Pr6o11 but 

the exact composition depended upon the conditions of the experiment. 

o.o1 R) 

In order to produce Pr02 in a reasonable time, one must go to higher 

pressures of oxygen and temperatures of the order of 300° c. or higher. These 

conditions were achieved to produce the Pr02 for calorimeter runs, that is, 

oxidizing a lower oxide with oxyr:en at very high pressures in a quartz bomb. 

The sesquioxide was used as the startinr material since the product of that 

reaction was more readily soluble. 
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The bom~J (Figure 3) consisted of' c. thic~c ~-rc.lLd quo.rtz tube of about 

8 mm. OD and 2 - 3 rnm. ID with c. rounded bottom and a constricted portion at 

the othor c:nd. Tho construction insured o. thick v;c"Lllivhcn the end no.s scaled. 

Tho Pr
2
o

3 
wo.s loaded into tho bomb and tho open end attached to a 

system r1hich wo.s alternately cvncuatcd and flushed with oxygen w:1ich was ·water 

nnd carbon dioxide froe. The latter impurities were frozen out of to.nk oxygen 

0 
in c. copper coil kept at -100 C. by an alcohol liquid ni trocon mixture. 

Finally, with oxyv.on in the bomb, the end was inuncrscd in liquid ni trogcn and 

oxy::ren was liquificd in an amount previously co.lculated to 1;roduco 100 atmos

pheres pressure at 500° C. At this point the 0omb was scaled off Hith a gas-

oxy::-:;vn flame. Tho quartz bomb yro.s then plo.ccd in a stainless steel jacket 

nh:· ch sonred o.s ':_)rotcction against possible cxplos ion. The complete assembly 

was then put in'.:;o a muffle furnace and heo.ted at 500° C. for 8 - 12 hours. 

T'ne resultin0 product was a rc;ddish-black com~;ound wl1ich consistantly showed 

o. sinclo fluorite pho.sc (o. = 5.395! 0.005 R) by X-ro.~r diffraction. 

The bombs vrvrc opened and the mo.terial placed in o. small phosphorous 

pontoxide desiccator inside a 11 dry box 11 rca.dy for loadinr; calorimeter bulbs. 

Tho miorocalorimctor was used to determine tho hoa.t of solution of 

Pr0
2 

in 6.02 U HN0
3 

at 25° C. as given in Table IV. 
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Run No. 

1 

2 

3 

4 

Table IV 
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Heat of Solution of PrO, in 6.02 E HN0 7 at 25° C. 
"' - v 

Height Heat :Svolved - 6 H 
Hg Calories _Kcal/mol 

1.0042 0.2381 41.0 

o. 5712 0.1412 42.8 

0. 4722 0.1186 43.4 

0.8412 0.2071 42.6 

42.4 ~ 0.8 

The solution time for these samples was from fifteen to twenty 

minutes and the drift correction amounted to some ten to twenty-five percent. 

This fact leads to the uncertainty shown by the results tabulated later. It 

is believed that this accuracy '\'vas as r:;ood as could be expected under the 

circumstances with the present apparatus. For this reason Pro
2 

was run in 

0.1 ~ HBF
4 

and 6.0 .,!'i I·IN0
3 

solution where its time of reaction is reduced by 

about a factor of five. 

In order to use an acid solution containing F- ion, all Glass sur-

faces had to be replaced r!ith HF resistant materials. Hany coatings for 

the r:lass bulbs were tried including; Zapon, Glyptal and plastic paint, but all 

these showed a tendency to peel and expose fresh t;lass surface after the film 

had been ruptured. On the basis of these a.tteupts it was decided to go to 

another bulb material. Ho substance wns available which had the necessary proper-

ties of fluoride resistance and fragility in addition to the requ2red ·workability 
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in forminc spheres to simply rGplo.ce the c;lo.ss bulbs. Hence, it was necessary 

to tr:r r:.n entirely different bulb tyl'e. 

The material most suc.tcd for this worlc seemed to be polym~mochloro-

trifluoroethclone, a. plastic, 'Nhich is rcsistr.cnt even to rmrm concentrc..tcd 

mro
3 

nnd HF and is eo.sily machined. The bulb assembly finally desi::;ned which 

v:orlcod so.tisfc.ctorily is shown in Figure 4. 

A small disk vms used to seal off the neck of the cone, -r:hich formed 

the body of the bulb,and the lc.ttcr 1.vas sco.led v;ith v1c:x to the large bottom 

disk. After the bulb was loaded and wei~_-hcd it w~;s sec.lcd with Apiezon "Vr" 

wo.x to chc end of the stirrinc shaft and broken by depressing it against o.n 

o.nvil in the bottom of the co.lorimeter. Juring loading a.nd hnndlinc, the 

lo.rgc bottom furnished a very stable base but :'_ts ;Jrimo.ry :?Urposc r;as to 

make it possible to open the bulb without mashing the powdered so.mple into 

the wo.x. This no.s achieved by spot welding nn auxiliary platinum anvil to the 

bottom of the calorimeter offset from the center to enro.ce the periphery of the 

bc.so as the bulb no.s depressed. This furnished a very effective way of 

flipping· the bo-ttom off in order tha.t the inverted cone could be depressed over 

the c2ntrnl a.nvil to rc\aovo the nitroe;cn bub~~··le which was present. In this 

17a.y it seemed c;_uite certnin tha.t all the oxide wns cont-1.ctcd by the solution. 

The bulbs 1701·e .;;uito sturdy and could be handled a.nd loaded wit~1out serious 

dnn:=::er of brco.kinc; them. 

The sidewise thrust e~~:Dericnocd when these bulbs VIera opened occasion-

c.lly broke the thin :··lass stirril1C shaft ordina.rily used. Therefore, it vms 

nocessc..ry ·l;o :L'eplo.ce this shaft nith a. stron er one. It v1c.s found t).l.at a forty 

mil tungsten shaft could l)o used for tllis rurposc provided tho to:) of the 

cCt.lorimetor m'.s insulated and a very careful choc!c mc.dc on the room temperature 
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in this area. Zxperiments were performed to deterrhin2 the effect of tho ci1ango 

of the external temperature on the drift ra.to so that o.pr,ropriate corr::-ctions 

could be made v1here necessary. 

Four runs v10re made on Pr0
2 

dissolved in 6. 0 I'i HN0
3 

and 0.1 ~ : :·.'.BF 4 • 

The solution time wo.s decreased by at least a factor of three over the previously 

de:>cribed runs or to about three or four minutes. Table V shows the results 

of these runs. 

Run No. ---
l 

2 

3 

4 

A: lERICIUH 

Table V 

0 
Heat of Solution of Pro

2 
in 6. 0 ~ mT0

3
J 0.1 _!1 NaBF

4 
at 25 C. 

Weifht Heat Evolved - 6 H 
Mg Calories Kcal/mol 

.827 0.2002 41.9 

1.430 o. 3471 42.0 

1.229 0.3031 42.7 

1.177 0.2818 41.4 

+ 
42.0 - 0.4 

Because americium is available in much smaller quantities than 

pras-2odymium Jche procedure and apparatus was nod ificd to mo.l~e meo.surGme nts 

on these minute quantities possible. 

The hazards involved in handling quanti ties of a fow microe;rams 

of powdered americium compounds are exceedingly great. For this reason, 

all operations involving preparation of mo.terialr;, loadinc and weir~hing of 

samples nnd loading of the calorimeter had to b"' dono in a "dry hox 11 or 11 ;rlove 

box". '7ei,c:;hing the sa"'!ples prcs<mtod th·::: most unique probbm. It was solved 
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by building a Salvioni type quartz microbalance whicr. Has calibra.ted and mounted 

on the front panel of tho americium "glove box", A microscope support and 

microscope were fixed rigidly to the so.me front panel makine; pass ible weir:;hing 

tho bulbs on thEJ safo interior of the 11 glove box". The reac.1ings on the filar 

micrometer could bo made to about ton to tvventy divisions or an uncertainty 

which represented an error Of about 0,1 - 0.2% Of the total 1i/Ci:_~ht Of' the 

sample. A larger uncertainty of about 0.5% was due to the slight irreproduc-

ibility of the zero point on rcmovine; and replacing the bulb. 

Pure americium from stock solution was precipitated with a small 

oxcess of pure oxalic acid and the dried oxalate decomposed in air at a tempera-

ture of 650° C. This treatment produced a black dioxide which was very slowly 

soluble under all conditions tried. The black Am)
2 

w&s reduced with hydror,en 

at 600° c. in the apparatus previously described, forming A~o3 which is a 

very bright persimmon (bright rod-oran~e) color. This material was heated at 

about 250° C. for one hour producing Am0
2 

in a form soluble in sufficiently 

short time to be sa tis factory. Tbe dioxide was tho same fluori to t:rpe structure 

us Pro 2 with a = 5.393 ! 0.005 i. 
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Four runs were mo.dc in the co.lorimctcr on Amo
2 

yioldinc: the values 

of - tiH indica ted in Table VI. 

T::1.blo VI 

Heat of 3olution of Amo2 in 6,0 ~ HN03, 0.1 !1 HBF
4 

No. - liH 
Run 

Kcal/mol 

l 29.7 

2 30.3 

3 30.8 

4' 30.8 

30.4 ! 0.4 

DISCUSS ION OF R~SULT.S All];) TR:::iATii .. mT OF TH:.:: JATA 

The co.1orimotric results reported here, together with data from the 

1i t:ra ture, mo.ko possible the cc.1culation of tho oxidc-. tion potcntic.1s for the 

+3 +4 +3 +4 
Am -Am c.nd Pl"" -Pr couples. The followinr:; equations for americium 

ill-t.\St.loato t.h.c n~cthod of cc.lcubtion: 

(1) Jlmo
2 

+ 3lt +3 
Am + 1/402 + 3/2H

2
0 liH

1 

(2) Amo
2 

4"T+ +4 
21-I 0 + .t.t Am + 

2 l\}~2 

(3) 1/2H2 + 1/4 o
2 

= 1/2 1120 llH
3 

The heat of the first reaction was measured directly as -30.4 l~ul. 

'[he; heat for tho second reaction has boon estimated from the data. o.v::1ilo..b1c 

for the other actinide clements, If the best vo.lues for the heo.ts of 

11 12 15 16 . 
fonnntion of Th0

2
, uo

2
, Np0

2 
and Pu0

2 
' ' ' nrc plotted o.r:cnnst tho 

ionic ro.dius of the corrcspondinc tctrnrositivc:: co.tion, ;.:. reasonably smooth 
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curve results. A short extre.polo.tion of this curve yields o.n estimated heat 

of formation for Arrlo
2

• In o.n analoc;ous way th0 heat of formation of the 

tetravalent ions can be plotted and o. similur extro.polation yields o. value 

+4 
for Am • Those extrapolated values, toccthcr Viith tho hco.t of formc.tion of 

no.tor, civc the expected heat for reaction (2), which, of cou1·sc, cannot be 

measured directly s incc the tctrc.pos itivo ccmc ricium imm;;dia toly oxidi:zos r~a tcr. 

The o.ltornntivc a0sumption that tho difference between the heats of formo.tion 

of the dioxide o.nd totrapositivo ions is COi1sto.rlt, c.r,., liH Pu0
2

-tlH Pu+
4 , 

liH uo
2
-liH u+4

, etc., is equivalent to extrapolating the curves since they 

have, to a considorc;d extent, been constructed on the bc,sis of this c,ssum;,tion. 

Tho extrapolation yields 

and 

t,H/ +4 = 127 Kcal 1mol and MJ/ 
.JAm 1

' j AJ.n02 
= 248 Kcal/mol 

This heat of solution is corrected to 6.0 _g HN0
3 

from the data. of Bichowsky 

d R . • 5 ' . 15 1 T' 1 an oss1n1 nna 1s - • .illa • 

Tho hont for reaction (3) nns calculcd::;cd c~s -34.2 fror: tho date, 
. r-

of :Sichonslc:r and :?.oss ini. 0 

The heat for reaction (4) is obto.ined from the oth r thrc;c: 

= -15.1 + 30.4 + 34.2 

49.5 • 

Tho entropy cho.nr;o for rco.ction (4) mo.y be obtained from the 

plutonium cc.lculations 
..., 13 

of 0vo.ns. For tho reaction 

Pu +
3 

+ It = Pu +4 
+ 1/2 H

2 
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an cntrop'' chnn:"·o (liS) of -32.4c.u. wns cnlculaccC:: .• It is impossible to mo.ke 

o. :mo.g:nctic entropy correction since tho term for the ground sta.te is not know·n. 

17 
I'he corrections for mass differences a.nd ionic rndii o.re essentially zero. 

Therefore -32 e .u. has been used as the cntro;w liS • 
• oJ 4 

From t:H
4 

and liS
4 

tho free cncr~y (6F
4

) m.o.y bo calculated: 

l\F 4 ::= liH - T6S
4 4 

10-3 
X 298) = + 49.5 - (-32 X ::= 59.0 

o.nd E l\F = -59 =-2.6 v. 
4 23.07 n·p 

Tho large nc;:ntive potential for this couple is consisto.nt Ylith 

chomicnl evidence since .Am+ 3 was not oxidized in sulfuric acid solution of 

argentic ion. The potential of Ar;+ - Ag++ is about -2.2 v. under those 

d . t' 1 con 1 -lons. 

. +3 +4 
In an o.nalo~ous vJo.y the potontv1l for Pr -Pr co.n be cnlculatod. 

From tho do. ta above liH
1

'"' -42.0, liH
2 

1 = -15. L (Note: S . ' p +4 1nco r ion is the 

snno size as Am+ 4 ion, ·~he Amo
2 

- Am+
4 

heat difference vms assumed.), 

t~H3 •= -34.2.'-' 1'ho entro~y croncc for reaction (4) 1vms to.kcn o.s -32 o.u. o.s above. 

of 

6H
4

1 -15.1 + 42.0 + 34.2 = 61.1 

liF
4

1 61.1- (-32 X 10-3 
X 293) 

E I 
4 

= 70.6 

-70.6 = -3.1 v. 
23.07 

A chock on tho praseodymium calculation is possible usinc; the hco..t 

solution of Pr
2

o
3

• 

) + +4 + 2H20 -15.1 (o. Pr02 + 4H "' Pr l\Hn ·-
'-" 

(b), 1/2 Pr
2
o

3 
+ 3H+ p .+3 3/2 H2o liH· -53.1 = r + lJ 

(c) 1/2 Pr
2
o

3 
+ 1/4 o

2 
= Pr0

2 t.Hc = -12.0 

(d) 1/2 H
2 

+ 1/4 02 = 1/2 H20 liHd -34.2 

* (Primed vc.lucs r-::fcr to Pr values similar to c.mcricium above.) 
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Tho heat of reaction (c) is obtained by usins the heat of formation 

of Pr
2

o
3 

civcn by Brovtor11and tho hoed; of forrru:ttion of Pro
2 

calculo.tcd from 

equation (1) 1 a.bovc. 

One then calcula to s 

E = - 69.7 
23.07 

= -3.0 volts. 

The relo.tivcly hi(;her value for the pro.scodymium potcntio.l is in 

qunlitative o.c:rocmont with the observed fact that Arn.0
2 

is more onsily prepnr·:od 

than Pro
2 

and, O·f course, nas shown dirc.ctl~r in tho more ne c;a tivo hco. t of 

solution of the Pr0
2

• 

14 
The thermodynamic data. for cerium could not be used as o.n aid 

or check on tho above co.lculo. tions since at tho acid conccntro. tions used in 

tho cc.l.orimotric moo.suromcnts the Co +4 ion must certo.inly be ·hydrolyzed. Do. to. 

arc not nvc.ilo.blo which would ono.blc tho co.lculation of the hoo.t of hydrol~rsis 

of co ric ion. 

The rco.son for tho extrcwrdinury stubili ty of Co (OH)+
3 

ion is not 

understood. This being the case, it is possible that the corresponding Am(OH)+
3 

ion :-:1i?:ht cclso be highly sto.blc. In this event, oxidc.tion of Arn+
3 

to .Am(OH)+
3 

could occur ut u potential considorc.bly h;ss noga.tivo them has boon estimated 

'~he hoo.t of formo.tion of the fluoride complex of o.moriciu:::n is not 

kno,;m c\nd hence o. correction could not be made for the l1.:;at of reaction in tho 

solution contu ining fluoride ion. lloa.surcmonts vJcrc mudo, as tc.bula to d a. bovo, 

on the hcut of solution of Pro
2 

with o.nd uithout tho 0.1 ~ ~:IBF4 in 6.0 ~ HU0
3

, 

o.nd the hoo. t of solution vms different by not noro tho.n onc-hc.lf Kilocalorie 

* 
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per mole. Hcut of solution of the ThC1
4 

in 6 IJ HCl o.nd 6 g HCl conto.ining 

0.005 Jl No.
2
SiF

6 
differed by only three-tenths I~iloco.lorio per mole of ThC1

4
• 

The errors indico.t.::d in the to.bulo.ted do.ta of Table VII nrc not the 

o.vcro.gc deviation for the moetsurcmcnts metdo, but indicate tho possible error 

in tho lo.rgo corroc.tions nccossCLry for tho slowly soluble sumplcs. 

Pr0
2 

Pro
2 

AmO.., 
'"' 

Am+ 3 

+ 3H+ 

+ 3H+ 

6 M HNO 
- 3 

6 r.r mro" 
0 

6 ;r HI\fO~ 
Pr+3 v 

::: 

0.1 ~ HBF4 

To.ble VII 

+3 . 
Pr + 3/2 H..,O 

" 

Pr+3 
+ 1/4 02 + 3/2 

+ l/4 02 + 3/2 H
2

0 

6 ]2 IIN03 Am+3 + 3H+ 1/4 02 3/2 H
2

o + ::; + 
0.1 : .. f HBF 

- 4 

F+ +4 
l/2 H + .L = Am + 

2 

+ -106.2 - 0,2 

H
2

0 -42.4 + 1.5 -

-42.0 + 1.0 -

-30.4 + 
1.0 

+ 49.5 - 5 

E 

-2.6': 0.2 v, 

p +3 It +4 
l/2 H2 

+ + r + Pr + 61.1 - 5 -3.1 - 0.2 v. 
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Designation 

R-1 
RS,R3,R4,R5 

R6 
·n7 
R8 
R9 

·-.R-10 
R-11 
R-12,R27 
R-13 
R-14 
R•l5 
R-16 
R-17,R23,R26,R29, 

R-33 
R-18 
R-19 
R20 
R21 
R22 
R24 

R25 
R28 
R30, R3l 
R32 
R34 
R35 
a:..1 
B2 
B3 
B4 
PB-1,PB2 
Lt-1 
Lt3. 
tts·· 
Re-1 
Re2 

Me·U 
Me2 

S-l,S9 
S2,S3,S8 
S4,S6 
85 
S7 

~-1 

Quantity 

1 
4 

l 
l 
1 
1 

1 
1 
2 
1 
1 
1 
1 
5 

1 
1 
1 
l 
1 
1 

1 
1 
2 
1 
1 
1 
l 
1 
1 
l 
2 
l 
1 
1 
1 
1 

1 
1 

2 
3 
2 
1 
l 

1 

Speci.t'ioations 

300 ohms~ 26 watts, W~W. potentiometer 
286 ohins; consisting or 400 ohms, 10 watts, w.w. in parallel 
with 1000 ohms, lO watts, W.\V. 
8300 ohms, w.w. 
.5 megohm marlganin . 
50,000 ohms manganin 
29.84 ohms(IRC precision manganin;_non-induotivaly wound on 
ceramic core, immersed in oil bath)"stande.rd resistor" 
10,000 ohms manganin 
10 ohmti! m~mganin 
0-9999 ohms, L & N decade resistance box S(){;. 
350 ohms manganin 

. 42 ohms ma,nganin 
12.6 ohm potentiometer, w.w. 
125 ohm p~tentiometer, w.w. 
1000 ohms manganin (R26 immersed in oil bath~ 

65 .o ohms rnenganin ( i.nune reed in oil bath) 
15 ohms • manganin 
100 ohms manganin 
300 ohms mangenin 
5 ohms manganin (immersed in oil bath) 

V'53 ohms at 25°0, copper red:jjtance thermometer,non-inductively 
wound with manganin leads 
91.5 ohms, manganin (immersed in oil bath) 
33,300 ohms manganin (immersed in oil bath) 
500 ohms manganin 
50 ohms copper damping resistor 
150 ohms manganin 
3750 ohms me.nge.nin 
14 volts: 7 heavy duly lead storage oe1ls 
1.0189 voltsa Weston standard oell 
2 volts: lead storage cell 
4 volts: 2 lead storage cells 
Push-button contacts, normally open 
6 volt pilot light, green 
6 volt p&lot light, red 
110 volt pilot light, green 
SPST relay, 115 volts AO, normally closed 
DPDT impulse relay, Advance type 904A, 115 volts AC, 
silver contacts 

"' Rubicon galvanometer, .006 ~a/mm,368 ohm ooil, oal. 3402 mi 
·Leeds & Northrup high sensitivi~y galvanometer. Sensitivity 

.077 ~v/mm, o.D.R.X. 28 ohms, coil resistance 21 ohms, period 
'8.8 seconds · 
6-position, single-circuit tap-switoh 
SPDT copper knife-6Witoh 
SPDT toggle-switoh 
DPST toggle-swi toh 
SPDT copper knife-switch with pole added so that R-32 is 
oonneoted before remainder or circuit 
Pri. 115 V a.o., Seo. 6.3 v, 1 amp. c. T. 

Note: All manganin resistors are IRO type WW-4 or equivalent. Some values are made by 
paralleling two or more resistors. , 
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FIG. 8 

MICROCALORIMETER CROSS SECTION 

A. HEAVY COPPER LEAD eM o 2 3 4 5 

8. COPPER TERMINAL POST 
C. MANGANIN LEAD 
D. COPPER JACK 
E~ STAINLESS STEEL SUBMARINE SHELL 

F. B A K E L I T E C 0 L L E T 
G. PARAFFIN 
H. STIRING SHAFT 
J. LUCITE HANGER 
K. SAMPLE BULB oz 424 
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