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Two distinct crystalline structures of' pluton1um perox1de have been 

prepared. Face-centered cub1c perox1de (a = 16.46 A) bas been prec1p1-

tated f'roII. var10us m:1nera.l ac1d solutions a.t 10w ac1dit1es. At higher 

actdities (-3M) a. ptn"e hexagonal structure was obtained. Both structures 

are pluton1um.( IV) compounds. Preparat10n methods, chemical analyses, 

and the general propert1es of' both structures have been determined. 
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When a small amount of hydrogen peroxide is added to an acid sol.ution 

of' pl.utODium( IV), a brown compl.ex f'orms. This compl.ex contains two 

pl.utcmium. atoms, two peroxy-oxygen atOllS, aDd one hydroxyl. group. Connick 

l. 
aDd McVey have proposed the f'ollov1l:lg possibl.e struct'Ures f'or this compl.ex: 

As more ~~ is added, this species is converted to a red caupl.ex 

having the f'ormula: 

+4 /00, [ j
+4-

(HO-Pu-OO-Pu-OOH) or Pu Pu 
'00/ 

The brown compl.ex bas one peroxy-oxygen atom per pl.utoniUDl atom, whereas 

the red compl.ex has two. 

On further addition of' B.2~, green pl.utoniUDl peroxide is precipitated. 

This compound has been studied by numerous investigators. K!lshl.and, 
2 

1('roner and Spector have shown that pl.utonium is present in the tetra-

positive state in the precipitate, and that there are three Peroxy-axygen 

atoms per pl.utonium atom. * Hopkins 3 al.so f'ound three peroxy-oxygen 

*Peroxide oxygen may be expressed either on an equival.ent 'basis, as (0-), 

= or on a molecul.ar basis, as (~). The f'ormer designation rill be used 

throughout this report; i.e., B.2~ has two peroxy oxygens. 
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... 
atOlllS per plutoD.ilDll atom. in the wet pNcipitate. BaaBker and lCoch have 

analysed the dry' peroxide precipitate and f'0UDd variable com.positious 

such as: 

Pu{O-)2.7' {SO:)o." {ol:)O.30-2.06HaO 

when pNclpitated f'rODl o.~ ¥~; 

Pu{O-)'.2'" {SO:)O.05 {B03)O.3Q {O=)O.l.S·1.75B20 

when precipitated from 1M DOs; and 

PU(O-)2.5If. {sa:)o.OO {el-)O .... , {O-)O.a..a-2 .97B20 .. 
when precipitated f'.raA 1M HCl.. 

X-ray analyses showed tba.t the precipitates ot BuDaker and Xocb. 

as vell as those of' Kosb.l.and were frequently mixtures ot two c:rysta.ll.1:De 

phases. One phase was presumably a two-dimensional. hexagonal lattice 

with constant al = .... 00 A. The hexagonal. sheets containing two plutoDiUll 

atoms per sheet were held together by various anions such as lI>i, SO:, 
_ _ _ 2 

~, Cl. , OOH , 02, etc. The other phase was described as possibly 

cubic with a lattice constant a I: '16.5 A. Xt was not possible to correlate 

structure with the method of prepa.ra.tion. 

This study was undertaken to further elucidate the prepa.ra.tion, 

composition, and structure of' plutonium peroxide_ 

*'l'he su1f'ate in the last two :pE'epa.rations was due to the presence ot 

an unspecified amount ot su1f'ate in the hydrogen peroxide reagent. 
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~. Etfect of Precipitation Medium on Crystal Structure 

PlutoniUDl peroxide vas p-ecipita.ted from various solutions by the 

f'ol.lov1ng standard procedure: 

Pure plutoniUlll(UI) stock solution vas prepared b7 dissolVing 

99.8 per cent Pu _tal in the desired acid. An aliquot containing 

approximately 100 mg plutoniua was then diluted with the appropriate 

sodium salt-acid solution and an equivalent amount ot HaC>:! was added to 

oxidize the plutonium to the tetravalent state. Ten molar lIa02 

(Baker t s 30 per cent reagent) solution was added dropwise at room 

temperature to precipitate the plutOnium. All solutions were stirred 

vigorously during precipitation. !'he resulting slurry was digested 

tor 16 hours and then separated b7 centrifugation. '!'he preCipitate 

was washed three t:1:mes with 50 per cent etbanol and once with absolute 

ethano~. The sample vas dried by peLssing filtered air at room temperature 

tln"ough the powder for 1 hour prior to x-ray analysis by .,.. H. Ellinger 

ot I.ASL Group CMR-5. 

Several preparations were digested tor periods varying f'rom 1 to 

12 hours. X-ray analyses were made on several slurries prior to 

sepu'8.ting aDd drying. There vas no evidence of' changes in structure 

due either to digestiQ1l time or to separation procedure. 

The results of the "V'U'ious acid systems studied are shown in 

Table 1.1. The concentrations listed. in this tab~e are uncorrected tor 

concentration changes that occur due to precipitation. They represent 

the reagent concentrations if no reaction had occurred. 
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Table 1.1 

EFFECT OF PRBCIPI'I!ATION MEDIUM ON mE smuCmu: OF PW'.OONIUM PEROXIDE 

Preparation (Pu) (HeOa) (:at-) (C10") (SO:) (Noi) (Cl-) (a) 
No. .lL 1-1 .lL ...1L- -1L _M_ -2L Structure 

1 0.052 0.020 0.0; 1.00 No ppt. (b) 
2 0.2;5 1.00 0·;9 0.41 No ppt. (b) 
; 0.052 0.20 0.0; ;.68 F.C.C. 
4 0.176 ;.;0 1.10 1.60 F.C.C. 

5 0.229 1.}5 1.44 2.12 F.e.e. 
6 0.264 0.25 4.10 4.6} Hex'l ~d) 
1 0.176 }.;o 4.10 4.6; liex'l d) 

8 0.;;0 ;.00 1.08 1.64 0.16 F.C.C. 
9 0.0;; 1.00 0.48 0.25 0.16 F.e.C. 

10 0.0;; 1.00 0.48 4.0 0.16 Hex·l 

11 0.0;; 1.00 0.48 4.0 (c) 0.16 Hex '1 
12 0.03; 1.00 0.48 2.0 0.16 Mixture 
1; 0.0;; 1.00 ;·90 4.0 0.16 Hu:'l 
14 0.052 0.25 0.40 0.25 0.50 i'.c.e. 

15 0.05; 1.0 0·51 ;.0 F.e.C. 
16 0.05; 1.0 2.8 ;.0 F.C.C. 
11 0.05; 1.0 ;.6 ;.8 Hex'l 

18 0.0;; 1.0 0.45 0.25 ;.0 F.e.C. 
19 0.0;; ;.0 0.45 0.25 ,.0 F.e.e. 
ao 0.0;; ;.0 1.0 0.25 ;.0 Mixture 

21 0.0;; ;.0 2.0 0.25 ;.0 Hex' 1 
22 0.0;; ;.0 ;.2 0.25 ;.0 Hex· 1 
2; 0.0;; ;.0 2.0 0.10 ;.0 Hex'l 
24 0.0;; ;.0 2.0 0·90 ;.0 Hex'l 

25 0.0;; 1.0 0.55 0.37 F.e.C. 
26 0.05; ;.0 4.0 2.0 Hex'l 
27 0.176 ;.0 4.2 0.5; 2.0 Hex'l 

!"l F.e.C ... face-centered cubic; Hex'l .. hexagoD&l 
b) Green colloidal solution 

:~ Mg(C10".)a used. in place of Ne.Cl0 .. 
X-ray analysis made on slurry 



1.1 Perchloric Acid System 

In the absence of sulfate no precipitate settled f'rom. soluticma that 

were less than 0.5M in BCm... However, Pre:pa;ration 2 gave a TyDdall CODe 

effect, indicat:l.ug a colloidal precipitate. By increasing the perchlorate

ion concentration to ;.6&1 with RaOlo.., a precipitate. was obta1lled aDd 

separated (Preparation ;). 'J.'he structure of this precipitate was face

centered cubic, with the cell constant a = 16.46 ± 0.01 A. 

Precipitation from. a solution of acidity f'rom. 1.1 to 1.,. and a 

perchlorate concentration f'rcD 1.6 to 2.lM resulted in the S83lle cubic 

structure. When the acidity was increased to laM, the structure changed 

f'roDl the cubic to the hemgona1 farm (Preplra.tiODS 6 and 1). 'l'hua, there 

appears to be a change due to acidity. 

In the presence of sulfa.te (Preparations 9 and 10), the structure can 

be changed by :lncreasing the percbl.arate ian cancentration to 1dI. T.b.1s 

same effect was alao observed when Mg( C1O.&)2 was used in place o't ltlC1Cl& 

(Prepa.ratiOD 11) to adjust the perchlorate concentration. '.ftds aptJBreDt~ 

&IlOIIBlous effect bas been reproduced III8Di1 times. 

1.2 ]Jy!lrochloric Acid S~ 

As in the perchloric acid system, precipitation :trom. a solutiOD. of 

low acidity (Prepe.ratiODS 15 and 16) resulted in a cubic structure, 

wbereas precipitation f'rOm. one of hish acidit;y (Preparation 17) gave the 

hexagonal structure. Appa.rentl:y' the chaDge occurs between 2.8 and ;.611 

hydrogen-ion concentration in hydrochloric acid solutions. 

8 



~.3 Nitric Acid System 

As shown in Prepa.rations 18 through 22, the cubic structm-e was f'armed 

at a ~gen-ion concentration of' O.4~ whUe the beJ:agonal structure was 

obtained f'rom. solutions that were at least 2M in total aCidity. A miXture 

of' the two structures was obtained at an acidity' of DI. 

The presence of' sulf'ate had no ef'f'ect on the structure in 2M 

acid (P.repLrations 23 and 24). 

l.~ Sulfuric Acid System . 

.As in the case of' the other acid systems, precipitation f'rcm. solutions 

of lov acidity' (Preparation 25) resulted in the cubic structure, and the 

hexagonal structure (Preparation 26) was obtained at high aCidity. During 

these tests the total sulfate concentration could not be held constant 

ov:1Dg to s01ub1llty llm1tations. However, the sul.f'ate-ion concentrations 

were approx1ma.tely the same. 

1.5 E:rt'ect of' B)drogen Peroxide and Plutonium Concentrations 

There does not appear to be any effect due to variations in either 

the BeOa or the plutonium. concentrations. In P.repLrations " 4 and 5, 

the cubic structure was DOt aff'ected by increasing the plutonium 

concentration f'rClll 0.052 to O.225M, while the peroxide concentration 

was increased f'rom 0.20 to ,.~. At a constant plutonium. concentration 

of' O.O;~, the cubic structure was not af:f'ected by increasing the H.2~ 

concentration trom 1.0 to ;.CM (Preparations 18 and 19). The hexagonal 

structure was not affected by increasing the H.2~ concentration from 0.25 

to ,.;Cf4 (Preparations 6 and 7). 

9 



2. '!'he Composition or Plutonium Peroxides 

Several of'the preparations listed in Table 1.1 were reproduced OIl a 

larger scaJ.e (1. to 5 grams pl.utoniUlll). ib.e precipitates were ~ 

ror plutonium. oxidation state, pet:rox:f-oxygen., su.lf'a,te, pe:rcbl.orate, and 

chloride. 

2.1. Determ1nat1on of the OD.dat1on State of Plutonium. :In Perox::l.des 

When a sample of plut.on.1um. peroxide is dissolved in an acess of 

acid-iodide solution" perox1ae-OI',YgeD liberates an equ1"9'8J.ent amount of 

iodiDe accord1ng to the reaction: 

If' the plutonium. is present in an oxidation state greater than tr1-

positive, it rill also be reduced a:od liberate an equivalent amount of 

1od1:De accord1ng to the equation: 

Pu,+D + (n-3) I- c :Pu+S + (n-,) I:! 
2 

where D is the oxidation state of' plutonium. in the precipitate. 

On. the other band, when a peroxide precipitate is dissolved in an 

excess of Ce( SO"')2 sol.u:t1on, the pel!0'X:Y'-axygeD. 18 oxid1zed to free ax;ygen 

and the plutonium. is oxidized to the hexavalent state accard1Dg to the 

reaction: 

Pu.+n + (6-n) ee .... + ~ = PuOa+:! + (6-0.) ee+s + "-It" (2.1.3) 

These reactions were used to c1eterm1De the ox1cJa.t1on state or 

plutonium. in several. preCipitates. The iodine liberated by a known. 

amount of plutonium. in the :form of ~de was determined by titration 

with standard O.l.N Ba.aS20s solution. F.roa these data the (0-) to Pu 

10 



mole ratio was calculated for all possible values of n in Equation 2.1.2. 

Samples of the same preci.pitate were also cU.ssolved in a known amount of 

Ce(SO,,)a solution, and the excess Ce(SQ.)2 was determined by back-titrating 

with acid B'eC>.z solution. The (0-) to Pu. ratio was then calculated for 

the possible values of n in Equation 2.1.,. Details of these analytical 

procedures are given in Appendix A. 

As shown in Tab1e 2.1, the (0-) to Pu ratio will depend on the va1ue 

01' n assumed for each method. However, a given precipitate m.ust have a 

definite va1ue for this ratio. Consequently, the same ratio will be 

obtained for both the oxidation and the reduction methods only when the 

correct plutonium oxidation state is asSUllll!d. The results in Table 2.1 

show' tbat in both the cubic and the hexagonal structures the plutonium 

is :pl"esent in the tetra:positive state. 

~i8 method. gives only the average anc1ation state. If the 

possibility of plutonium(III) can be eliminated, then it can be said 

definitely that the oxiaa.tion state is tetrapositive. Since precipitation 

f'raDl plutonium(IV) solution (0.3M in PIl) does not liberate any significant 

amount of tree oxygen, it can be assumed that no plutonium(In) i.s present in 

the precipitate. 

2.2 Per~-Qxygen to Plutonium Ratio in the Precipitates 

By means of' the iodometric method, the (0-) to Pu ratios were 

determined for both the cubic and the hexagonal structure pt'ecipitates. 

11 



Table 2.1 

OXIDA.TION STATE OF P1l1.OONIUM IN P.mOXIDB P.RECIPITAmS 

CAI:CUI.A.mD (0-) TO PO MOLB RATIO 
FOR ASSUMED OXIDA.TION STATE 

Preparation No. Method of' 
(See '!able 1.1) AnalysiS III IV V VI 

9 (F.C.C.) 1- reduction 4.24 ,.24 2.24 1.24 
ee+' oxIdation 2.01 '.01 4.01 5.07 

14 (F.C.C.) r reduction 4.12 ,.12 2.12 1.12 
Ce +4 oxidation 2.1, ,.1, 4.1, 5.1, 

26 (Hex'l) I- reduction 4.40 ,.40 2.40 1.40 
Ce+" oxidatIon 2.40 ,.40 4.40 5.40 

12 



2.2.1 The Cubic Structure 

As shown in'lable 2.2, the cubic structure contains tbree ataas o:f 

J'!IIf!f1XJ%:7-o7:ygeD per plutoniUIII. ataa. ':!he a1Jel:"age ratio vas ,.QII. regardless 

o:f whether the sample was a:na.4rzed wet or 1D:mediatel:y after drying :for 1 

hour at roam tem;perature. Since the plutonium. is in the tetrapositiw 

state, there must be additional anions present. 

2.2.2 The Hexagonal Structure 

With the exception of Preparation 10" aua.lyses of the wet precipitates 

indicated that the hexagonal structure contains more perax,y-ox;y-gen to Pm 

tban does the tace-centered cubic. Preparations 6 and 1 of'Table 2.2 were 

washed by reslurryiDg nth 6M BC1O,,_ The JlBX1JIDDI (0-) to Po. ratio that 

can be attributed to 1ncClllplete washiDg is 0.01 in P.replrB.tion 7. Moreover" 

P.repa:ration 6 was IIBde by adding so Uttle B.aOa that the (0-) to Pu ratio 

was 1.90 in the precipitation mediUJll. However, the peroxy-ox;ygen to Pu 

ratio in the preCipitate vas increased to 3.34. Neither Preparations 6 or 

1 could be separated and dried without destruction" so the analysis on 

the dr7 :preparation could not be made. 

Prepn'ation 26 a1so contained a mole ratio tmt was greater than , 

after copious W8.shi.ng. The ratio tor the dried sample was appr'O'X1JJBtely ,. 

2., Su1fate to Plutonium Ratio 

By means o:f the gravimetric BaS<l& procedure described in Appendix B, 

the sulfate to Pu ratio vas determined :for Prepa.rations 8 (cubic) and 26 

(hexagonal)_ Du;plicate preCipitations were analyzed in duplicate for both 

prepa.ratiODS. 



Preparation 
lio. 

, (F.C.C.) 

4 (F.C.C.) 

9 (F.C.C.) 

9 (F .c.c.) 

5 (F .C.C.) 

16 (F.C.C.) 

6 (Hez'l) 

1 (Hex'l) 

1 (Hex'l) 

26 (Hex'l) 

10 (Hez'l) 

Table 2.2 

PEROXY-oxmF.:1I m PlllTORlUI>I BATIO lli FRECIPl'rABS 

'l'reatment 

Digested far , da.Js at 25°C 
Washed 4 times with etbaDol 
~wet 
Dried far 1 br at 25°C 
AnaJ..yzed dry 

Digested far 5 da;ys at 25°C 
Washed 4 times with etbaDol 
AnaJ..yzed wet 

Digested for 16 brs at 25°C 
Washed 6 times with O.lM HCI, 

4 times with ethanol 
Dried for I br at 25°C 
AnaJ..yzed dry 

Duplicate 

Digested for 1 br at 25°C 
Washed 2 times with ,1> B'eOa, 

1 time with 0.1M HaSO., 
2 times with ethanol 

Analyzed wet 

Digested far 1 hr at 25°C 
Washed 2 times with O.OlM HCl, 

2 times with ethanol 
Analyzed wet 
Dried 1 br at 25·C 
Analyzed dry 

Digested for 30 min at 25°C 
Washed ,. times with 6M BelO. 
AIla.lyzed vet 

Digested for 30 min at 5°C 
Washed , times with 6M HClD. 
AnaJ..yzed wet 

Duplicate 
Washed , times with 6M. HCIO", 

, times with ethanol 
Ana.lyzed wet 

Digested for ,0 min at 25°C 
Washed , times with 1;' Ba02, 

, times with ethanol 
Analyzed. wet 
Dried far 1 br at 25°C 
Analyzed. dry 

Digested 16 brs at 25°C 
Washed 2 times with 0.1M HOl, 

; times with ethanol 
Analyzed wet 
Dried at 25°0 for 16 brs 
AIla.lyzed dry 

14 

(0-) to Pu 
Mole Ratio 

• ,.10 

· .. . ,.10 

• ,.lO 

• 2·99 

• • • • ,.03 

• 2.98 

· ... ,.~ 

• • • • '.53 

· .. . '.50 

•• 3.~ 

• }.ll 

• • • • ,.15 

• 2.96 



The cubic structure fran Preparation 9 contained 0.24 :t 0.a2 mole of 

sulfa.te per mole of plutonium, whereas the hexagonal structure f'l'om. 

Preparation 26 had a ratio of O.,S ± 0.01. Al.though it is true that 

Preparation 26 was precipitated f'rom. a. higher sulfate concentration, 

this difference in amounts of sulf'ate in the precipitates is DOt due to 

incomplete washing. Both preparatiOns were washed four times with 

O.lK Hel, four times with 50 per cent etbanol, and twice with absolute 

ethanol. Hexagonal Preparation 10, which was precipitated .t'.rCIIIl the sa:rJIII! 

low sulfate concentration, contained 0.37 mole of sulfate per mole of 

plutonium. J.l'u:rtherlii01"e, the cubic structure contains 0.25 mole of 

sulfate per mole of plutonium when precipitated frOlJl 1.6M HHO.s and 0.1<14 

total sulf'ate; the hexagonal structure, precipitated at the same sul.:f'a.te 

concentration (and an acidity of 4M), contains a suJ.ta.te to Pu. ratio 

of 0.36.* Therefore, the hexagonal structure de:f1n1tely takes up JDCD:'e 

sulf'ate than does the cubic. 

2.4 Perchlarate to Plutonium Ratio 

Perchlorate was not detectable by the nitron gravimetric procedure 

(Appendix C) in either the cubic (Preparation 9) or the hexagonal. 

(P.l"ep)ration 10) structures. Based on the lower l1m1t of detectability, 

the perchlorate to Pu. mole ratio vas therefore less than 0.00. 

* Private c01llll1JD.ica.tion f'rom A. V. Henrickson of this la.borat0E7. 
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2., Chloride to Pbltoni ... Ratio 

Chloride vas dete!.'m1Ded gravt.t.riC&.lly as Agel. (AppenlI1x D). ~ 

CUbic structure of' Prepa.:ra.tiOD 1.6 contained 0.<29 mole of chloride pet' 

mole of plutoniU1D.,t Wbereas the hexa.goDB.l. structure of' Prep:ra.tion 17 

had a ratio or 0.160. 

1.6 



3. Rates of Decomposition of Plutonium Peroxides 

Dried preparations were stored at various temperatm-es and anal.yzed 

periodically for (0-) to Pu ratio by the iodide reduction method. As shown 

in Fig. 3.1, decomposition of the cubic structm-e at room temperature 

differs !'rom that of the hexagonal. form. 

The cubic structm-e (Preparation 9) decomposed uniformly to completion 

within a period of 50 days, whereas the hexagonal structure (Preparation 26) 

decomposed to a relativel3" stable form having a (0-) to Pu ratio of ,1. 

After 150 ~ this ratio dropped to 0.40. 

X-ray analysis of the decomposed samples showed that the cubic form was 

almost completely converted to Pu02, but that the hexagonal. form was 

indeterminant except for traces of PuO:!. 

The effect of temperature on the decomposition rate of the cubic 

structm-e is shown in Fig. 3.2. Since the p1.ot of 1n (O-/PU) against 
\ 

time is 1.inear, this decomposition can be represented by: 

_ ~ In (0-) 
dt Pu =k 

where k is a constant. This may be rearranged to the famil.1ar first-order 

kinetic form: 

(3.2) 

1.1 
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The value of k ma;y be computed fOE' each temperature from the hal.f-

time for the decomposition: 

If this decomposition is f'irst order over the temperature range 

indicated, then the activation energy Ea and the frequency factor A can 

be computed f'rom the Arrhenius equation: 

-Ea/RT 
k :; Ae • 

Using the "darktt decomposition rate data of' Fig. ,.2" Ea vas calculated 

to be ;000 cal./mole and A = 7500 per minute. 

The higher values for the (0-) to PI1 ratio reported in Sect. 2.2.2 

for the wet hexagonal. structure suggest that perhaps this form. init1all.7 

has a ratio of 4" and that the first equivalent decomposes rapicl.Q'. A 

portion of' wet Preparation 26 vas washed tborougbly and a.llowed to stand 

in moist cODdition f'or 2 hours. Samples of' this preCipitate were uaJ.;yzecl 

everY' 20 minutes for (0-) to PI1 ratio. 1'bere vas DO 1Ddication of any 

decomposition. The average ratio for the six samples a.naJ.yzecl was 

:5.47 ± 0.04. 

During the auto-decomposition of' b;vdrogen peroxide ODe atora ofax;ygen 

is released 1'or each 0-0 bond broken. The 1'ollowing experiment vas doDe to 

see if plutonium peroxide f'ollowed the same stoichi.ometr:y: 

A weighed. amount (- 600 JUg) of' dry plutoni:um peroxide was placed in a 

sealed flask in a constant temperature bath. The volume of' the 1'lask bad 

been deterII1.ned by filling with water and weighing. The gas pressure over 
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the sample was :measured by meaDS of' a capillary manometer. A drop of' 

water had been added to the flask to keep the water vapor pr'e&sure 

constant. during peroxide aecompoaition.* (Tile water did not CODe in 

contact wit.h the peraxide powder.) From. the gas temperature, pressure 

increase, and vol'U1111t, the 8IIOUDt. of' ~ Uberated was calculated using 

the equatioo of state far an ideal gas. 

Portions of' the peroxide were also anal.yzed f'or (0-) to Pu. ratio 

before and ~ decomposition. By compe.ring this decomposition with 

the amount of Oa liberated" the n.umbe:I:' of oxygen atoms liberated per 

peroxy-axygen bond broken was computed. 

The values obtained (0.96 far the cubic f'orm at 67 per cent 

decomposition aDd 0.98 for the hexagonal form. at 90 per cent 

c1ecomposition) indicate that the plutonium. peroxide c1ecomposition 

stoichiometry is the same as that for lfe02. 

* Plutonium peroxide is known to be hydrated, but the decomposition 

product (PuCa) is not. 



11-. Inf'rared Absorption Spectra or Solid PlutoniUlll Peroxides 

The differences in decomposition rates between the two structures 

suggested that there nay be differences in pero:xy-oxygen to Pu. bonding. 

Therefore, several. samples were submitted to L. H. JODes of LASL Group 

CMR-4 ror a.n&:b'Sis by absorption spectrum in the i.ni"rared region. 

Samples were mounted in KBr as thin windows and exam; ned with a 

Perkins-Elmer recording spectrophotometer. The folloving differences 

were observed between the cubic and tbe hexagonal forms 0 

The cubic structure has an absorption band at ;; = 8~ ± 1 em-I. 

The hexagonal structure absorbs sharply at "if = 861 em-I. There is an 

additional absorption band at ;; = 2953 em-I in the hexagonal farm. 

(Solid 8202 absorbs at ;; = 881 em-I due to the 0-0 vibration, and at 

;; = 284.3 em-I due to the O-H vibration.) 

From the above results there is no evidence of the (O-Q-H) form of 

peroxide in the cubic structure. 

If the hydrogen in ~2 is replaced by deuterium, the 0-0 band is 

shii'ted to ;:t I: 879 CJIl-
l and the O-D band is shifted to 2l2O cm-l • A 

special cubic preparation was made in a deuterium medium, using DaOz as 

the p-ecipitant. The isotopic abundance of the deuterium in the 

precipitation medium was 84 per cent. Presumably a sma.l1 but measurable 

shift in the characteristic frequency should have been observed if (-<>011) 

had been present. Since none was observed, it was assumed that al1 of the 

peroxide is present in the -PU.-O-O-PU form. 
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5. Densities of'the Dry Precipitates 

The bulk. density of'the settled hexagonal structure appears to be 

much less than that of the cubic structure. Bulk densities of the dry 

powders were determiDed by tamping a weighed amount of' the ground powder 

to constant volume. For tbe hexagonal form, the bulk density was 

0.79 g/cc; far the cubic form this density was 1.5' g/cc. 

Apparent densities were also determined by measuring the weight of 

O.Ol.M ~ .. solution displaced by a weighed sample 01' powder in a 

~ter. FrOlll the density of' tbe B2S0 .. solution, the volume of 

powder was calculated and used to com;pute the appa.1"ent particle density. 

This va1ue was 3.43 g/cc f'or the hexagonal f'orm. and '.71 g/cc for the 

cubic form. 



6. Solubilities 

It is not possible to determ:l.De equilibrium solubilities in water 

due to the formation of plutonium polymer at low acidity. !l'he supernatant 

liquids from various prepB.'l"atiODS were S~led for plutonium. content. 

These values, sboVD in Table 6.1, are not strictly comparable because of 

differences in the lfe02 complex1Dg, etc. They represent only the 

"apparent ll solubilities. In geueral, the solubility increases very 

rapidly with increasing aciditY' due to the mass action effect. 

Table 6.1 

APPARENT SOWBILITIm OF VARIWS PUJ'l'OBlUM PUlOXIlB) 

Preparation No. 

(See Table 1.1) 

9 

21 

25 

26 

24 

"Solubility tf at 
Room Temperature 

mg Pu/liter 

6.0 

40.0 

~.O 

266.0 



I 

7. Colloidal .Nature of' the Cubic Structure 

In the absence of sul.fate, the cubic structure peptizes ver7 read! ]7 

vben 1I8Bhed with O.OlM BCl or alcohol. However, if the samples are vasbed 

with either O.OIM ~. or sodiWD. malonate solution, the precipitate remains 

in a coagulated state. This indicates that the cubic structure is a 

positive-cbarged colloid. 

In order to st~ this colloidal behavior, a simple manometric 

electrophoresis cell vas used in the standard manner.5 
The com;positions 

of' the colloidal peroxide solutions and their relative mobilities are 

shown in Table 7.1. All measurements were .mde at a potential gradient 

of 2.5 volts/ClIl, and the interf'ace migration was checked b7 a ~al] 

cone. Considering the apparatus and the slight temperature variations 

during these tests, the mobilities reported are only relative and 

approx:late. In all. tests the colloid migrated towards the cathode. 

The quaJ.itati ve appearance of' these colloidal solutions is also 

indicated in Table 7.1. 

As a cosgu1ant, sulf'ate appears to be several hundred times as 

effective as perchlorate, baSed on the amount required to reduce the 

mobilit7 'frOID. 6.6 x 10-' to 3.6 x 10-. cmfsec. The relative ef'fectiveness 



~ 
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Table 7.1 

COIJ1)IDI\.L SOWTIONS USED FOR ElECmOPHORESIS TESTS 

(Pu) (B+) (H202) (C104) (804) Relative Mobility, Qualitative Appearance ot 
Test M M M M Mx 10 .... em/sec x l~ Colloidal Test Solutions -

,1 0.2;5 0.;9 1.00 0.41 0 6.6 Clear green solution; Tyndall 
cone slight 

2 0.2;5 0.;9 1.00 O.~ 0 4.5 2ranslucent colloidal solution; 
Tyndall cone very pronounced 

; 0.2;5 0.;9 1.00 1.50 0 1.2 Opaque 

4 0.235 0.39 1.00 0.41 1.5 ;.6 Clear green solution; Tyndall 
cone slight 

No settling ot colloids 1, 2, or ; within 24 hours. 

No settling ot colloid 4 Within 5 hours. 



8. Discussion 

In the case of cubic plutonium peroxide, only three-fourths of the 

plutonium( IV) valence is taken up by peroxide oxygen. Consequently, the 

rema:lning one-fourth must be satisfied by one equivalent of either oxide, 

hydroxide, or the anion of the acid system from. which the peroxide was 

precipitated. However, the analyses indicate that much less than an 

equivalent of either sulfate, chloride, or perchlorate is asSOCiated with 

1 mole of plutonium in the precipitate. In v:l.ew of the colloidal nature 

of the cubic structure, these anions probably are present in an absorbed 

state. From. the inf'rared absorption spectra it would appear that this 

structure has the empirical formula. Pu.2( 0-)6( 0=) -x.B20. Sueh a compound 

could be formed by linking plutomum(lV) dimers such as PUOPU+
6 

with 

peroxide gr0u;p8 to give the structure as shown in Fig. 8.1. Tbis wou1d 

be consistent with the observed peroxy-oxygen to Pu ratio of 3. 

Although the existence of sueh plutonium dimers has not been 
7,8 

investigated, evidence for dimeric forms of cerium(IV) is abundant. 

8 
Heidt and Smith have calculated that approximately 40 per cent 01' the 

ceric-ions in 1M HCIO" are dimerized by the following mechanisms: 

ee+4 + H2O = Ce(OH)+S + If'" (8.1) 

Ce(OH)+s + ~ = Ce(OH)2+2 + H+ (8.2) 

2Ce(OH)+S = ceOCe+6 + ~O (8.;) 

2Ce(OH)2+2 = (HO)CeOCe{OH)+4 + H~ (8.4) 

Ce(OH)+3 + Ce(OH)2+2 = (HO)CeOCe+5 + ~O (8.5) 

21 



I I I I o 0 0 0 
I I I I o 0 0 0 
I I I I 

- 0 - 0 - Pu - 0 - Pu - 0 - 0 - Pu - 0 - Pu - 0 - 0 -
, I I I 

o 0 0 0 
I I I I 

o 0 0 0 
I I I I 

- 0 - 0 - Pu - 0 - Pu - 0 - 0 - Pu - 0 - Pu - 0 - 0 -
I I I I o 0 0 0 
I I I I o 0 0 0 
I I I I 



S1m1l.ar species are probably present in acid s01utions of tetravalent 

p1utonium. P1utonium (IV) is known to form a stab1e colloidal. poJ.:y:uer in 

s01utions that are 1ess than O.3M in total. acidity.9 The initial. stages 

of poJ.:y:uerization probably inv01ve the formation of diners by reactions 

s:imi1a.r to those given above. 

At 10w acidity the cubic structure is formed in preference to the 

hexagonal. structure, as vou1d be expected from tbe above considerations. 

The composition and structure of the hexagonal. peroxide is consistent 

4 
with the resu1ts of Hamaker aDd Koch. Their resu1ts were obtained on 

dried samp1es a:rter partial. decomposition of the peroxide-oxygen. More-

over, the samp1es were frequently mixtures of the two structures. 

Al.though the hexagonal. form contains a minimum peroxy-oxygen to Pu 

ratio of ,.0, narma11y there is a greater amount of peroxide-oxygen. 

associated with this form than with the cubic form. In addition the 

hexagonal. structure contains considerably mare su1fate when precipitated 

from su1fate s01ution, and mare chloride when precipitated f'rom HC1. 

This is reasonab1e if the hexagonal. sheets are be1d together by various 

anions such as SO;, BSO,i, C1-, ~, OOH-, etc., as proposed. The differences 

in decomposition rates and in absorption spectra further indicate a difference 

in the type of peroxide bonding on these two structures. 



APPENDIX A 

PEROXIDE-OXYGEN TO PWTOIUUM RATIO DETERMINATION 

Peroxide-o.xygen to Pu ratio in precipitates was determined by two 

methods. 

A.l By Reduction with Iodide 

Approximately lOO-mg samples o:f the precipitate were dissolved in 

duplicate in 25 JIll. o:f solution that was 3M in HC10. aDd contained 

... 2 grams o:f Na1. A:fter a period o:f 2 hours at room. temperature the 12 

that bad been liberated was determined by titrati:ug with O.lN Naas~s 

solution to the starch endpoint. (The NaaSaOs solution had. been 

standardized against laOs, Merck A. R .. ) Spectrophotometric examination 

o:f this solution indicated that all o:f the plutonium was 1u the tri

positive oxidation state at this endpoint. 

The titrated solution vas then diluted to the mark in a 5O-ml 

volumetric :flask and the plutonium concentration was determined by 

radio-assay.. Radio-assays were done by the dilution-evaporation method 

by LASL Group CMR-l. 

From. the total plutonium in the sample, it was then .possible to 

calculate the I2 liberated by the reduction 01' plutonium(IV) to (III). 

This amount o:f 12 was subtracted from the total 8JIIOunt determined to 

give the 12 liberated by peroxy-oxygen. 
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In order to keep the 12 blank to 1 drop of Na~2Ps solution, the 

Bela.. solution was flushed with argon for 30 minutes prior to dissolution 

of the NaI and peroxide sample. The sample was then stored in the dark 

and titrated under an argon atmosphere. 

This procedure was checked by adding known amounts of PuOz ++ and 

!b02 solutions to acid iodide. The plutonium. bad been determined by 

electrometric titration to vithin jp.3 per cent. As shown in Table A.I, 

the (0-) to Pu mole ratio, and the main source of error in the (0-) to Pu 

ratio,was the radio-assay. 

Table A.1 

PEROXIDE-OXlnEN TO PIUl'ONlUM RATIO DE~TION 

Added FoUDd Per Cent Error 
Plutonium.(VI), millimole 0.368 0.3£)2 -2.2 

12 liberated, millequivalent 2.015 2.01" <0.1 

12 :from Pu, mi11equivalent 1.104 1.086 

12 :from (0·), millequivalent 0·9ll 0.928 +1·9 

Calculated (0-) to Pu mole ratio 2.48 2.56 +3.2 

A.2 By Oxidation with Ce(SO. )2 

Duplicate samples of precipitate (-100 mg each) vere dissolved 

in 30.00 ml of 0.1.N Ce(S04)2 solution that had been staDdardized againSt 

AsaOs (Mallinckrodt, A. R.). After a period of 2 hours the excess 

Ce(S04)Z was determined by back-titrating to tbe o-p)lenanthro1ine, ferrous 

sulfate endpoint with freshly standardized 0.1.N II.20z solution. This 
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titrated solution was examined spectrophotometrically; all of' the 

plutonium was in the hexapositlve orldatlon state at this endpoint. 

A:rter titration the sample was diluted to 50.00 ml and .the plutonium 

was determined bY' radio-assay. The (0") to Pu ratio was then calculated 

:tram the amount of ee(so,,)a consumed by the pr"ecipitate and the total 

amount of' plutonium in the sample. 



.. APPENDIX B 

SULFATE TO P.w.ooNIUl.f RATIO DET8RMINATIOIi 

Approximately 800 mg of sample was dissolved in duplicate in 10 ml 

of 2.8N HI. 'l'he solution was then filtered on Whatman No. 42 paper and 

the excess 12 was removed from the filtrate by extraction with benzene. 

After diluting 'to 150 mJ., BaS04 was precipitated at SOoe by adding 

0.2,.\1 BaCl:! solution dropwise with vigorous stirring. This slm-ry was 

then digested for 1 hour at BoO C and then overnight at room temperature 

prior to filtering on Whatman No. 42 paper. After washing ten tilDes with 

water, the sample was ignited to constant weight at 800°C. From. the 

gravimetric factor the total sulfate present in the sample was then 

ca.1cu1ated .. 

The plutonium was determined by diluting the BaSO.c, filtrate to 

200.0 ml and removing an a.1iquot for radio-assay. 

'l'his procedure was checked by add :tag lmown amounts of' plutonium aDd 

li2S04 to an HI solution. As shown in Table B.l the anaJ.ysis was satisfactory. 

;; 



· Table B.l .. 

SULFA'S TO PIlJ'roBIUM BATIO DE..'TERMINATION 

Sample No. Determination Added Found. 

Sul.:fate, mg 2}.5l 2}.4 

l. Pu,mg 578 511 
= so. to Pu mol.e ratio 0.l.0l. 0.l.0l. 

Sul.:fate, DIg 41.02 46.9 

2 Pu,mg 289 290 

so4 to Pu mol.e ratio 0.405 0.40} 



APPENDIX C 

The determination of perchlorate in the precipitates vas doDe by' 

the LASL Analytical Group, eMR-l. 

In general the method consisted of' dissolving ...sao mg of' the 

precipitate in lbS04 and adjusting the acidity to 3M. Plutonium was 

determined from aD aliquot of this solution by radio-assay. A second 

aliquot was reduced with Devard's metal (Al., Cu, and Zn) aDd. the 

acidity was adjusted. Tbe perchlorate vas precipitated with nitron 

reagent and digested for 24 hours. The precipitate was filtered, washed, 

dried at 105°C, and weighed as nitron perchlorate. 

This procedure was checked with known amounts of' BCl04 aDd 

Pu(S04)2 in H2SO4. As shown in Table C.l the results were probably 

Sufficiently accurate. 
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Tab~e C.~ 

PERCBIDRA'l'E m PIm'OBIOM RAfiO DJ.:I.lDMlllA!rION 

Sample :.No. Determination Added Found 

Perchlorate , mg 1·~9 ~.O5 

1 Pu,mg 9.60 9·5; 

ClO ... to Pu mole ratio 0.298 0.264 

Perchlorate, DIg 2.40 2·51 

Pu,mg 4.80 4.81 

C10 ... to Pu mole ratio 1.20 1.18 



... 

APPENDIX. D 

ClW>RIDE TO PWTONlUM RATIO DETERMIN'ATION 

t.rhe determination of chloride in the precipitate was done by the 

IASL Analytical Group, CMR-~. 

Chloride was determined by disso~ving ...aoo JOg of precipitate in 

8M HNO:ih diluting to a known vo~ume, and removing aliquots for chloride 

determination by the gravimetric AaC~ method. The p~utoniUD1 concentration 

was determined by radio-assay • 

37 



REFERENCES 

l.. R. E. Connick and W. H. McVey, Paper 4.12, The Peroxy ColJl.plex.es of 
Pl.utonium(IV) in "The Transuranium El.ements", edited by Glenn T. 
Seaborg, Joseph J. Katz, and Winston M. Manning, NatiouaJ. Nuclear 
Energy Series, Div. IV, Vol. 14B, Part I, McGraw-Hill. Book C~, 
Inc., New York, 1949. 

2. D. E. Kosbland, Jr., J. C .. Kroner, and L. Spector, Paper 6.6, Peroxides 
of Plutonium and Thorium, in "The '.lransuranium El.ements II, edited by 
Glenn T. Seaberg, Joseph J. Katz, and Winston M. Manning, National. 
Nuclear Energy Series, Div. IV, Vol. l.4B, Part I, McGraw-Hill Book 
Company, Inc., New York, 1949. 

j. H. B. HopkinS, Jr., Paper 6.80, The Composition of Pl.utonium Peroxide, 
in liThe Transuranium Elements", edited by Gl.enn T. Seaborg, Joseph J. 
Katz, and Winston M • .t.Bnn1ng, National Nuclear Energy Series, Div. IV, 
Vol.. l4B, Part II, McGraw-Hill Book C~, Inc., New York, 1949. 

4. J. W. Hamaker and C. W. Koch, Paper 6.02, A Study of the Peroxides of 
Plutonium, in "The Transuranium Elements", edited by Glenn T. Seaberg, 
Joseph J. Katz, and Winston M. Manning, National Nuclear Energy Series, 
Div. IV, Vol. l4B, &.rt I, McGraw-Hill Book COIIlpBDY', Inc., New York, 
l.949. 

5. H. B. Weiser, "A Textbook of Colloid Chemistry", p. 254, John Wil.ey 
and Sons, New York, 1949. 

6. R. B. Weiser, "A Textbook of Colloid Chemistry", p. 2;8, John Wil.e;y 
and Sons, New York, l.949. 

7. E. L. King and M. L. PandOW', "The Spectra of Cerium(IV) in Perchl.oric 
Acid. Evidence of Polymeric Species", J. Am. Chem. Soc., 74, 1966 
(1952). -

8. L. J. Heidt and M. E. Smith, "Quantum Yields of Photochemical Reduction 
of' Ceric Ions by Water and the Evidence f'or the Di.merization of Ceric 
Ions", J. Am. Che.m.. Soc., ~, 2476 (1948). 

9. M. Kasba and G. E. Shel.iDe, Paper j.14, Ionic Equi1ibria and Reaction 
Kinetics of Plutonium Ions in Hydrochloric Acid Solutions, in "The 
Transuranium Elements", edited by Glenn T. Seaborg, Joseph J. Katz, 
and Winston M. Manning, National. Nuclear Energy Series, Div. IV, 
V01. 14B, Part I, McGraw-Hill Book Com;pany, Inc., New York, l.949. 

,8 


