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It was expected that the Pu+1 - pu+4 potentials in perchloric

and in hydrochloric acid would differ principally because of

chloride complexing of pu+4 in the hydrochloric acid system.'

The values of the potentials previously reported in the project

literature are inconsistent with this idea. Since it was be-

lieved that the measurements in the perchloric acid system were

in error, the EMF of the cell:

was determined at 25°0. The value of -0.982 volts, which was

obtained for the reaction pu+, + H+ = pu+4 + 1/2 H2 in 1 M per

chloric acid, differs significantly from the previously reported

value a~d is consistent with the idea that pu+4 is partially·

complexed by chloride ion in 1 M HOI.

From the data on the disproportionation of pu+4 in 1 M per

chloric acid and the pu+3 - pu+4 potential, a formal potential

scheme involving the +" +4 and +6 oxidation states of plutonium

was derived:

-0.982 +4 -1.021 ++
PU PU0 2

-1.0095

The EHF of the above cell was also measured at different

temperatures and the change in heat content for the reaction

pu+1 + H+ = pu+4 + 1/2 H
2

was calculated to be +11.52 kcal/mole.

This va~ue is to be compared with 11.1 kcal/oole obtained by

Evans from calorimetric measurements.
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using the values of ~H and 6F obtained for the reaction

pu+1 + H+ = pu+4 + 1/2 H2' 68 was calculated to be -11 e.u. at

25°, From an estimated entropy value for pu+1 , the entropy of

pu+4 was found to be -77 e.u.

It was possible to calculate a value of -18 e.u. for puo~+

from the data on the heat of oxidation of Pu+1 to puo~+. The

entropies of the three oxidation states of plutonium compare

very closely with those of uranium.
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Table :3

Relative Concentrations of Pu(VI) and Pu(IV) and the EMF

Correction at Disproportionation Equilibrium for the Ex-

perimenta1 Conditions of Table 2.

Temp., °c

35

30

25

20

15

(Pu(VI) )
(Pu (IV) )

0.029

0.012

0.0044

0.0015

0.00052

0.00015

6.EMF

0.0027 volts

0.0011

0.00042

0.00016

0.00005

0.00002
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been at equilibrium with respect to the disproportionation equil-

ibrium at 25 0 C as it had stood for some time in a 25.00 C thermostat.

The first readings were taken at low temperatures where repropor-

tionation tenns to occur but the rate should be negligible. There

fore at the first 25° point the solution still should have been

at equilibrium with respect to disproportionation at 25°0. On

heating to 30° and 350 some disproportionation may have occurred.

The cell was then rapidly cooled to 250 so that there was no chance

for appreciable reproportionation to take place. Therefore, any

appreciable disproportionation at the higher temperatures should

have been made evident by a difference in the two 25 0 readings,

i.e., the last 25 0 point should give a lower EilW value. It is

seen from Table 2 that the two values are actually qUite close to

each other and the small difference of 0.2 milliv~lts is in the

direction to be expected for the above correction.~ It is

possible, therefore, that the EMF measured at 35°0 should be in-

creased ca. 0.2 millivolts to correspond to the measurements at

lower temperatures. Presumably the 30 0 point would be raised

something less than 0.1 millivolts. In any case these corrections

are small and should not affect the calculation of 6H seriously.

The extent of disproportionation at equilibrium at 25°, which

from the above reasoning was presumed to be constant throughout

the experiment, does not affect the calculation of 6H, since this

-*-It is conceivable that the observed difference between the two

25° readings is due to an increased rate of alpha particle reduction

of plutonium at the higher temperatures. There is some slight

evidenceS of such a temperature effect on this rate under other

conditions.
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The EMF data of this work ma;r be combin9d with the Pu(IV)

disproportionation data of Kasha4 f~

heat data of Evans 5 for the oxidation

HCI04 at

1 M HCI0
4

at 25 u C and the

of Pu+ 3 to PuO ++ in 0.5 M
2

25°C, to obtain thermodynamic quantities f~ the reaction

Pu+ 3 + 2 H2~ = Pu02++ + 3/2 H2 + H+

The data are given Table 7. No attempt was made to correct

EVa1 I S heat data from 0.5 M HCI0
4

to 1.0 M HCI0
4

•

Table 7

Summary of Values for AF, Ali and AS at 25°C in

1 M HCI04 at One Atmosphere Pressure of Hydrogffi

b.F 69.84 kcal per mole Pu

77.8 kcal per mole Pu

+26.6 e.u.

J

Kasha and
this work

Evans



=: -30.6 8.U.
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It is of interest to calculate the entropies of the in-

dividual plutonium ions. In order to do this it is necessary to

make several assumptions; hence the values are only approximate.

For the purpose of these calculations, the entropy of hydrogen

ion in 1 1\1 HCI04 was arbitrarily assumed to be zero, and the

entropy used for water was that of pure water. Further, using

this type of data, it is necessary to know a value of the entropy

of one of the oxidation states in order to calculate the other

two. A value of the entropy of pu+3 has been estimated by

Brewer et al12 from that of Gd+ 3
, by making corrections for mass

12L. Brewer, L. Bromley, P. W. Gilles and N. Lofgren, BC-88,

October 10, 1947.

and ionic radius effects on the entropy. A correction was made

for the magnetic entropy of Gd+ 3 but none for Pu+ 3 , and no

correction was made for the fact that the Gd+ 3 entropy was for

infinite dilution. The value obtained by Brewer et aL.is

s j +3 = -30.9 e.u.
Pu

Using the value for ~S of the reaction given in Table 6

one calculates from the following equation

Spu+tJ + 1/2 SH
2

-Spu-+-3 -SH+

a value for the entropy of Pu+4~

Spu+4 =-77.1 e.u.

The same type of calculation may be made to obtain the

entropy of PU02++. The same assumptions are involved here as

are involved in calculating the entropy of Pu+4 with the further

difficulty that the pu+ 3 - PU02++ heat data are based on meaSure

ments in 0.5 M HCI0
4

. One calculates from the data of Table 7



Spuo
2

++ = -17r.6 e.u.

The values of the entropies of Pu+ 3 , Pu+4 ++
and PU02 are

summarized in Table 8 and compared with those of 0+3, U+4 and

U0 2++ obtained by averaging values given by Brewer et al~3 an~

13
L. Brewer, L. A. Bromley, P. W. Gilles and N. L. Lofgren,

BC-82, April 1, 1947.

Fontana14 for U+ 3 and U+4 , and the value given by Coulter, Pitzer

14B. J. Fontana, BC-66, April 1, 1947.

and Latimer15 for the entropy of U02++. The uranyl value is for

15L. V. Coulter, K. S. Pitzer, and W. M. Latimer, J. Am. Chem.

Soc., 62 2ff45 (1940).

infinite dilution while the U+ 3 and U+ 4 values were calculated

using assumptions similar to those employed in the calculation of

the plutoniu~ entropies. The striking parallelism in the entropy

values for uranium and'plutonium is much closer' than would

necessarily be expected because of the many approximations made

and the unpredictable behavior of the magnetic entropy of these

ions.

Using the value of the Pu+ 3 - Pu+ 4 formal oxidation potential

obtained in the present work in 1.00 M HCI04 at 25°C and Kasha's4

value for the disproportionation equilibrium quotient in 1.00 M

HCI0 4 at 25°C

3 pu+4 + 2 H20 =
K =

2 pu+ 3 + PuO ++ + 4 H+
2

0.041
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Table 8

Entropies of Pu+ 3, pu+4 and puo2++ and those of U+ 3 ,

U+ 4 and UO ++ at 25°C/
2

Oxidation state

PU

+3

-31 e.u.

-31 e.u.

+4

-77 e.u.

-78 e.u.

+6

-18 e.u.

-17 e.u.
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it is then possible to set up a formal potential scheme-for plu-

tonium in 1.00

-1.023 PuO ++
2

It is to be emphasized that these potentials apply to the reaction

of the plutonium couple with the hydrogen couple at 25°C in 1 M

HCl04 ann with the substances involved in the reaction all corrected

to unit concentration.

The analogous potential scheme for plutonium in 1.00 M HCl

at 25 v C may be calculated. From Hindman'sl measurement of the

Pu(III) - Pu(IV) couple versus the Ag - AgCl couple one can cal

culate the Pu(III) - Pu(IV) formal potential in 1 M HCl, i.e., the

potential of the pu(III) - Pu(IV) couple versus the H2 - H+ couple.

using the value of the ~isproportionation constant of Pu(IV) for

1 M Hel and 25°C, determined by Kasha and Sheline8 , the formal

potentials of the Pu(IV) - Pu(VI) and Pu(III) - Pu(VI) couples

ean be calculated and are shown in the following potential diagram:

Pu( III L-:.O...95~ Pu( IV) .::-1,042 Pu(VI)

-1.014 ----....

It is seen that the Pu+3 - pu+4 potential in 1.00 M HCl is

more positive than in 1.00 M HCI0
4

• This is to be expected, as

mentioned earlier, if pu+4 is oomplexed by chloride ion. If one

assumes (in agreement with the best availnhle information3 ). that

Pu+3 is not complexed by CI04-, and that Tpu+ 3 ~J1+ is the same
'Ypu'fo4

in 1 M perchloric acid as in 1 M hydrochlor~c acid, one calculates
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from these data that 59% of the Pu+4 is complexed in 1.00 M HCl.

This is in good agreement with a value of 66% obtained by Reas16

l6W• H. Reas, unpublished work

.
from measurements of the activity of PUC14 in 1.00 M HCI and the

activity of pU(CIQ4 P4 in 1.00 M HCIQ4. In the calculation based
~~

on Reas' data it was assumed that '~.' had the same value in
~~

1 M hydrochloric acid as in 1 M perchloric acid.

The above conclusion as to chloride complexing of Pu(IV)

in hydrochloric acid is also in qualitative agreement with determin

ations of chloride complexing by two other methods. The firstl~

l~L. Myers, E. Conn and B. Ketelle, CN-2a19, p 14, May 15, 1945.

made use of the exchange equilibrium of Pu(IV) between perchloric

and hydrochloric acid solutions and an ion exQhange resin. The

~ata indicated approximately 30% complexing by chloride ion in

1 M HCl. In the second method18 the complexing of Pu(IV) by

laJ • C. Hindman, PPR, Volume 14B, N~. 4.5.

nitrate ion was compared in hydrochloric acid and perchloric acid

solutions. From the interference of chloride ion on the complex

ing of Pu+4 by nitrate ion, it was estimated that about 30% of the

Pu(IV) would be complexed by chloride ion in a solution containing

1 M HCI and 1 M HCIO •
4

By means of a comparison of either the Pu(III) - Pu(VI) or

the Pu(IV) - Pu(VI) couples in perchloric acid and in hydrochloric

acid it should be possible to draw some conclusions concerning

the complexing of PU02++ by chloride ion. For the purpose of this
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discussion the Pu(III) - Pu(VI) couple will be considered. Since

the potential in hydrochloric acid is more negative than in per

chloric acid, it would be conclued that Pu+ 3 is more complexed by

chloride ion than is Pu02++ • This is not believed to be the case,

as there is no other evidence of chloride complexing of pu+ 3, in

puo
2

++
19,3

I M HOI but definite evidence of chloride complexing of

19M• Kasha and G. E. Sheline, ON-2680, January, 1945.

from studies of the Pu(VI} absorption spectrum.

The value of the Pu(III} - Pu(VI) potential in 1 M HOI depends

on the v~lue of the Pu(IV} disproportionation quotient in 1 MHOI

as well as the value of the Pu(III) - Pu(IV) potential in 1 M HOI.

Since the disproportionation is small in this system, the amount

of Pu(VI) formed is very small, i.e., of the order of 2%. The

analysis for this amount of Pu(VI) formed in the disproportionation

would have to be in error by a factor of ca. 1.7 in order to make

the PU(III) - Pu(VI) potential in 1 M HOl04 more negative than in

lJlJrHOl. Because of the small amount of Pu(VI) present, an error of

this magnitude is not entirely impossible.

Alternatively, the discrepancy may arise from specific activ

ity effects. The ionic strength in 'each solution was, unity, yet

'the acti vi.ty coefficients of ions suchaspu+4 may not .pe the, sam:e

in 1M HCl0
4

as' in, 1 M HOI even if there were no complex'ing. How

e~er it is not believed that a difference as large as is observed

could arise from this effect.

'Finally. if the directly me'aslired Pu(III) -,P.u(IV) potential

in. ,either HOI or HOI0
4

were in" error by 4.5 millivolts, the ,pu(III)

PU(VI) pot'ential in both. ,systems could be equal. This,,'wQuld cor-

respond to an error in the ratio of concentration of
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PU(III) t('\ pU(IV) in the Elv1F determination of 20%, if the entire

error were assumed to be in this ratio. An error of 5 millivolts

seems a little too large, so this is probably the least likely

explanation for the observed results.
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