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Complexes of Plutonyl Ion with Acetate 
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The complex formation between plutonyl and acetate 
ion has been investigated by means of potentiometric 
[H+] measurements. The values of the complexity 
constants of the three mononuclear complexes have 
been determined in perchlorate medium of ionic 
strength I = 1 M at 20°C. 

Introduction 

An interesting approach to deepening our know- 
ledge of the chemical behaviour of the hexapositive 
actinide elements in relation to their electronic 
structure, would be to compare the coordination 
chemistry of the three cations LJO12+, NpOZ2+, and 
PUOZ 2+. 

While much information is already available on 
the formation in aqueous solution of complexes of 
the uranyl ion with ligands of varied nature, data 
on the behaviour of the plutonyl and neptunyl ions 
are insuficient and often inaccurate (see references 
(I), (2), and (3) ). 

We report here some research on the formation 
in aqueous solution of plutonyl-acetate complexes 
which was carried out by determining the concen- 
tration of the free ligand from pH measurements. 
All measurements were made at a temperature of 
20°C and in a perchlorate medium of ionic strength 
I= 1 M, to make the data comparable with those of 
uranyl-acetate complexes already studied under the 
same conditions.4 

Experimental Section 

Chemicals Used. Solutions containing known con- 
centrations of Pu02’+, HC104 and NaC104 (I = 1 M) 
were prepared in the following way. A solution 
containing Pu’” (isotopic composition: y 99% “9Pu 
and 1% *@Pu) in HNO, (about 1 M) was treated with 
SO2 until total reduction of the Pu’” had been effected. 

The Purr1 formed was precipitated as hydroxide by 
addition of ammonia solution. The precipitate, after 
washing, was dissolved in HClOd (about 0.2 M) using 
slightly more than the volume necessary for complete 

(1) J. J. Katz and G. T. Seaborg. .The Chemistry of the Actinide 
Elements*, Methuen. London (1957). 

(2) A. D. Gel’man, A. I. Moskvin. L. M. Zaitsev. and M. P. 
Mefod’eva, 4omplex Compounds of Transuranium Elementsn. Con- 
sultants Bureau, New York (1962). 

13) M. Taube. <<Plutoniumr, Pergamon Press (1964). 
(4) S. Ahrland. Acla Chem. Stand.. 5. 199 (1951). 

dissolution. The solution was transferred to the anode 
compartment of an electrolytic cell (electrodes of 
platinum wire; cathode and anode compartments 
separated by fine sintered glass discs; magnetic agi- 
tator in the anode compartment). 

With an applied potential of 4-S volts, all the 
plutonium can be obtained in a short time as PuO;!~+. 

The degree of oxidation was checked spectrophoto- 
metrically every time. 

The concentration of plutonium in sclution was 
determined by amperometric titration of a separated 
aliquot of the PuOz2+ solution (I or 2 ml) with Fe” 
solution.’ 

The concentration of free perchloric acid in the 
plutonium solution was determined by passing a 
definite volume of the solution through the hydrogen 
ion form of the cation-exchange resin Dowex 5OW-X4. 
The eluate was titrated with standard NaOH. If a 
total concentration of acid [Hi 1, is found, then the 
original [H+]=[H+],-~[PuO~~+]. 

Using standard solutions of NaOH and NaC104, 
the solutions containing PuO~~+ , HC104, and NaC104 
were eventually adjusted to the concentrations requir- 
ed for the measurements. 

Each solution so prepared was used for the e.m.f. 
measurements on the same day with the aim of 
minimising the self-reduction of the plutonium(V1) 
due to its a radiation. 

The buffers were prepared using calculated quan- 
tities of acetic acid and sodium acetate. Then the 
exact concentrations of acid were determined alkali- 
metrically, and those of acetate ion acidimetrically. 
In the latter case, potentiometric indication of the 
end-point was used. 

The concentration of the stock solution of NaCl04 
(twice recrystallized) was checked by means of a 
cation exchange column. 

All chemical used were of analytical grade. 

Measurements. The following notation is used: 

CM = 

Cti = 

C’lM,C’I\= 

6 = 

total concentration of PuO12+; 

concentration of HCIO. in plutonyl solutions: 

stoicheiometric concentrations of acetic acid and 

sodium acetate calculated from the amounts of 

buffer added: 

C’x4/C~A. 

(5) I. M. Kolthoff and Ph. J. Elving, <<Treatise on Analytical 
Chemistry*, Part II, Vol. 9. Interscience Pub]. (1962). 

Mugon, Portanova, Cassol ) Complexes of Plufonyl Ion with Acetate 



238 

The hydrogen ion concentration of the 
was determined using the cell: 

A8 ABC1 50 mM NaCl IWDrnM C. mM PuO~tCl0.h 

950 mM N&IO, N&IO. C. mM HCIO. 

C’r mM NaAc 

C’, = 6C’. mhf HAc 

I = I M NaCIO. 

solutions 

glass (‘1 

electrode 

The reference electrode and the bridge were of the 
c< Wilhelm,> typeP 

The silver-silver chloride electrode was of the 
thermal-electrolytic type.’ 

Cell potentials were read using a Leeds and North- 
rup K-5 potentiometer with a Cary 31-V electrometer 
as null point indicator. All the apparatus was 
contained in an oil bath thermostat maintained at 
20+0.1”C. 

The behaviour of the glass electrode was checked 
in the range 2.06 pH d 3.0 with standard acid 
solutions (I = 1 .O M with NaC104) usually both before 
and after a series of measurements. The e.m.f. is 
described by the equation E=E”+58.16 log[H+]. 

The solution in the right-hand half-cell was prepar- 
ed by adding, with a microburette, known volumes 
of a buffer solution S, to a known volume (7.00 ml) 
of a solution SZ. 

Car= 1000 mM NaAc C”, mM Pu01(C10,)2 

St 

Co,*-=6 C O* mM HAc (1000-3 c”,CoH) mM NaCIOI 

The measurements were performed with two dif- 
ferent buffers, 6 =4 and 6 =2. For every buffer, 
besides the measurements for the [H’] determination 
in solutions containing PuOz2+, measurements of E’ 
have been carried out on solutions with &=O. 
Equilibria were rapidly reached by bubbling through 
Nz purified and presaturated with NaC104 (1 M) 
solution. 

The absorption spectra of the solutions of PuO2*+, 
in the range 360 to 1000 mu., were determined with 
an Optica CF4-Nl spectrophotometer. 

All operations with plutonium solutions were per- 
formed in a well ventilated fume hood. 

7’reatment of Data. The treatment of the experi- 
mental data for the determination of the free ligand 
concentration [A] and the average number of ligands 
ii, and the calculation of the stability constants fl,,, 
are essentially those used by other authors in the 
study of urany14 and rare earth8 complexes of acetate. 

For a buffer solution free from PuOz’+: 

K = [H’]’ (C’,+[H+]‘) 

c’w_CH +I’ 
(2) 

(6 F. I. C. Rossotti and H. Rossotti, aThe Determination of 
Stabt ty Constantsu, McGraw-Hill Book Co., New York (1961). 4 

(7) D. 1. G. Ives and G. 1. Jaw, eReference Electrodes. Theory 
and Practice, Academic Press, New York and London (1961). 

(8) A. Sonesson. Acla Chem. Scund., 12, 165, 1937 (1958). 

For the same buffer solution, in the presence of 
PUOZ *+ and HCl04(Cn): 

CH’I CA1 
Kc= C’,,+C,[H+] 

By the combination of (2) and (3) we obtain: 

(3) 

['++I' 
[Al= cH+3 X 

(C’,+[H+]‘Wi.C’,+C”-[H’]) 

6. C’,[H+]’ 
(4) 

[H+l 
The ratio CH’I 

is calculated from: 

E’-E=58.16 I+$$ + (5) 

The average number of ligands ii is given by: 

Fi= CA+ [H+]--Cc[A-J 
CM (6) 

If there is formation only of mononuclear complexes 
MA,,, and hydrolysis of the metallic cation is negli- 
gible, the ii values are a function of [A] only. 

Let us consider the formation constants of the 
single mononuclear complexes : 

WA.1 
‘.= [M][A]” 

We can define the function: 

XC[Al)= I+ i,PnCAl” 

Then: 

dX([AI) 
d[Al ii - 

IA1 X([A]) 

and integrating: 

LA1 jj 
InX([A])= - s o [A] dCA1 

(7) 

(8) 

(9) 

(‘0) 

For the graphical integration of (10) we can obtain the 
corresponding values of X([ A]) and [A]. 

The stability constants p,, can be determined by 
extrapolation to [A] =0 of the functions defined by 
the relation: 

x = X,-r-P,-, , 
CA1 - 

where j=l, 2,3, . . . . . . X0=X; b=l. 

(‘1) 
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Results and Discussion 

Preliminary spectrophotometric measurements car- 
ried out on PuO2*+ solutions containing sodium 
acetate at different pH values have shown that there 
is no appreciable reduction of Pu”’ over a period of 
5-6 hours. 

The actual oxidation state of the plutonium was 
checked before and after each titration by absorption 
spectroscopy in the range 360 to 1000 rnp. The 
observed absorption spectra of PuOZ*+ with acetate 
were very similar to those already reported by other 
authors.9 

The E’ values for the different concentrations CA’ 
were determined by measuring the e.m.f. of the cell 
(1) with Cu=O and CH =O. The data obtained with 
the buffer solution used are reported in Table I. 

Table II. Determination of corresponding values of fi and 
[A] at the pH of the buffer 4: 1 

C, C’r E li 
mM mM mM S 

CaM= 15.00 mM; (YH= 1.80 mM; (0) 

14.90 7.09 -48.6 2.38 0.216 
14.79 14.05 51.9 5.34 0.486 
14.59 27.78 56.3 12.07 0.994 
14.39 41.10 58.8 19.6 1.39 
14.20 54.05 61.1 27.8 1.74 
14.01 66.67 63.0 36.8 2.02 
13.82 78.95 64.8 46.7 2.22 

Table I. Determination of E’ as a function of C’*. when 6.82 66.67 70.9 50.3 2.22 
perchlorate is exchanged for the two acetate buffers in 6.73 78.95 72.0 62.1 2.32 
solutions of C,=O. Calculation of K, in the medium used 6.64 90.91 72.8 73.2 2.49 

Buffer -8=4 - -.--.-6=2 ___ 

C’A E’ 
mM mV Kcx lo5 E’ -Lx105 mV 

7.09 -77.8 2.37 -96.0 2.31 
14.05 77.8 2.37 95.7 2.33 
27.8 77.8 2.37 95.5 2.34 
41.1 77.9 2.36 95.5 2.34 
54.1 78.1 2.34 95.6 2.33 
66.7 78.2 2.32 95.7 2.32 
78.9 78.2 2.32 95.8 2.32 
90.9 78.3 2.30 95.9 2.30 

113.9 78.5 2.28 96.1 2.28 

One can observe that E’ changes slightly on increas 
ing the buffer strength relative to that of perchlorate 
in the solution. 

If E changes in the same way in the presence of 
the plutonyl ion, one can assume that, by applying 
(5) with values of E’ and E relating to the same CA’ 
concentration, the variation will not influence the 
results of the measurements. 

The data obtained from the measurements on 
solutions containing PuO2 *+ are reported in Table I I 
for the buffer 6=4, and in Table III for the buffer 
6=2. 

In all the titrations carried out we have observed, 
at the highest concentrations of acetate, the formation 
of pink coulored crystals. This is in agreement with 
the already observed formation of an almost insoluble 
salt complex NaPu02(CHJC00)3.2 Also, the forma- 
tion of the corresponding salt complex has been ob- 
served for solutions of UO2*+ under the same con- 
ditions, and this should be more soluble than the 
plutonyl one. The measurements reported in Tables 
II and III relate to solutions in which precipitation 
of the complex had certainly not yet begun. 

In Figure 1 the values of ii vs. log[A] for the five 
series of measurements are reported. From all the 
data the formation of successive complexes with ii= 
1, 2, 3, is evident. 

(9) Von E. Nebel und K. Schwabe, 2. Phys. Chem.. 224. 29 
(1963). 

CDhl=7.31 mM; CoH=1.47 mM; (A) 

7.26 7.09 -57.3 3.33 , 0.347 
7.21 14.05 62.0 7.53 0.698 
7.16 20.98 64.3 12.26 1.04 
7.11 27.78 65.8 17.55 1.26 
7.01 41.10 67.9 28.0 1.69 
6.91 54.05 69.6 38.9 2.01 

Table Ill. Determination of corresponding values of ii and 
[A] at the pH of the buffer 2: 1 

CM C’* E ii 
mM mM mV 

Cohl=15.40mM; CoH=0.54mM; (0) 

15.33 4.27 -67.7 
15.21 8.50 70.7 
15.20 12.82 72.5 
15.14 16.85 73.6 
15.07 20.98 74.7 
14.97 27.78 76.0 
14.87 34.48 77.1 
14.76 41.10 78.2 
14.56 54.05 80.2 
14.37 66.67 81.8 
14.18 78.95 83.4 

Coh(=8.98 mM; cOH=2.55 mM; (0) 

8.94 4.27 -57.3 
8.90 8.50 68.3 
8.85 12.82 73.0 
8.83 16.85 75.6 
8.79 20.98 77.2 
8.73 27.78 79.3 
8.67 34.48 80.9 
8.61 41.10 82.3 
8.50 54.05 84.5 
8.38 66.67 86.4 
8.27 78.95 87.8 
8.16 90.91 89.0 

CDu=6.16 mM; Co,,= 1.70 mM; (V) 

6.13 4.27 -67.9 
6.10 8.50 76.7 
6.08 12.82 79.8 
6.06 16.85 81.7 
6.03 20.98 83.0 
5.99 27.78 84.6 
5.95 34.48 85.9 
5.91 41.10 86.8 
5.83 54.05 88.4 
5.75 66.67 89.1 
5.67 78.95 90.6 
5.60 90.9 1 91.4 

1.47 0.157 
3.21 0.320 
5.23 0.472 
7.26 0.606 
9.28 0.748 

12.95 0.962 
16.96 1.16 
20.8 1.40 
29.5 1.65 
38.6 1.92 
48.5 2.12 

1.18 0.085 
3.25 0.321 
5.73 0.529 
8.23 0.704 

10.7 0.893 
15.3 1.16 
20.0 1.39 
25.1 1.58 
35.7 1.89 
47.0 2.07 
58.4 2.20 
70.1 2.27 

1.67 0.170 
4.34 0.421 
7.29 0.648 

10.2 0.840 
13.2 1.02 
18.6 1.27 
24.1 1.47 
29.7 1.67 
41.3 1.92 
53.2 2.07 
65.0 2.19 
76.8 2.26 

Magon, Portanova, Cassol 1 Complexes of Plutonyl Ion with Acetate 



240 

log [A ] mM 

Figure 1. The complex formation curve of the plutonyl- 
acetate system. The symbols relate to Tables II and III. 
Fulldrawn curve obtained from calculate complexity con- 
stants. 

The good agreement of the formation curves ob- 
tained with the two different buffers shows that 
under these conditions the plutonyl ion does not 
undergo any hydrolysis reaction. This is in agreement 
with the low value of the equilibrium constant for 
the reaction PuOz z + + HzO%PuOzOH+ +H+ (K= 
1.95 x 1W6) determined by K. A. Kraus ef al.’ 

Table IV. The X-functions of the plutonyl-acetate system 

0 1 .oooo 112 3.500 9.2 
1 1.1155 115.5 
3 1.3714 123.8 
5 1.6623 132.5 
7 1.9914 141.6 
9 2.363 151.4 

11 2.780 161.8 
13 3.251 173.2 
16 4.067 191.7 
19 5.026 211.9 
22 6.145 233.8 
25 7.433 257.3 
30 9.996 299.9 
35 13.15 347.0 
40 16.96 398.9 
45 21.51 455.8 
50 26.88 517.6 
55 33.09 583.4 
60 40.20 653.3 
65 48.06 724.0 

4.377 
4.528 
4.710 
4.978 
5.257 
5.537 
5.812 
6.263 
6.714 
7.172 
7.640 
8.111 
8.571 
9.02 1 
9.415 

9.23 
9.24 
9.25 
9.25 
9.21 
9.20 
9.18 
9.20 
9.22 
9.22 
9.20 
9.10 

Moreover the good overlap (within the limits of 
experimental error) of the formation curves obtained 
from measurements at different initial concentrations 
of PuOZz+ shows that, at least in the range of the 
concentrations examined. we get formation of mono- 
nuclear complexes only.* 

Applying (10) and (11). we have determined the 
values of the formation constants on for ii= 1, 2, and 
3. The data relating to the calculation are reported 
in Table IV. 

In Table V the formation constants determined by 
us are reported, for the sake of comparison, those of 
other authors for the same complexes’ and for the 
analogous complexes with the UOZ 2+ cation4 are 
included. The remarkable discrepancy between our 
values of the stability constants and those reported 
elsewhere’ for plutonyl acetate complexes is difficult 
to explain solely in terms of the different ionic 
strengths of the solutions studied: it is more probable 
that the reason lies in the different methods used. 
There being no clear information concerning the 
experimental procedures in the paper cited? we 
consider our results to be the more reliable. 

Comparison of our data with the values of the 
stability constants of the UOz2+ -acetate complexes, 
clearly shown that plutonyl has a lower tendency to 
coordinate acetate ions in aqueous solution than has 
uranyl. 

If we consider one of the important factors in 
determining the stability of these complexes to be the 
ionic radius of the metal, we should find the relative 
stability to be the reverse of that obtained, since Puvr 
has the smaller ionic radius. 

However, it is as well to note that the two cations 
UO2 2+ and PuO2 ‘+ exhibit the same relative tendency 
towards hydrolysis as towards complexation with 
acetate, i.e. uranyl forms hydrolysis products much 
more readily than plutonyl.‘O 

To explain the latter behaviour an idea based on 
the packing of hard spheres about a uranyl group 
was proposed, viz. that ccplutonyl behaves as a larger 
ion than uranyl towards oxygens or water molecules 
about the equator>).” 

It is reasonable to invoke this idea to explain also 
their different tendencies towards the fcrmation of 
acetate complexes, without however excluding the 
possibility that the different electronic structures of 
uranyl and plutonyl may have some importance. 

Table V. The formation constants 6. for the acetate system of plutonyl and uranyl 

Cation PI M-’ Pz M-’ 
Ionic strength 

p, Mm3 Temperature Ref. 

PuO22+ 112-c4 (3.5+-0.5)x 10’ (9.2-+2.0)X 10’ 1.0 M; 20°C this work 
1.86~10~ 1.95x10” 2.29 x 10’ 2M; ? (2) 

LJ0,2+ 240-c_ 10 (2.3-+0.2)x 10’ (2.2+0.3)x lo6 1.0 M: 20°C (41 

(10) K. A. Kraus and J. R. Dam. 
<The Transuranium Elementsn, 

National Nuclear Energy Series, 
Div. IV, Vol. 148, McGraw-Hill Book. 

Co., Inc., New York (1949). 
(11) R. E. Connick and Z. Z. Hugus. Jr.. /. Am. Chem. Sec.. 

74, 6012 (1952). 
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