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Figure 4.—The est spectrum of pure solid [(CoH;)N],UOC]; at
ambient temperature.
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to electronic spectra of the UOCI;?~ species, with all evi-
dence that the organic molecules are indeed coordi-
nated. The spectra, to be more fully explored in a
future paper which will deal with other U(V) complexes
now in preparation and study, support all of the de-
ductions made in this paper regarding the UQCI;2—
spectrum. The esr spectra of the new compounds are
more complicated and correspondingly more interest-
ing and these also will be discussed at a later time.
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The soluble hydroxo complexes of the neptunyl(VI) ion have been studied in aqueous solution with 1 M (Na)CIO, at 25°

by emf measurements of [H*].

Trial values of the equilibrium constants were estimated by graphical procedures and

refined by a least-squares program. The main species produced and their refined hydrolysis constants are as follows:
NpO.OH*, log *8u = —5.17 &= 0.03; (NpO:)e(OH)s2t, log *Bas = —6.68 &= 0.02; (NpO:);(OH)s*, log *8s; = —18.25 +=

0.02.

close analogy in hydrolysis schemes for the three fons.

cussed.

Introduction

The four actinide elements uranium, neptunium,
plutonium, and americium in their 6-+ oxidation states
exist in acid solution as hydrated species of the type
MO,2+ ! and these species constitute a series of ions
which are interesting for comparative studies.

As far as the hydrolytic behavior in aqueous solutions
of these oxy cations is concerned the most detailed
studies available relate to the uranyl(VI) ion.2? From
these studies it is now well known that by increasing the
pH of an acidic UV! solution soluble hydroxo species are
formed, which are predominantly polynuclear in nature,
and finally, on addition of sufficient base, highly insol-
uble products are obtained. In particular, by means of
accurate experimental methods and adequate treat-
ments of the data, it has been possible more recently to
determine the stoichiometry and the formation con-
stants of the soluble hydroxo complexes present in im-
portant amounts in UY! solutions with various ionic
media.*~1!
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Comparison of these results with some available data on the hydrolysis of uranyl(VI) and plutonyl(VI) indicates a
The trend in acidity with increasing atomic number is briefly dis-

Data regarding the hydrolytic reactions of Pu"! are
rather scant in the literature. Until 1955 there were
some studies of Kraus and his collaborators carried out
by acid-base titrations and high-speed centrifugations
(see references in ref 3). From those works it was pos-
sible to acquire some fundamental information on the
hydrolytic behavior of plutonyl(VI), but the polynu-
clear species were not identified and their equilibrium
constants were not obtained. Some data on this sub-
ject were subsequently published by Russian work-
ers,'%13 but they differ considerably from those re-
ported by Kraus. More recently, in our laboratory
the hydrolytic reactions of PuV! were reexamirned expet-
imentally in 1 M perchlorate medium at 25° and the
soluble hydroxo complexes present in important
amounts in the range 0 < # < 1 (7 is the average num-
ber of OH~ bound per PuO,2+) were determined to-
gether with their equilibrium constants.*

There is essentially no published information re-
garding the hydrolytic reactions of Am"!.

As for the hydrolysis of NpYl, the only data available
at the present time are those reported by Kraus and
Nelson.%¥ They refer to acid-base titrations which
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Figure 1.—Average number of OH~ ions bound per NpO.?*, #, as a function of —log k. Curves have been drawn through points com-
puted with the constants obtained by a least-squares fit (Table I).

were carried out in order to establish the relative acidi-
ties of the MOy?* ions (M = U, Np, Pu). From the
titration curves it was concluded that the acidity of the
NpO2?* jon is intermediate between those of the UO,2+
and PuO.®* ions. Further, it was ascertained that
there are differences in the precipitation behavior of the
three ions and that during the titration of all three
elements soluble polymeric hydrolysis products are
formed. However, quantitative data on the mecha-
nism of hydrolysis of Np¥! were not obtained.

It seemed to us worthwhile to provide quantitative
information about the nature and the formation con-
stants of the hydroxo complexes formed in Np"! solu-
tions. These data are expected to be helpful for a bet-
ter characterization of the properties of Np¥! in solu-
tion and also for making more profitable a comparison
with the behavior of the other actinide(VI) ions under
the same experimental conditions.

This paper presents acidity measurements of solu-
tions containing neptunyl(VI) at various concentrations
in the range 0.3-80 mM. The measurements were
made at a temperature of 25° and in a medium 1 M in
(Na)ClO4

Experimental Section

Preparation of Solution.—Neptunium (isotope 2¥Np) was
purified before use by absorption on Dowex 1X4 anion-exchange
resin from 8 M nitric acid as neptunium(IV) and eluted in 0.3 M
nitric acid.’ The eluate was concentrated to about 1 M/ nitric
acid, obtaining in this way a neptunium(V) solution. The nep-
tunium(V) hydroxide was then precipitated with sodium hy-
droxide, washed carefully with water, and dissolved in 1 M
perchloric acid to give a solution of neptunium (V).

The neptunium(VI) solutions were prepared by electrolytic
oxidation of a neptunium(V) solution (electrodes of platinum
wire, cathode and anode compartments separated by fine
sintered-glass disks, magnetic agitator in the anode compart-
ment).

The oxidation state of neptunium was checked spectrophoto-

(16) F. B, Tober, Proc. Int. Conf. Peaceful Uses At. Energy, 17, 574 (1959).

metrically. The observed absorption spectra of neptunium(VI)
in perchloric acid solution were very similar to those already re-
ported by other authors.'” The absence of appreciable amounts
of neptunium(V) and -(IV) was checked by absence of ab-
sorption at their respective absorption bands.l

The concentration of neptunium was determined by potentio-
metric titration of a separated aliquot of the NpO;®* solution
with standard iron(II) solution.®

The concentration of the free perchloric acid in the NpVI
solution was determined by way of ionic-exchange analysis on a
cationic resin in the hydrogen ion form (Dowex 50W-X4). If
a total concentration of acid [H"*]; is found, then the original
[H*] = [H*]y — 2[NpO.**].

Using standard solutions of NaOH and NaClO, the solutions
containing NpQ0:(Cl0,)., HCIO,, and NaClO; were eventually
adjusted to the concentration required for the measurements.

Spectrophotometric measurements at various times indicate
that in these solutions neptunium(VI) is stable enough for our
purposes. No appreciable reduction is observable during the
first 24 hr; only after 2 days roughly 0.5%, of neptunium(V) is
detectable. The measurements were performed on fresh solu-
tions.

Reagent grade sodium perchlorate was recrystallized three
times from water and the stock solutions were standardized by
ionic-exchange analysis on a cationic resin in the hydrogen ion
form.

Perchloric acid solution was standardized against KHCO; and
checked against standard NaOH solution.

Sodium hydroxide solutions were prepared by dilution with
deaerated water of a saturated NaOH p.a. solution, which was
left standing in a polyethylene bottle for several days. Stan-
dardizations were carried out with potassium acid phthalate
and by titration with HCI.

Apparatus and Procedure.—The experiments were carried out
as potentiometric titrations using the cell: AglAgCl|50 mM
NaCl, 950 mM NaClO, (saturated with AgCl)||B mM NpO.-
(C10s)z, Z mM HCIOq, (1000 — 2B — H) mM NaClO4|glass elec-
trode. Reference half-cell, salt bridge, and J-shaped liquid
junction were of the ‘““Wilhelm’’ type.?* A Beckman Type E-
2/40495 glass electrode was used. The silver-silver chloride

(17) R. Sjoblom and J. C. Hindman, J. Amer. Chem. Soc., 78, 1744
(1951).

(18) I. M. Kolthoff and Ph. J. Elving, ““Treatise on Analytical Chemistry,”
Part 2, Vol. 9, Interscience, New York, N. Y., 1962, p 296.

(18) F. J. C. Rossotti and H. Rossotti, ‘“The Determination of Stability
Constants,” McGraw-Hill, New York, N. Y., 1961,
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electrode was of the thermal—electrolytic type.® Cell potentials
were read using a Leeds and Northrup K-5 potentiometer with a
Cary 31-V electrometer as null point indicator. The cell was
immersed in an oil thermostat at 25 &= 0.1°,

The behavior of the cell was checked in the range 1.5 < pH <
3.5 with standard perchloric acid solutions (1 M with NaClO,)
usually both before and after a series of measurements. The
emf was described by the equation '

E = E° + 59.16 log [H*] — 0.07[H*] (1)

The neptunyl(VI) solutions in the titration vessel were pre-
pared by adding, with a microburet, known volumes of a stan-
dard NaOH solution (1 M in NaClQ,) to a known volume (20 ml)
of a starting solution of the composition: B° mM NpO,-
(Cl10y)2, H® mM HCIO,, (1000 — 2B° — H°) mM NaClO,.

Two titrations were carried out in both directions. In these
cases the total NpQO,?+ concentration was held constant, B = B°,
by adding equal volumes of an acid neptunyl(VI) solutlon of
concentration 2B° and a. NaOH solution to the starting solution.
The back-titrations were carried out by adding equal volumes of
the same neptunyl(VI) solution and a HCIO, solution- to the
partly hydrolyzed solution.

The solution in the titration vessel was stirred both by bub-
bling through at a slow rate N gas purified and presaturated
with 1 M NaClO, solution and by using a magnetic agitator.

In all the titrations equilibrium was obtained within 5 min and
after that the potentials measured were constant to #=0.1 mV,

With all the concentrations of neptunyl(VI) examined a point
was reached during the titration when precipitation began.
This was shown by drift of potentials in a direction that cor~
responded to a continually increasing acidity of the solution.
The measurements herein considered relate to solutions in which
precipitation had certainly not yet begun.

The actual oxidation state of the neptunium was checked after
each titration by absorption spectroscopy and no appreciable re-
duction of NpVT was detected.

All the operations with neptunium were performed in special
glove boxes.

Results and Discussion

Potentiometric measurements were carried out with
nine neptunyl(VI) solutions having different concen-
trations. The free hydrogen ion concentration, k, for
each point was calculated from eq 1. From & and the
analytical data B and H, the average number of ligands
OH~ bound to one NpOj*t, # = (b — H)B~?, was ob-
tained for each point along a series of measurements.

The data in the form of # as a function of —log % are
illustrated in Figure 1. Since from this diagram # ap-
pears to be dependent on the total NpOs?+ concentra-
tion, it is evident that polynuclear hydroxo complexes
are formed.!®

As can be seen on the right side of Figure 1, for two
series of measurements with B held constant there is a
good agreement between the data obtained from titra-
tion of an acid NpOj2+ solution and from back-titration
of the partly hydrolyzed solution. This demonstrates
that, at least for # values from 0 up to about 1, the hy-
drolytic reactions are reversible and that the experi-
mental measurements refer to a system in actual equi-
librium.

According to the nomenclature of the Chemical So-
ciety Tables,? for the hydrolytic reactions

gNpO2+ + pH0 == (NpOy)(OH )P+ + pH+  (2)
the equilibrium constants, *8,,, are defined as

[(NpO2)o(OH), % ~# +] [H ¥]» @)
[NpO*¥]

#ﬂp
As preliminary steps in the analysis of the data, cal-
culations were made of the average number of hydroxo

(20) D. J. G. Ives and G. J. Janz, “Reference Electrodes, Theory and
Practice,”’” Academic Press, New York, N, Y., and London, 1961,
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group, p, and of neptunyl(VI) ions, g, in the hydrolyzed
species, as suggested by Sillén.2! From the results of
this treatment the dimer (NpO,)2(OH)s2* was assumed
to be the most important species in the range 0.1 < #
< 0.5 and a rough value of its formation constant,
*B22, was calculated. With only this constant it was
impossible to reproduce the experimental data at lower
and higher # values.

In order to gain some information on the other com-
plexes present in important amounts the method of
curve fitting was used. A normalized projection
map*®?? was first computed for only the two complexes
NpO,OH+* and (NpO2):(OH).2*+. A comparison of this
map with the experimental data plotted in the form
log B vs. (—log h); gave a fairly good fit in the range
0 < 7 < 0.5. Thus, there was an indication of appreci-
able concentrations of the simple mononuclear mono-
hydroxo complex in the solutions and a trial value of the
formation constant *By was estimated.

Normalized maps with three parameters were subse-
quently calculated in order to try the best fit with all
the experimental data available. Maps were obtained
by combining the species having (5,§) values (1,1) and
(2,2) with each of the larger complexes (3,2), (4,3), and
(5,3).

The best fit was obtained with the map calculated for
the set (1,1)-(2,2)-(5,3). The defining equations for
this map are

B =19+ uv 4+ 2u® + 3Rubyd
B = uv + 2u**® + SRu%®

where B = B*Bas/*Bu? v = *Baub/*Bu? (b =
u = *Bu/h, and R = *Bss/*Bas? *Bu.
From the best fit shown in Figure 2, the values log

[NpO2+]),

N=01 0.2

03 0405 060708

0.0

Figure 2.—Log B vs. (log k )z for the hydrolysis of NpOz?* supet-
imposed on the normalized map log B vs. (log h)s.r calculated
for the set of hydroxo complexes (1,1)-(2,2)-(5,3) (for this map
R =2), )

(21) L. G. Sillén, Acta Chem. Scand., 18, 1981 (1961).
(22) R. S, Tobias, I. Ogrins, and B. A. Nevett, Inorg. Chem., 1, 638
(1962).
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*511 = '—'51, 10g *622 = —'67, and lOg *653 = —18.2
were obtained.

A least-squares refinement of these three parameters
was carried out with all the experimental data using a
Fortran program??® for the IBM 7094 computer.

Using trial values estimated for the equilibrium con-
stants of other hydroxo species, the following schemes
were also tried with the least-squares program: (2,2)-
(5’3)) (1:1)_(2)2)_(3:2)) (2)2)_(3)2)) (1’1)_(2:2)_(4’)3):
(2,2)_‘(4:,3), (1:1)—(2’2)_(3J2)_(5a3): (1!1)-(22)—(4”3)_
(5!3): (1,1)_(2,1)_(5,3), (1’1)_(2:1)—(2a2)—(5’3)

The most significant results of these calculations are
illustrated in Figure 3 as plots of the least-squares re-
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Figure 3.—Least-squares residuals, fiobsa — 7eale, Obtained with
four hydrolysis schemes for five titrations at different NpO,2+
concentrations. Symbols represent four different schemes:
®: *8y = 6.81 X 1078, *Bp = 2.09 X 1077, *Bs = 559 X
10719, g5 = 0.017. O: *Bp = 2.83 X 1077, *Bs = 5.58 X 10719,
on = 0.034. +: *Bu = 444 X 107¢, *8p = 1.93 X 1077,
*8a = 2.63 X 10712 ¢z = 0.026. X: *By = 1.03 X 1078,
*Ba = 1.29 X 1077, *Byy = 3.47 X 1071, o = 0.045.

sidual (fighsq — 7calea) Obtained with four sets of com-
plexes for five titrations. The results for the other four
titrations show an analogous trend, but the values of
least-squares residual comparatively smaller would
make their graphic illustration not clear. The relevant
constants, their standard error, ¢, and the standard de-
viations to the fit, ¢;, are also reported.

As can be seen the best reproduction of the experi-
mental data is obtained with the set of complexes (1,1)-

(23) We are indebted to Dr. Richard M. Rush of the Oak Ridge National
Laboratory for having very kindly sent us the Fortran program used in his
studies on the hydrolysis of uranium(VI) (see ref 5).

CassoL, MaGoN, ToMAT, AND PORTANOVA

(2,2)-(5,3), which agrees with the result obtained by
the curve-fitting method.

Exclusion of the (1,1) species from the schemes ex-
amined makes the agreement with the data worse, as,
for instance, a comparison between the points ® and
O shows in Figure 3. Therefore, the mononuclear com-
plex NpO,OH * seems to be of some importance.

Since the (2,2) species is necessary to reproduce the
experimental data both by graphical and least-squares
treatment, the binuclear hydroxo complex (NpO,),-
(OH),?t+ appears to be the first important polynuclear
product formed in hydrolyzed neptunyl(VI) solution.

As for the larger hydroxo complexes, which are cer-
tainly formed before precipitation occurs, taking into
account the lower o; value obtained, it appears rea-
sonable to select the ternuclear comiplex (NpOg);(OH)s+
as the most probable soluble species present in impor-
tant amount, at least under our experimental condi-
tions, It should also be noticed that addition of a
fourth species, as for example in the case (1,1)-(2,2)-
(4,3)-(5,3) (not shown in Figure 3), did not improve
the fit.

Our conclusions about the main soluble hydrolysis
products of neptunyl(VI) and their equilibrium con-
stants in 1 M perchlorate solution are given in Table I.

TABLE I¢
Hyprovvsis ConsTANTS oF MO, Ions (M = U, Np, AND
Pu) v 1 M PERCHLORATE SOLUTION AT 25°

Ion Log *Bu Log *Ba Log *@ss Ref
UO0:2+ —4.77 -6.10 —16.75 5
—5.94 -16.41 8
NpOs2+ —5.17 == 0.083 —6.68 == 0.02 —18.25 += 0.02 This work

PuOx* —5.07 = 0.05 —8.51 = 0.05 —22.16 & 0.03 14

¢ Data from ref 5 are at 20°. *8,(U)/*8u(Np) = 2.5 *8n
(U)/*Ba(Np) = 5.5° *Bss(U)/*Bua(Np) = 70.1,% *8,(Np)/*Bu
(Pu) = 6.5, *Baus(Np)/*Bu(Pu) = 67.7, and *Bs(Np)/*8:(Pu) =
8.08 X 108,

Figure 4 illustrates the distribution of hydrolysis
products for 10 mM total concentration of NpO,?*t as a
function of —log A.

1.0

L £:=10mM
olsa [
05} ]
00 - —
45 50
3 38 40 -togh

Figure 4. —Distributions of Np¥! among the different hydrolysis
products as a function of —log 4 in 1 M/ perchlorate for a solution
with 10 mAf NpVL

In order to make possible a comparison, some avail-
able data on the hydrolysis of plutonyl(VI) and uranyl-
(VI) are included in Table I. The data for pluto-
nyl(VI) were obtained by us under the same experimen-
tal conditions as those herein considered for neptu-
nyl(VI). As for uranyl(VI), among numerous data re-
ported in the literature, referring to various ionic media,
ionic strength, and temperature, we have selected those
that were obtained from measurements made in 1 M
perchlorate solution. From an experimental work of
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Ahrland in 1 M perchlorate at 20°,24 three sets of equi-
librium constants were obtained: the first was pro-
posed by Ahrland himself, the second was calculated
by Ahrland, Hietanen, and Sillén using the core-link
hypothesis,4 and the third was the result of a reinter-
pretation of thé data carried out by Rush, Johnson, and
Kraus using a least-squares program.5 There is a re-
markable discrepancy among the three hydrolysis
schemes proposed, the reason for which lies in the differ-
ent methods of treatment used. It should be remem-
bered that in the last 20 years there has been a contin-
uous improvesment in the methods of treatment of data
referring to polynuclear systems, and thus the observed
discrepancy should not be surprising. Nowadays, with
the more refined methods available, it is much easier to
draw concordant conclusions using different approaches,
as, for instance, in the present work.. On the ground of
these considerations, of the three different results ob-
tained from the Ahrland measurements, we assume
the last one’® to be the most reliable and therefore only
that is reported in Table I. On the other hand, it
seems in better accordance with subsequent studies on
UO.2+ hydrolysis in 1 M perchlorate’®8 and also in 3
M perchlorate solution.®1!

A first examination of the data in Table I indicates
that the three oxy cations in 1 M perchlorate solution
undergo hydrolysis following substantially the same
scheme of reactions. In fact, in all three cases there is
no question about the existence of the dimer (MO,),-
(OH)s2t, and the contribution of the trimer (MO,),-
(OH); T is also ascertained with reasonable certainty.
There is some doubt, however, about the importance of
the simple mononuclear MO,OH*, the existernce of
which seems to be supported from our data for plu-
tonyl(VI) and neptunyl(VI) but not from data for
uranyl(VI)588 except, perhaps, for very low concen-
tration or at higher temperature.”

At the present time; this close analogy among the
hydrolysis schemes for the three ions must be limited
to the range of # values from 0 to about 1. At higher
# values, before precipitation occurs, it is very likely
that other polynuclear complexes are formed and they
may have different structures. This caution appears
to be justified also by taking into account the large
differences in the precipitation characteristics of the
three actinides(VI), as pointed out by Kraus.? In this
respect, our experimental data indicate that, on addition
of base, neptunyl(VI) and uranyl(VI) are rather similar
in their precipitation behavior, whereas plutonyl(VI)

(24) S. Ahbrland, Acta Chem. Scand., 8, 374 (1949).
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differs greatly, having less tendency to form insoluble
products.

As for the values of formation constants in Table I,

their comparison clearly shows that the three ions
exhibit a decrease in acidity with increasing atomic
number.  This trend was well known from a comparison
of the observed pH values at definite # as a function of
metal concentration.® Now that the mechanism of
hydrolysis has been demonstrated to be the same, at
least in the range 0 £ # £ 1, it is reasonable to assume
that the trend in acidity observed is mainly due to a
difference in free energy of similar hydrolytic reactions
and not to differences in the structures of the hydroxo
complexes.
. Such a stability drift with atomic number was also
pointed out by Ahrland and Brandt for the fluoride
complexes of UOy** and NpOg?+ % and by us for some
monocarboxylate complexes of the three actinide(VI)
ions.

It was remarked that, on account of the actinide
contraction, this drift in properties is the reverse of
what would have been expected,®® and therefore
some explanations were suggested. To explain the
relative tendency toward hydrolysis of UOg** and
PuO,?* the idea was proposed that, in consequence of
the contraction along the O-M-O axis, PuO,?* behaves
as a larger ion than UOQO,?t+ toward oxygen about the
equator.”” Other suggestions, perhaps mote likely,
took into consideration the possibility that d-electron
orbitals or f-electron orbitals might become less avail-
able for bonding with increasing atomic number,

The ratios of the corresponding hydrolysis constants
are shown in Table I. - It may be of interest to notice
that their values indicate a deviation from a regular
progression of hydrolytic properties as a function of
atomic number. That is, the relative tendency
toward hydrolysis makes neptunyl(VI) more different
from plutonyl(VI) than from uranyl(VI). It should
be mentioned that an analogous conclusion can be
drawn from a comparison of the stability constants of
some monocarboxylate ¢omplexes? and, further, that
the precipitation characteristics mentioned above may
also be significant in this respect.

This particular feature of the variation of properties
with atomic number should be considered in any dis-
cussion of the factors determining the relative chem-
ical behavior of actinide(VI) ions.

(25) S. Ahrland and L. Brandt, ¢bid., 22, 1579 (1968),

(26) A, Cassol, L. Magon, G. Tomat, and R. Portanova, Inorg. Chim.
Acta, 8, 639 (1969).

(27) R. E. Connick and Z Z. Hugus, Jr.; J. Amer. Chem. Soc., T4, 6012
(1952).





