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19.1 INTRODUCTION

The necessity of obtaining accurate thermodynamic quantities for the actinide
elements and their compounds was recognized at the outset of the Manhattan
Project, when a dedicated team of scientists and engineers initiated the program
to exploit nuclear energy for military purposes. Since the end of World War 11,
both fundamental and applied objectives have motivated a great deal of further
study of actinide thermodynamics. This chapter brings together many research
papers and critical reviews on this subject. It also seeks to assess, to systematize,
and to predict important properties of the actinide elements, ions, and com-
pounds, especially for species in which there is significant interest and for which
there is an experimental basis for the prediction.

Many experimental and theoretical studies of thermochemical and thermo-
physical properties of thorium, uranium, and plutonium species were under-
taken by Manhattan Project investigators. Some of these reports appeared in
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2114 Thermodynamic properties of actinides and actinide compounds

the National Nuclear Energy Series (Seaborg ef al., 1949). These papers, and
others in the literature through 1956, formed the basis for Table 11.11 Summary
of thermodynamic data for the actinide elements of the first edition of this work.
This table, compiled by J. D. Axe and E. F. Westrum Jr., listed 126 species,
of which the properties of 40 were estimates. A fair measure of the progress
in actinide thermodynamics is the number of subsequent research papers
and reviews.

Two other monumental works, which appeared in 1952, must be mentioned
here: the U.S. National Bureau of Standards Circular no. 500 (Rossini et al.,
1952) included all known data through uranium, and Latimer’s oxidation
potentials (Latimer, 1952) included oxidation-reduction data on all actinides
through americium. Following the publication of the first edition of this work,
with its thermodynamic summary in Table 11.11, the only major reviews of
actinide thermodynamics during the decade 1960-69 were the monograph of
Rand and Kubaschewski (1963) on uranium, the IAEA panel reports on oxides
(TAEA, 1965, 1967) and carbides (Rand, 1968), and long reviews by Rand
(1966) and Oetting (1967). However, until the 1970s, the reviews of actinide
thermodynamics lagged behind the reports of these measurements themselves.

Critical efforts to compile and to assess actinide thermodynamic properties
improved during the 1970s and 1980s. Krestov (1972) prepared an extensive
compilation of rare earth and actinide thermochemical properties. Rand (1975)
comprehensively and critically reviewed thorium thermodynamics, and the
thermodynamics group of the U.S. National Bureau of Standards (Wagman
et al., 1981) published the final volume of the Technical Note 270 series, which
included the elements actinium through uranium. At nearly the same time the
parallel compendium of Glushko ez al. (1978) was published in the USSR. The
most contemporary and thoroughly annotated compilation is the 14-part series
issued under the auspices of the International Atomic Energy Agency, The
Chemical Thermodynamics of Actinide Elements and Compounds, of which ten
volumes have been published (Fuger and Oetting, 1976; Oetting et al., 1976;
Cordfunke and O’Hare, 1978; Chiotti et al., 1981; Fuger et al., 1983; Flotow
et al., 1984; Gronvold et al., 1984; Holley et al., 1984; Hildenbrand et al., 1985;
Fuger et al., 1992). The nine volumes of this compilation published before 1986
formed the basis for most of the data in the second edition of this work.

After this ‘golden age’ of thermodynamics of the actinides a significant
decrease in the number of experimental studies occurred during the last two
decades, when the programs in many laboratories in the U.S. and Europe faced
significant budget reductions. Also the review activities at the IAEA stopped
before the series was completed. Fortunately many new review activities in this
field started in the 1990s. The Nuclear Energy Agency (NEA) of the OECD
initiated a project, the Thermodynamic Database Project (NEA-TDB), with the
goal to assess and publish the thermochemical data of those actinides that are
highly relevant to waste disposal studies: uranium, neptunium, plutonium, and
americium (Grenthe et al., 1992; Silva et al., 1995; Lemire et al., 2001;
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Guillaumont et al., 2003). The volumes for these elements, which strongly rely
upon the work done in the frame of the IAEA activities, have all been published
and a supplement with extensions and corrections has been issued recently
(Guillaumont et al., 2003). At the Institute for Transuranium Elements (ITU),
a systematic review of lanthanide and actinide elements and compounds
was undertaken, with the goal of establishing a web-based information center
(Konings, 2004b) focused on high-temperature properties. The results of these
two projects form, together with the IAEA series, the basis for the present
chapter. The thermodynamic studies on the transactinide elements are restricted
to a few experimentally determined adsorption enthalpies of halides of elements
104, 105, and 106 on metal surfaces and quantum chemical calculations. For
that reason these elements will not be dealt with in this chapter. The reader is
referred to Chapter 14.

19.2 ELEMENTS

19.2.1 Actinides in the condensed phase

A systematic and critical review of the available thermodynamic quantities for
the actinide elements was made by Ward et al. (1986), which is much more
complete than the earlier reviews by Hultgren ez al. (1973) and Oetting et al.
(1976). Since then the thermodynamic quantities of some actinide elements were
reviewed individually in other compilations. Thorium and uranium were care-
fully reviewed by the CODATA Workgroup for Key Values for Thermodynam-
ics (Cox et al., 1989) and recommended values for the standard entropy, heat
capacity, and enthalpy of sublimation at room temperature were given. Reviews
for plutonium and americium were reported by Cordfunke and Konings (1990),
for uranium, neptunium, plutonium, and americium by the NEA-TDB Project
teams (Grenthe et al., 1992; Silva et al., 1995; Lemire et al., 2001; Guillaumont
et al., 2003), and for americium and curium by Konings (2001b, 2002). These
reviews are essentially based on the same information as the work of Ward et al.
Because few new measurements have been reported since 1986, the differences in
values between these reviews mainly arise from the estimation methods, as
explained below.

(a) Entropy

The low-temperature heat capacities have been measured for the actinides Th
through Am. The experimental measurements were reviewed by Ward et al.
(1986). The values given by Ward et al. (1986) for the heat capacity and entropy
of Pa are based on the estimates of Oetting et al. (1976), but thereafter heat
capacity measurements were reported by Hall ef al. (1990) from 10 to 300 K.
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Fig. 19.1 The standard entropies of lanthanide (o) and actinide (o) metals at T =
298.15 K; estimated values are indicated by (®).

These authors reported preliminary results on several occasions but because the
numbers given vary somewhat, the results cited here are from their final report.
The variation of the standard entropies along the actinide metal series is
shown in Fig. 19.1. The entropies of the elements Th to Am are below the lattice
entropies of the corresponding lanthanides, showing the absence of magnetic
contributions. At Cm a distinct increase of the entropy occurs, showing the
magnetic character of this element. Konings (2001b) suggested that the entropy
of this element can be estimated by adding the excess entropy of Gd to that of
Am. Ward and his colleagues (Kleinschmidt ez al., 1983; Ward et al., 1986)
suggested a more general formula to estimate the entropies of the metals heavier
than americium from those of lanthanide and lighter actinide metals by corre-
lation with metallic radius (r), atomic weight (M), and magnetic entropy (S,,):

5,(298.15 K) = S;(298.15 K)(r,,/r%) +%R In(M,/M;) + S, (19.1)

where u refers to the unknown element and k to the known element. S, is taken
equal to Sspin = (2J + 1), where J is the total angular momentum quantum
number. The selected values for the entropies of the actinide elements are listed
in Table 19.1.

(b) High-temperature properties

High-temperature heat capacity data have only been measured for Th, U, and
Pu and the results allow an adequate description of the thermal functions of
these elements into the liquid phase. Measurements for Np have only been made
up to 480 K (Evans and Mardon, 1959). Oetting et al. (1976) and Ward et al.
(1986) presented estimates for most other actinide metals based on a simple
empirical correlation with the lanthanide metals, often adjusted to fit the
second- and third-law analysis of the vapor pressure studies. Very similar data
for Np and Am were presented in the OECD-NEA project. A semi-empirical
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approach was used by Konings (2003) who presented the heat capacity of a- and
B-Am as the sum of the harmonic, anharmonic, dilatation, electronic, and
magnetic contributions:

Cp == Char + Canh + Cdil + Cele + Cmag (l92)

This approach gives a good agreement with the low-temperature values; at
elevated temperatures the results are somewhat higher than the earlier estimated
heat capacity data. Larger differences were found for y-Am and liquid Am, for
which simplified versions of equation (19.2) were used.

Table 19.2 summarizes the transition temperatures and enthalpies for which,
again, the data from the above-mentioned reviews have been adopted in most
cases. The melting points are plotted in Fig. 19.2 together with those of the
lanthanide metals. The melting points in the lanthanide series increase regularly,
indicating an increasing cohesive energy in the condensed phase. Eu and Yb
form exceptions to this trend as they have a divalent state, whereas the other
lanthanides have a predominantly trivalent state. In the actinide series, tetrava-
lent (Th—Pu), trivalent (Ac, Am—Cf, Lr), and divalent (Es—No) states are pres-
ent, explaining why the melting points of the actinide metals are significantly
different from those of the lanthanides. In this context, it is interesting to
examine the variation in the sum of the transition entropies of the actinides,
shown in Fig. 19.3. Clearly the elements U-Am have a considerably higher
value of X(AsS) compared to the other actinide metals, for which the values are
almost identical to the lanthanide elements. The value for Am is to be discussed
in somewhat greater detail (Konings, 2003). The selected values for this element
in the NEA-TDB review are based on the work of Wade and Wolf (1967) that
was made on massive samples of Am. These values disagree seriously with those
of the recent work of Gibson and Haire (1992). However, the values of X(AS)
derived from both these studies do not fit the trend suggested by Fig. 19.3. The
results of Seleznev et al. (1977, 1978) are intermediate between these two studies
and X (AqsS) of Am derived from this work (8.7 J K™! molfl) fits well in the
trend for the trivalent lanthanide metals. Therefore Seleznev’s values have been
recommended (Konings, 2003). Clearly more work is required for this element.

The trend of the heat capacity of the actinides in the liquid phase is shown in
Fig. 19.4 together with that for the liquid lanthanides. The actinides Th—Pu, for
which experimental data are available, are tetravalent in the liquid, which
explains why the two patterns are different. Am and Cm have a trivalent
state, like the lanthanides (except Eu and Yb which are divalent).

The recommended heat capacity functions are summarized in Table 19.2.

19.2.2 Actinides in the gas phase

Heat capacity and entropy of the gaseous actinide elements have been calculat-
ed from atomic parameters and electronic energy levels. As discussed by Brewer
(1984) the levels for the actinides are complete (through experiments and
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Fig. 19.2  The melting points of lanthanide (e) and actinide (o) metals; estimated values
are indicated by (©).
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estimations) to about 15000 cm ™', which permits the calculation of the values
up to about 2000 K with reasonable accuracy. The room temperature values are
shown in Table 19.1. The gaseous ions, for which thermodynamic data are
also available, are dealt with extensively in Chapter 16 and are excluded from
this chapter.

With these data and the thermal functions for the solid, sublimation enthal-
pies can be derived from the vapor pressure measurements for the actinide
elements. Such measurements have been performed for all actinide metals
except Md, No, and Lr, though the measurements for Ac (Foster, 1953) are of
a very approximate nature. The work performed at Los Alamos and Oak Ridge
National Laboratories is noteworthy because these researchers extended the
measurements of the transplutonium elements to Cf and finally measured the
vapor pressure of Es (Kleinschmidt ez al., 1984) and Fm (Haire and Gibson,
1989) using samples containing 107> to 10~7 at% of the actinides in rare earth
alloys by applying Henry’s law for dilute solutions. The enthalpies of sublima-
tion derived from these studies are listed in Table 19.1. They are plotted in
Fig. 19.5 together with the sublimation enthalpies of the lanthanide metals. The
trend in the latter series shows a typical pattern, with La, Gd, and Lu forming
an approximate linear baseline from which the others systematically deviate.
This trend can be understood from the electronic states of the condensed and
gaseous atoms, as discussed by Nugent et al. (1973), who showed that the
difference between the value linearly interpolated in the La—Gd-Lu series and
the experimental value corresponds to the energy difference between the lowest
electronic energy level of the f”sd' configuration and the lowest level of the
f"*1s? configuration. An exception is Eu, which is divalent in the condensed
state.

The trend in the actinide series decreases more as a function of Z compared to
that for the lanthanides. The explanation for this is found in the complexity of
the valence states, as discussed in Section 19.2.2. Several predictions of Ag,, H
for Ac, Md, No, and Lr were made. Nugent et al. (1973) correlated energetics of
divalent and trivalent lanthanides and actinides. Fournier (1976) correlated
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Fig. 19.5 Enthalpies of sublimation of lanthanide (®) and actinide (o) metals at T =
298.15 K, estimated values are indicated by (©®).
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electronic configuration with metallic radius, melting temperature, and enthalpy
of sublimation. A more reliable series of sublimation properties was generated
by David et al. (1978) and David (1986), who included experimental radio-
electrochemical measurements in the correlation. An independent method of
estimation of sublimation properties is that of thermochromatography, which
has been utilized effectively for the actinides (Hubener and Zvara, 1982). There
is general agreement that the enthalpy of sublimation of Lr is in the range
320-350 kJ mol™!, and we select the value estimated by David (1986). His
values for Md and No must, however, be considered to be somewhat too high
as the estimate for Fm is 32 kJ mol™' higher than the experimental value by
Kleinschmidt et al. (1984). Fournier estimated the sublimation enthalpies of
Fm-No to be approximately the same, as was approximately the case for
the results of David. We therefore suggest the same enthalpy of sublimation
for Md and No as for Fm. The results are summarized in Table 19.1.

19.3 IONS IN AQUEOUS SOLUTIONS

19.3.1 Enthalpy of formation

For most of the transuranium elements, the enthalpy of formation of aqueous
ions were the first thermochemical property to be determined. One reason was
that the measurement of the ‘heat of solution’ of metals or, later, of enthalpies of
redox reactions between actinide ions was an appropriate step in the determi-
nation of enthalpies of formation of compounds. A more fundamental reason is
that the enthalpy of formation of an aqueous ion establishes a fundamental
property of that ion and is a reference for all stability studies of compounds of
that ion. Because solution microcalorimetry is more readily done than combus-
tion microcalorimetry, milligram-scale enthalpy-of-formation studies of aque-
ous ions have been possible whereas such studies of oxides and halides by
combustion calorimetry have not. In fact, microcalorimetry studies of transura-
nium elements have been carried out for more than 50 years, with barely an
order of magnitude improvement in sensitivity in all that time!

The existing values of actinide aqueous-ion enthalpies of formation of actini-
um through berkelium were assessed by Fuger and Oetting (1976) in the frame of
a series of publications under the auspices of the IAEA (Vienna). More recently,
reassessments of the values for the ions of U, Np, Pu, and Am were presented in
the NEA-TDB reviews, and for Cm ions by Konings (2001a). For these ions, the
new values are preferred to those of Fuger and Oetting. Only in a few instances
the differences are significant. For the quadrivalent (and pentavalent) Pa aque-
ous species, the values accepted here are very marginally different from those
recommended by Fuger and Oetting, because of the later measurements with
metal samples in the standard body-centered tetragonal form (Fuger et al., 1978)
instead of a quenched face-centered cubic form. For berkelium and californium,
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newer measurements (Fuger e al., 1981, 1984) have provided the tabulated
enthalpies of formation. All An’** values are plotted in Fig. 19.6, together with
the Ln’ " values. The latter vary smoothly within a small band, with exception of
Eu®" and Yb*". These two metals are divalent in the crystal state, whereas the
other lanthanide metals are trivalent. In the actinide series the electronic struc-
ture is more complex, as discussed in the previous sections, leading to a much
more irregular pattern.

An important correlation between trivalent f-block ions and their ‘trivalent’
atoms (f"ds) is the promotion energy function P(M) proposed by Nugent e? al.
(1973), who utilized it for predicting enthalpies of formation of aqueous ions
systematically (Fig. 19.7). David (1986) used the heavy actinide thermodynamic
properties to establish a P(M) function relating all of the actinide metals and
their 34+ aqueous ions. Morss and Sonnenberger (1985) used newer data to
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Fig. 19.6 The enthalpy of formation of the lanthanide (o) and actinide (o) trivalent
aqueous ions at T = 298.15 K.

M3+(g) n 7 M3+(g) fn I
! /
/ /
/
M(g) 112/ x M*(g) f'ds? —x— / 51
AE| [/ AE| /
/
/ n+12 !
M(g) fndSZ M(g) fi*ls
AspH°(M) AgypH (M)
’ P(V) P(V)
M(cr) M(cr)

(M, 2) P AH(M®*, aq)

(@) (b)

Fig. 19.7 P(M) (energy level) diagrams for trivalent species: (a) for M = La, Ce, Gd, Lu,
Ac—Np, and Cm; (b) for other lanthanides, and Pu, Am, and Bk—No.

M?3+(aq)



Ions in aqueous solutions 2125

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

T T T T T T T T T T T T T T T

T

1500

P(M, LnClg)

I?)

£

=

< ° °
S 1400} L -
Y . o

s [ ]

S P(M, LnOy g) °

[$)

5 1300 o .
c

S

o P(M, Ln3*(aq)) .
S D

8 1100} ° (I
€ [ )

IS °

©

2

=

1000 | | | | | | | | | | | | | | |
Ac Th Pa U Np Pu AmCm Bk Cf Es Fm Md No Lr

Fig. 19.8 P(M) function for f-element trichlorides, sesquioxides, and aquo ions.

refine this P(M) function and to develop similar P(M) plots relating f-block
metals and their sesquioxides and trichlorides (Fig. 19.8). David’s predictions
for A;H°(BK®T) and A(H°(Cf") have been borne out by experiments and
consequently, their estimates for the heaviest trivalent actinides are used
here. Some enthalpies of formation of tetravalent and higher ions have been
calculated from Gibbs energies (electromotive force (EMF) measurements) and
entropies (estimates) (Fuger and Oetting, 1976).

Enthalpies of formation of the tetravalent ions Am*" and Cm*" have been
estimated from enthalpies of formation and solution of the dioxides (Morss and
Fuger, 1981; Morss, 1983, 1985). The enthalpy of formation of Cf*" was
obtained from that of Cf*", the semiempirically deduced standard potential
for the Cf**/Cf*" couple, 3.2 V (see below), and the assumption that the
difference in entropies between the Cf** and the Cf** ions is the same as for
the corresponding Bk system.

19.3.2 Entropies

Entropies of aqueous ions can be determined directly by measuring the enthalpy
and Gibbs energy of solution of a salt that contains the ions, and also by
measuring the heat capacity of the solid salt and calculating its entropy.

AeS° = (AcH® — ArG®)) T (19.3)

The absolute entropy of the ion is then calculated from the equation represent-
ing 4pS°:

MX,,(cr) = M"*(aq) + nX (aq) (19.4)
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Standard-state entropies of aqueous ions are by convention referenced to
S°(H"(aq)) = 0. Four actinide aqueous-ion entropies (Th*", Pu**, UO3", and
NpO%*) have been determined by the former method.

The temperature coefficient of the EMF of an equilibrium reaction involving
the ion can be used to calculate the entropy of the reaction, from which, using
auxiliary data, the entropy of formation of the ion can be calculated. This is, for
instance, the case of the entropy of the Pu*"(aq) ion. When, for a given reaction,
the standard enthalpies of formation of the intervening ions, as well as the
standard potential, are known, then the entropy change for this reaction is, of
course, fixed. Alternatively, the experimental knowledge of the standard poten-
tial and of the entropy change fixes the standard enthalpy of formation.

Fuger and Oetting (1976) summarized all experimental data and selected or
estimated entropies of the aqueous ions of Th through Bk. We have adopted
their values for the ions of Th, Pa, and Cm. For Bk, we have used the tempera-
ture dependence of the Bk **/Bk>" potential by Simakin ez al. (1977). For the
ions of U, Np, Pu, and Am, the values recommended by the NEA-TDB
assessment (Grenthe er al., 1992; Silva et al., 1995; Lemire et al., 2001;
Guillaumont ez al., 2003) have been taken. For the aqueous ions beyond Bk,
only estimated entropies are available. These estimates are fairly trustworthy
because they depend only upon the ionic charges, the ionic radii, and the
magnetic degeneracy of the ground states.

Several semiempirical equations have been proposed to fit entropies of aque-
ous ions to the above parameters, for example (Morss, 1976; Morss and McCue,
1976):

3
S(M™) = R In(at.wt) + R In(2/ + 1) +256.8 — 32.84(|z| + 3 /(r+c¢)
(19.5)

where R = 8.314 J K~! mol™!, J is the total angular momentum quantum
number of the ion, z is the ionic charge, r is the ionic radius (in nm) for
coordination number 6 taken from Shannon (1976) (except that coordination
number 8 is used for z = 4), and c is a term added to the radius to represent the
inner-sphere hydration: ¢ = 0.120 nm for cations and ¢ = 0.040 nm for anions.
David (1986) has proposed the following equation:

S(M*) = %R In(at. wt.) + R In(2J + 1) + Se(r) (19.6)
where S.(r) is a structural entropy term, dependent for a given z only on the
hydrated-ion structure. Equation (19.6) was devised by David to take into
account the change in inner-sphere hydration number from 9 to 8 between Sm
and Tb in the Ln*" ions and between Cm and Es in the An*" ions. Very recently,
David and coworkers (David and Vokhmin, 2001, 2002; David et al., 2001)
developed a hydration and entropy model for covalent and ionic ions, leading to
estimates very close to those obtained earlier. We thus accept David’s estimates
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of the heavy An>" ion entropies. Equation (19.5) has been used for divalent and
tetravalent ions (Table 19.3). The necessary ionic radii for equation (19.5) were
estimated by comparison of isoelectronic 4f and 5f ions as well as by Shannon-
type plots of unit-cell volumes of dihalides and dioxides against r°. Other
predictive equations give fairly consistent entropy estimates (Lebedev, 1981;
David, 1986) even though ionic radii as small as 100 pm for No** have been
estimated (Silva et al., 1974; David, 1986).

For the An*" jons the situation is less clear. Entropy values have been derived
for Th*", U*", Np*", and Pu*" from experiments. However, the trend in
the values for these compounds, even when corrected for the RIn(2J+1)
contribution, is not smooth as one could expect from equation (19.6), as
shown by Konings (2001a), who suggested that the Np*" value may be
in error. He suggested S°(Np*", aq, 298.15 K) = —414 J K~ mol~', which
is the lower limit of the experimental value, —(426.4 + 12.4) J K~ mol™!
as given by NEA (Lemire er al., 2001). Also his estimate for Am*" (—422
J K7' mol™) is different from the NEA value —(406 + 21) J K~' mol™!
(Silva et al., 1995). Clearly further experiments are needed to resolve these
discrepancies.

19.3.3 Electrode potentials

Fuger and Oetting (1976) assessed the reversible cell EMF and polarographic
data that allowed them to calculate Gibbs energy differences between many
aqueous-ion pairs. By this way they were able to connect all aqueous ions and to
tabulate Gibbs energies of formation of all actinide aqueous ions in acid
solution. Comprehensive summaries of reduction potential literature values
have been assembled by Martinot (1978) and Martinot and Fuger (1985). The
latter authors have presented reduction potentials in acid solution for all of
these elements including estimates of the reduction potentials for the Bk**/Bk
and Cf*/Cf couples, based on calorimetric measurements on Bk’ "(aq) and
Cf**(aq) (Fuger ef al., 1981, 1984). The reduction potentials of the U, Np, Pu,
and Am ions were discussed extensively and assessed in the NEA-TDB series
(Grenthe et al., 1992; Silva et al., 1995; Lemire et al., 2001; Guillaumont et al.,
2003).

No selection was made by Fuger and Oetting (1976) and by Lemire
et al. (2001) for the heptavalent/hexavalent neptunium and plutonium couples,
although the literature values were discussed. We adopt here, for the formal
potentials in 1 mol dm~> NaOH the values (0.59 + 0.05) V and (0.85 + 0.05) V
for the Np(vi/vi) and Pu(vii/vi) couples, respectively, from the review of
Perethrukhin ez al. (1995). Conventionally, we write the heptavalent species
as MOj, noting that, in neptunium, strong arguments have been brought
recently in support of the existence of the tetroxo species NpO4(OH)§_ in
1 mol dm > NaOH (Williams et al., 2001). Reduction of Np(vi) to NpO%+
in acid media occurs rapidly: we will take for the 1 mol dm > HCIO4 medium,
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the value (2.04 4+ 0.05) V from the determination of Musikas et al. (1974).
For the corresponding Pu and Am couples in the same medium, Perethrukhin
suggested the values (2.3 £+ 0.1) V and (2.5 + 0.1) V, respectively. The
uncertainties have been increased, compared to those given in the references
cited. No value exists for the corresponding Pu couple in acid media, which
is even more oxidizing. The question of the existence of any Am(vii), even in
basic media, has been briefly discussed by Silva et al. (1995), and no selection
was made.

The heavier actinide ions present especially challenging problems. These
elements have short-lived isotopes with available amounts ranging between
micrograms and single atoms. They also have accessible divalent states. To
achieve meaningful experimental measurements on these ions, Maly (1967)
and Maly and coworkers (Maly and Cunningham, 1967; Maly et al., 1968), as
well as Samhoun and David (1976) and David (1986) developed radioelectro-
chemical tracer methods, and Mikheev (1983) and his coworkers developed
co-crystallization systematics. Judicious application of radiopolarography,
radiocoulometry, amalgamation energies, and co-crystallization has yielded
E° for An’*/An*", An*"/An, and An’"/An couples (David, 1986) and has
provided Gibbs energies of formation for Es*", Md*", and No*". The best
Gibbs energies of formation of Fm®" and Lr*" have actually been calculated
from estimates of enthalpies of sublimation, promotion energies P(M), and
entropies (David, 1986). Fig. 19.9 summarizes standard reduction potentials
that are consistent with the Gibbs energies of formation calculated from enthal-
pies of formation and standard entropies. Because of the necessity of making
EMF measurements in strongly acidic solution, and the impossibility of making
measurements approaching standard state (nearly neutral solution), both the
Gibbs energies of formation and reduction potentials refer to formal potentials
rather than standard potentials (unit concentration rather than unit activity of
hydrogen ion). When no thermochemical data were available, notably for the
divalent ions, the potentials have been estimated.

The reduction potentials in Fig. 19.9 are ‘Latimer’ diagrams showing the
potentials of half-reactions in which the left-hand species is reduced to the right-
hand species with the appropriate number of electrons, H", and H,O to balance
the half-reaction. (Species not found in aqueous solution, but whose thermody-
namic properties have been estimated, are indicated in parentheses.)

The potentials are summarized in Fig. 19.10 as nE°, a property proportional
to A¢G°, versus n, the oxidation state, so that the lowest-lying species for each
element is the one most stable in equilibrium with the H"/H, couple.

A substantial number of studies have dealt with the electrochemical behavior
of complexed actinides in aqueous solution. Complexation of f-block ions by
ligands such as carbonate and polyphosphotungstate has allowed otherwise
unstable species such as Am(1tv) and U(v) to be studied electrochemically
(Kosyakov et al., 1977; Volkov et al., 1981; Hobart et al., 1982, 1983).
Carbonate and bicarbonate stabilize acidic cations at relatively high pH (typical
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Fig. 19.9 Standard reduction potentials diagrams for the actinide ions (values in volts
versus standard hydrogen electrode); © indicates that the solvent is 1 mol dm> HCI, ° refers
to the potentials in 1 mol dm®> HCIO,.
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Fig. 19.10 Comparative stability of actinide aqueous ions (relative to the H'(aq)/H,(g)
couple).

of environmental and biological systems), and many actinide—carbonate studies
have been reviewed (Cleveland, 1979; Newton and Sullivan, 1985).

Ions that are stabilized as complexes can be utilized to determine standard
redox potentials. The E°(Am*"/Am>") measured by cyclic voltammetry in 2 M
Na,CO3/NaHCOj; at pH 9.7, namely (0.92 + 0.01) V, could be corrected for the
preferred complexation of Am(1v) in this medium by 1.7 V to yield E°(Am**/
Am*") = (2.6 + 0.1) V (Hobart er al., 1982), in good agreement with the
accepted (Fig. 19.2) thermochemical value of (2.62 4+ 0.09) V.

Polyphosphotungstate appears to be able to complex Cm(iv) and Cf(1v)
sufficiently well to stabilize these ions in aqueous solution (Kosyakov et al.,
1977). Because the An*"/An*" potential shift of 1.7 V in carbonate is more
favorable for stabilization of An*" than is the shift of 1.0 V in polyphospho-
tungstate (Volkov et al., 1981), it was expected that Cm(1v) and Cf(1v) would be
readily produced in carbonate. Such was not found to be the case, however
(Hobart et al., 1983).
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19.3.4 Heat capacities

Heat capacities, as well as entropies, of aqueous ions are the fundamental
thermodynamic properties that reflect their structure and hydration. Heat
capacities are also necessary for the calculation of other thermodynamic proper-
ties at temperatures other than 298.15 K. For the actinides, high-temperature
properties (at least to 473 K) are essential for calculation of redox, complexa-
tion, and heterogencous equilibria, which are useful in separation and waste
management technologies.

The most thorough treatment of uranium and plutonium aqueous-ion equili-
bria over extended temperatures is that of Lemire and Tremaine (1980). This
paper uses the systematic relationships developed by Criss and Cobble (1964),
which relate aqueous-ion entropies, heat capacities, and their high-temperature
behavior. Lemire and Tremaine had to rely on estimated heat capacities for
almost all of their calculations, and most of their equilibrium constants are
uncertain by two or more orders of magnitude. Lemire (1984) has also written a
report on neptunium aqueous-ion equilibria over extended temperatures. How-
ever, in more recent years, the limitations of the Criss—Cobble relationships,
when applied to tri- and quadrivalent aqueous species became more apparent.
For instance, Shock et al. (1997), using the revised Helgerson—Kirkham-Flow-
ers equatlon of state for aqueous ions, estimated Cp (U3+ ag, 298.15 K) =
—125.3 T K~ mol™!, distinctly more negative than the value —(64 +22) JK ™!
mol ™! (mean value over the temperature range 298-473 K) accepted by Grenthe
et al. (1992) from the estimate reported by Lemire and Tremaine. For another
trivalent ion, AI’*, Hovey and Tremaine (1986) have determined Cp (Al3+
aq, 298.15 K) = —1 19 J K~ ' mol™!, whereas the Criss-Cobble reldtlonshlp
leads to 16 J K~ ' mol ™.

For quadrivalent actinide ions, the Criss—Cobble relation leads to —28, —48,
and —63 J K~!' mol™! for Th*" (Morss and McCue, 1976), U*", and Pu*"
(Lemire and Tremaine, 1980), respectively. However, Hovey (1997) has deter-
mined recently Cg‘m(Th‘”7 aq, 298.15 K) = —(224 + 5)J K ' mol~!. The
flow microcalorimetric technique used by this author, under conditions mini-
mizing hydrolysis and complexation, is far superior to measurements of integral
heats of dilution or solution used in two previous studies (Apelblatt and
Sahar, 1975; Morss and McCue, 1976). From the above, it appears that the
Criss—Cobble relationships underestimate the heat capacities of tri- and quadri-
valent ions by 100-160 J K" mol~'. The values adopted recently by the NEA-
TDB assessment (Guillaumont et al, 2003) Cp (U3+ ag, 298.15 K) =

(150 + 50)J K~ mol™' and C? (U4Jr aq, 298. 15K) — (220 £ 50)J K !
mol ™! are in line with Cgm(Th“‘E aq, 298.15 K) = —(224 + 5)J K~ mol ™'
(Hovey, 1997).

The value C3, (UO3", aq, 298.15K) = (424 £ 3.0)J K 'mol™', and the
function Cglm(U 2*, aq, T)={350.5—-0.8722(T/K) — 5308((T/K) — 190)71)}
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JK 'mol™!, for the temperature range 283-328 K, adopted in the NEA
assessment (Grenthe et al., 1992) is also based on sound experiments (Hovey
et al., 1989).

For actinide ions, with 1+ charge, the only experimental results ngm(NpOZﬂ
aq,298.15 K) = —(4 £ 25)J K 'mol™!, and  C9, (NpO,ClO4,aq, T) =
{3.56779 x 10° — 4.95931(T /K) — 6.32244 x 105(T/1<)@1}J K ' mol™" in the
temperature range 291-373 K, adopted in the NEA assessment (Lemire ef al.,
2001) depend on measurements by Lemire and coworkers (Lemire et al., 1993;
Lemire and Campbell, 1996a) on NpO,ClO4 solutions. Use of C;m(HClO4,
aq, T)={3.25118 x 10° — 4.86333(T/K) — 5.45295 x 10°(T/K) '} JK ' mol ™",
in the same temperature range, from Lemire and Campbell (1996b) leads to
C&m(NpOj, aq,T)=1{0.31661 x 10> — 0.09598(T/K) — 0.87049 x 105(T/K) "'}
JK ™ "'mol™!, with Cg.m(Hﬂ aq,7)= 017 K "mol~! in the reported temperature
range. '

Obviously, in recent years, progress has been made in our knowledge of
the behavior of the electrolytes at high temperature. Nevertheless, more heat
capacity data are needed for the multicharged ions.

19.4 IONS IN MOLTEN SALTS

Electrochemistry of actinides in molten salts has been pursued by many authors.
The main incentives have been the molten salt reactor development and the
pyrochemical reprocessing of spent fuel. The early work (up to 1980) has been
summarized through reviews (Gruen, 1976; Plambeck, 1976; Martinot, 1978,
1982). In some cases, such as hydroxide and carbonate melts, high oxidation
states of the actinides are stabilized, whereas in halide melts the use of strong
Lewis acid molten salts stabilizes lower oxidation states (4+, 3+, and 2+).
Coprecipitation of lanthanide tri- and dichlorides and oxychlorides with trace
amounts of some actinides has yielded some An*"/An*" E° values and has
produced evidence (unconfirmed by other methods) of divalent Pu, Cm, and
Bk (Mikheev, 1983).

We will briefly summarize the data for the fluoride (LiF-BeF,) and chloride
(LiClI-KCI) systems as these are of interest to the renewed studies of the molten
salt reactor and the pyrochemical reprocessing of spent fuel, in the framework
of the partitioning and transmutation (P&T) and advanced nuclear reactor
development programs worldwide. The apparent standard potentials are sum-
marized in Tables 19.4 and 19.5.

The data for the actinide fluorides in LiF-BeF, (0.67:0.33 molar ratio) are
taken from the review of Martinot (1982) who selected the data assessed by Baes
(1966, 1969) for the Molten Salt Reactor Experiment (MSRE). These data are
not based on electrochemical measurements but are derived from chemical
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Fig. 19.11 The electrode potentials of An**/An® couples in aqueous solution (Q) and in
LiCI-KClI eutectic at 773 K (0), the results of Martinot (1982) are also shown (A) for
information (see text); estimated values are indicated by (®).

equilibria in LiF-BeF, (0.67:0.33). For example, the uranium potentials were
derived from the equilibria:

UO;,(s) = U*(sln) + 20 (sln) (19.7)

% H»(g) + UF4(sln) = UF;(sln) + HF(g) (19.8)
via the Gibbs energies of formation, scaling the results to the HF/F~ and the
Be?"/Be’ couples.

Martinot (1982) summarized the data for the actinides in molten chloride
salts, primarily based on his own electrochemical measurements. But recently
many new studies have been reported on plutonium and americium in LiCI-KCI
(Roy et al., 1996; Fusselman et al., 1999; Lambertin et al., 2000; Serp et al.,
2004). Here a contradictory observation is made: the results of Martinot
indicate an increase of the apparent potential of the An*"/An® couple from
U to Cm, whereas the more recent results indicate the opposite trend
(Fig. 19.11), which is in agreement with the trend in potentials of the aqueous
ions. Baes (1966) indeed noted that the potentials in molten salts correlate
very well with those in solutions, and for that reason we reject the results of
Martinot. Recently, data on Am**/Am° couple have been obtained (Fusselman
et al., 1999). Yamana and Moriyama (2002) measured the Ln*"/Ln’" couples of
Nd, Eu, Dy, and Yb and showed an excellent correlation with the aqueous
Ln?*/Ln*" potentials.

19.5 OXIDES AND COMPLEX OXIDES

19.5.1 Binary oxides with O/An > 2.00

Many binary uranium oxides with O/U > 2.00 are known, and the thermody-
namic properties of most of them are well established (see Table 19.6). The
room temperature values for y-UO; and U30g are CODATA Key Values (Cox
et al., 1989); those of the other binary uranium compounds have been reviewed
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Table 19.6  Thermodynamic properties of the crystalline binary actinide oxides with O/An
>2.00; estimated values in italics.

C,(298.15 K)

5°(298.15 K)

AcH?(298.15 K)

(T K" mol™) (I K ' mol™) (kJ mol ™) References
v-UO; 81.67 £ 0.16 96.11 + 0.40 -1223.8 £ 1.2 ab
B-UO, 81.34 £ 0.16 96.32 £+ 0.40 -1220.3 £ 1.3 @
a-UO; 81.84 + 0.30 99.4 + 1.0 -1212.41 £ 1.45 @
6-UO; -1213.73 £ 1.44 a
e-UO; -1217.2+£ 13 a
am-UO; -1207.9 £ 1.4 &
a-UO3.95 -1211.28 £ 1.28 &
U;0g 237.93 £0.48 282.55 £ 0.50 -3574.8 £2.5 &
a-Us04 214.26 £+ 0.90 246.51 £ 1.50 &
B-U304 215.52 +£0.42 250.53 £ 0.60 -3423.0 £ 6.0 &
U409 293.36 £ 0.45 334.12 + 0.68 -4512.0 £ 6.8 @
NpO; - 100 = 10 -1070 £ 6 ¢
Np,Os - 174 £ 20 -2162.7£9.5 ae

% NEA-TDB (Grenthe et al., 1992; Lemire et al., 2001; Guillaumont et al., 2003).
> Cox et al. (1989).
¢ Morss and Fuger (1981).

by Grenthe et al. (1992). Pa,Os and Np,Os are the only other well-known binary
oxide with O/An > 2.00. None of the thermodynamic properties of Pa,Os have
been measured. Those of Np,Os are fairly well established through enthalpy of
formation measurements (Belyaev et al., 1979; Merli and Fuger, 1994) and high-
temperature enthalpy increment measurements (Belyaev et al., 1979) that have
been reviewed by Lemire et al. (2001). Because of the better stoichiometry and
better thermochemical cycle used by Merli and Fuger, the AcH°(Np,Os,cr)
derived from that work has been accepted. No lanthanide comparison
for these compounds can be made because there are no lanthanide oxides with
O/Ln > 2.00. Recently the existence of PuO,_ , with x up to 0.5 has been claimed
(Haschke et al., 2001) and its thermodynamic properties have been estimated
(Haschke and Allen, 2002).

19.5.2 Dioxides

(a) Enthalpy of formation

The dioxides from ThO, through CfO, are all known, but many of these have
not been studied thermodynamically (see Table 19.7). Because the enthalpy of
formation values of ThO,, UO, (CODATA Key Values, see Cox et al., 1989)
and NpO, to CmO, are based on a sound experimental basis, the values
for the other actinide dioxides can be estimated with reasonable accuracy.
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Table 19.7 Thermodynamic properties of the crystalline actinide dioxides at 298.15 K;
estimated values are in italics.

Sexs 5°(298.15 K) A:H°(298.15 K)
J K ! mol™) J K ' mol™) (kJ mol™) References

ThO, 0 65.23 £ 0.20 -1226.4 + 3.5 a

PaO, 14.90 80+5 —1107 + 15 b

U0, 9.34 77.03 £ 0.20 -1085.0 + 1.0 a

NpO, 14.15 80.30 =+ 0.40 -1074.0 £ 2.5 c

PuO, 1.55 66.13 £ 0.26 -1055.8 £ 1.0 c

AmO, 12.46 78+ 5 9323 +25 cd

CmO, 0.00 65+ 5 912.1 £628 d

BkO, 17.29 83+5 1023+ 9 b

CfO, 21.3 87+5 857 + 14 b

# Cox et al. (1989).

® Estimated in the present work.

¢ NEA-TDB (Silva et al., 1995; Lemire et al., 2001; Guillaumont e al., 2003).
4 Konings (2001b).

Morss and Fuger (1981) established that the reaction enthalpy of the idealized
dissolution reaction

AnO;(c) + 4H" (aq) — An*'(aq) 4+ 2H,0(1) (19.9)

varies regularly in the actinide series. The enthalpy of this reaction represents in
part the difference between the lattice enthalpy of the crystalline dioxide and the
enthalpy of hydration of its ionic components. Both these properties are diffi-
cult to calculate and change substantially as a function of ionic properties,
whereas their difference (the enthalpy of solution) should change slowly and
smoothly as a function of ionic size. Because the enthalpies of formation of
H"(aq) and H,O(l) are constant in this equation, the quantity {AH°(MO,,
cr)—AH°(M*", aq)} can be used for establishing relationships. Fig. 19.12 shows
the relation with the molar volume of the unit cell. Ionic radii could have been
used, because these are tabulated as a function of coordination number, but
often they are reliable to only two significant figures. The values for PaO,,
BkO,, and CfO, can be derived by interpolation or extrapolation of the linear
relationship. These values are included in Table 19.7.

(b) Entropy

The low-temperature heat capacities have been measured for the solid dioxides
from ThO, to PuO, and standard entropies for these compounds are known (see
Table 19.7). The values for ThO, and UO, are CODATA Key Values (Cox
et al., 1989), those for NpO, and PuO, have been evaluated by the NEA-TDB
(Lemire et al., 2001). Konings (2001a) estimated the entropies of AmO, and
CmO,, proposing that the $°(298.15 K) of these compounds can be adequately
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Fig. 19.12 The difference between the enthalpies of formation of f-element dioxides
and the corresponding M** aqueous ions; lanthanides (e), actinides (o), and estimated
values (®).

described as the sum of a lattice component and an excess component arising
from f-electron excitation:

S = Siat + Sexs (19.10)

Siat Was assumed to be the value for ThO, and S.. was calculated from the
crystal field energies of these compounds (Krupa and Gajek, 1991; Krupa,
2001). Good agreement with the experimental values for UO,, NpO,, and
PuO, was found and the description explains the significantly lower entropy
value of PuO, among these compounds. This estimation procedure was adopted
in the recent evaluation of the entropies of Am compounds by the NEA-TDB
project (Guillaumont et al., 2003). In a subsequent study, Konings (2004a)
argued that the experimental data give evidence that S.,, is composed of two
terms, the f-electron excitation and a residual term:

Sexs = St + Stes (19.11)

We have used a similar method to estimate the entropies of PaO,, BkO,, CfO,,
and EsO,, where in absence of crystal field data, the excess contribution was
calculated from the degeneracy of the unsplit ground state, which probably
overestimates the entropy somewhat.

(c) High-temperature properties

The high-temperature properties of the major actinide dioxides (UO,, ThO,,
PuO,) have been reviewed by many authors. The data are mostly restricted to
the solid phase, except for UO,, which has been studied in detail in the crystal,
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liquid, and gas phases (up to 8000 K) for obvious reasons. Fink (2000) reviewed
the thermophysical properties of UO, recently and presented recommended
values for a large number of thermodynamic and thermophysical properties.
Numerous equations of state for UO, have been published, the most recent and
complete one by Ronchi et al. (2002). Also the high-temperature properties of
thorium oxide in the crystal phase are reasonably well established (Bakker et al.,
1997). The melting points of the actinide dioxides are shown in Fig. 19.13 along
with those for the lanthanide and actinide sesquioxides.

The high-temperature heat capacities of ThO,, UO,, and PuO, are shown in
Fig. 19.14. The heat capacity approaches the Dulong—Petit value (9R = 74.8
J K" mol™") between 500 and 1500 K. In this temperature range the
lattice contributions dominate the heat capacity with a minor but significant

3800F T T T |
« 3200 .
5 ~
2600 - 0 .
—g—e—0—0—0—0—0—°
o o0 00— AN
O,
2000 AN -
1 | | | 1 1 | | | @ 1 | | 1 1

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Fig. 19.13  The melting points of the lanthanide sesquioxides (o), the actinide sesquioxides
(o) and actinide dioxides (O); estimated values are indicated by (®).
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Fig. 19.14  The high-temperature heat capacity of the actinide dioxides (see Table 19.9).
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contribution of 5f electron excitations. Peng and Grimvall (1994) showed
that for ThO, and UO, the harmonic lattice contributions dominate up to
about 500 K; above that temperature, the anharmonic contributions should
be included.

As discussed in Section 19.5.2(b), the difference between the heat capacity of
ThO, and the other actinide dioxides in the temperature range up to 1500 K is
mainly due to the excess contribution arising from the population of excited
f-electron levels of the An*" ions:

Cp = Clal + Cexs (1912)

Thus the heat capacity of the other actinide dioxides can be approximated by
adding C., which can be calculated from electronic energy levels.

Above 1500 K, the heat capacity strongly increases towards the melting point.
In this temperature range, A-type phase transitions have been observed for UO,
(Hiernaut et al., 1993) as well as ThO, (Ronchi and Hiernaut, 1996) at about
0.85 Ty, which are related to order—disorder anion displacements in the oxygen
sublattice. Below the phase transition, the formation of Frenkel lattice defects is
the main cause of the rapid increase of the heat capacity; above the phase
transition, Schottky defects become more important. The experimental data
for PuO, by Ogard (1970) suggest a similar effect above 2400 K, but it has been
attributed to partial melting of PuO, through interaction with the tungsten
container (Fink, 1982; Oetting and Bixby, 1982). Because no clear evidence
exists for this interaction, it has been included in the recommended equations
given in this work (unlike in Cordfunke and Konings, 1990; Lemire et al., 2001).

The experimental heat capacity data for NpO, (Arkhipov et al., 1974) are in
poor agreement with the low-temperature data and with the values estimated by
Yamashita et al. (1997) and Serizawa et al. (2001). These authors calculated the
lattice heat capacity from the phonon and dilatation contributions using Debye
temperature, thermal expansion, and Griineisen constants, and the electronic
contributions from crystal field energies. No experimental data are known for
PaO; and AmO,. CmO, is unstable above 653 K.

As shown in Fig. 19.13 the melting points of the dioxides steadily decrease
from ThO, to PuO,, the change being more than 1200 K. This strong variation
is accompanied by a strong increase in the oxygen pressure as the dioxides start
to lose oxygen according to the reaction

MOs(c) = MO 4(s) + 5 Oa(2) (19.13)

which for PuO, and AmO, is already significant below the melting point, which
means that the melting points are only defined in an oxygen atmosphere. The
decrease of stability is related to the strong changes in stability of the 4+
oxidation states. Only the melting enthalpy of UO, is known with some accuracy.
The values for the other dioxides have been estimated assuming that the
entropy of melting is constant along the AnO, series.
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Fig. 19.15 The oxygen potential of UO,_, at 1500 K (solid line) and 1250 K (broken line)
as a function of x calculated from the Lindemer and Besmann (1985) model; note that the
hyperstoichiometric range is given with negative values.

Recommended equations for the high-temperature heat capacity are given in
Table 19.8.

(d) Nonstoichiometry

The actinide dioxides are well known for their wide ranges of nonstoichiometry.
Hypostoichiometry has been reported for all actinide dioxides. Hyperstoichio-
metry is only known for UO, although recent studies have presented evidence
that it could also occur in PuO, (Haschke et al., 2001).

Lindemer and Besmann (1985) presented a thermochemical model to repre-
sent the oxygen potential-temperature—composition data for AnO,.., assuming
a solution of two fluorite structures with different O/An ratios. The reaction can
be represented by

2a 2
<m> An02 + 02 = <m> Al’laOb (19143)
for the hyperstoichiometric range and
2 2a

for the hypostoichiometric range. In these equations, An,O, is a hypothetical
end-member of the fluorite solid solution AnO,.,. The oxygen potential can
then be represented by:

RT In(pO,) = A,H — TA,S + RTf (x) + Ef'(x) (19.15)
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where f(x) and f”(x) are functions of x that follow from the mass balance, and E
is a temperature-dependent interaction energy term that was used in modeling
the experimental data:

E = AH, — TAS, (19.16)

Lindemer and Besmann (1985) analyzed the vast amount of experimental data
and showed that hyperstoichiometric UO,_, can be represented as a mixture of
UO, and U30; for oxygen potentials above RTIn(p) = —26 6700 + 16.5(7/K),
or U,0Oy4 5 below this limit; hypostoichiometric UO,_, as a mixture of UO, and
the hypothetical end-member compound Uj;;3. Besmann and Lindemer (1985,
1986) showed that PuO,_, can be represented as a mixture of PuO, and Puy;0,.

Also for the Np-O, Am-0O, Cm-0O, Bk-0, and Cf-O systems, the T—p(O,)—x
relations have been measured. The Np-O system was studied by Bartscher and
Sari (1986) using the gas equilibrium technique, the other systems by Eyring and
coworkers (Chikalla and Eyring, 1967; Turcotte et al., 1971, 1973, 1980; Haire
and Eyring, 1994) using oxygen decomposition measurements, and the Am-O
system by Casalta (1996) using a galvanic cell. The data of most of these
systems, however, do not allow a detailed description of the 7—p(O,)—x rela-
tions due to insufficient knowledge of the composition of the solid phase. An
exception is the Am—O system and Thiriet and Konings (2003) applied the
Lindemer-Besmann approach to the results of Chikalla and Eyring (1967),
showing that AmO,_, can be represented as a mixture of Ams;4O, and AmO,.

19.5.3 Sesquioxides

(a) Enthalpy of formation

Unlike the 4f elements, for which sesquioxides are ubiquitous, only the sesqui-
oxides of Ac and Pu through Es have been prepared (Haire and Eyring, 1994).
Experimental data from solution calorimetry are available for Am,03, Cm,03,
and Cf,0; and the enthalpies of formation of these three compounds are well
established (although by only one set of measurements). Their values, the former
taken from the most recent assessments (Silva et al., 1995; Konings, 2001b) and
Cf,03 from the original paper (Morss et al., 1987), are given in Table 19.9.

As discussed for the dioxides, a systematic approach to the prediction of the
enthalpies of formation of other sesquioxides can be made on the basis of the
reaction enthalpy of the idealized dissolution reaction

AnyOs(cr) + 6H' (aq) — 2An*" (aq) + 3H,0(1) (19.17)

The enthalpy of this reaction can be used for establishing a relationship with
molar volume, which was chosen as a parameter because there are three differ-
ent sesquioxide structures with different coordination numbers and numbers of
molecules per unit cell, as shown in Fig. 19.16. It is evident that, for all the
three structure types, the enthalpies of solution of actinide sesquioxides are
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Fig. 19.16 The enthalpy of solution (reaction 19.17) of the f-element sesquioxides; closed
symbols, lanthanides; open symbols, actinides, (e, 0), hexagonal, (A, A), monoclinic, (A, O),
cubic.

significantly less exothermic than for structurally similar lanthanide sesquiox-
ides. With the exception of the enthalpy of formation of Pu,O; (see below), the
enthalpies of formation of the other sesquioxides were estimated from Fig.
19.16, taking in account their known or expected structural type.

Using the calculated enthalpies of formation of the sesquioxides of U and Np,
it can be shown that these sesquioxides are thermodynamically unstable with
respect to disproportionation to the metals and the much more stable dioxides,
e.g. using enthalpies of formation and estimated entropies:

2Np,03(c) = 3NpO,(c) + Np(c), AG° = —162 kJ mol™! (19.18)

The corresponding U reaction has AG = —322 kJ mol~!. The case of Pu,Os
deserves special mention. Its enthalpy of formation has been estimated as
—(1710 + 13) kJ mol~! (JIAEA, 1967) from high-temperature EMF measure-
ments, as —(1685 + 21) kJ mol ! (Chereau ez al., 1977) from high-temperature
calorimetry, and as —1656 kJ mol™' (Besmann and Lindemer, 1983) from
earlier measurements and more recent heat capacity values. The last value is
adopted in Lemire et al. (2001). Because there is an experimentally derived
standard entropy of Pu,Oj;, we can calculate its Gibbs energy of reaction
(19.17), —289 kJ mol ™', for comparison with that of the structurally similar
Nd,05, —332 kJ mol~!. Actinide sesquioxides appear to be more stable than
structurally similar lanthanide sesquioxides in comparison with the cor-
responding aqueous solutions, so that nuclear waste oxide matrices that accept
lanthanide ions should bind corresponding trivalent actinides (Pu*", Am>")
even more strongly. The reason for this behavior is not clear; a rationalization is
that the 5f covalence is stronger to oxygen in solid oxides than in hydrated ions.
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Recommended values for the standard enthalpies of formation and entropies of
the actinide and lanthanide sesquioxides are assembled in Table 19.9.

(b) Entropy

Low-temperature heat capacity measurements have been reported for Pu,O3
only (Flotow and Tetenbaum, 1981). This value was used to derive the entropies
of Am,03 and Cm,0; (Konings, 2001a; Konings et al., 2005) using equation
(19.10), calculating the excess entropy from known crystal field energies.
Because information on the lattice component in the actinide sesquioxide series
is missing, and the lattice component was obtained by scaling the values derived
from the isostructural lanthanide series (Fig. 19.17). In this series the lattice
entropy can be described by a simple linear relation between La,O3 and Gd,Os;,
for which the lattice values are well known due to the f° and f” configurations.

(c) High-temperature properties

High-temperature properties of the actinide sesquioxides have hardly been
studied. The phase transitions in the sesquioxides have been determined and it
has been shown that the sesquioxides exhibit a polymorphism: bcc — mono-
clinic — hexagonal. The cubic to monoclinic transition is, however, irreversible,
and the monoclinic form is thought to be the thermodynamically stable phase.
The measured melting points of Pu,03, Am,03, Cm>O3, and Bk,O; are plotted
in Fig. 19.13 and show a maximum at Cm,Os.

The only measurements of high-temperature properties are for Pu,O3, Am,0s3,
Cm,0s;, and Bk,O;. The most extensive are the studies made for >**Cm,0s,
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Fig. 19.17 The entropy of the hexagonal/monoclinic lanthanide sesquioxides (o), showing
the linear lattice component derived for the f° and f7 configuration as a dotted line. The
entropies of the actinide sesquioxides (o) are calculated for a parallel lattice component
based on the Pu,O3 value ().



Oxides and complex oxides 2147

which was considered as an isotopic heat source in the 1970s. Vapor pressure
studies (see Section 19.5.5) and thermal conductivity and thermal diffusivity
measurements were reported. To convert the latter measurements to thermal
conductivity, Gibby et al. (1970) estimated the heat capacity of Cm,O;. As
discussed by Konings (2001a), these values are very high when compared
to the lanthanide sesquioxide data. Since reliable high-temperature heat
capacity data for the lanthanide sesquioxides are available, the functions of
the actinide sesquioxides can be estimated from those by simple correlation
(equation (19.13)).

19.5.4 Monoxides

Solid monoxides of Th and of U through Am have been reported as surface
layers on the metals, as the reduction product of PuO, with Pu or C, or as the
product of reaction of Am with HgO. However, these solid ‘monoxides’ may be
oxycarbides (Larson and Haschke, 1981). Usami et al. (2002) claim the forma-
tion of AmO by lithium reduction of AmO,. The product was, however, not
characterized but its formation was deduced from a mass balance. The authors
estimated its Gibbs energy of formation as —481.1 kJ mol~' at 923 K.

Among the reported lanthanide monoxides, only EuO is well characterized,
impure YbO can be prepared with difficulty, and ‘metallic’ (trivalent) monox-
ides of La, Ce, Pr, Nd, and Sm can be synthesized at high temperature and
pressure. Earlier reports of lanthanide monoxides as surface phases are believed
to be oxynitrides, oxycarbides, or hydrides (Morss, 1983). Thermodynamic
calculations have shown how marginally stable the few lanthanide monoxides
are, even under the exotic conditions of their preparation, and that classical
(divalent) CfO should be unstable with respect to disproportionation (Morss,
1983). Thus the only hope of synthesis of actinide monoxides would appear
to be the high-pressure route for AmO and CfO, an extremely demanding
synthetic procedure.

19.5.5 Okxides in the gas phase

Gaseous actinide oxide molecules of the types AnO, AnO,, and AnOj; have all
been identified in Knudsen cell effusion or matrix isolation experiments of
vapors above the solid oxides. The experimental work is restricted to the oxides
of Th to Cm.

Thorium dioxide principally vaporizes to give ThO, molecules. Numerous
vapor pressure studies have been performed for the solid—gas equilibrium, none
of them, however, with techniques to confirm the vapor composition.
Ackermann and Rauh (1973a) as well as Belov and Semenov (1980) reported
the existence of the monoxide ThO in the vapor phase using mass spectrometry.
Ackermann and Rauh (1973b) derived enthalpies of formation of the two
molecules from the existing studies by correcting the vapor pressure studies
for the ThO contribution. The thermal functions of the gaseous molecules have
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been calculated from molecular parameters (Rand, 1975). The properties of the
ThO molecule are based on experimental results as summarized by Rand (1975)
and have been confirmed by quantum chemical calculations (Kiichle ez al.,
1994). ThO, is a bent molecule, as was derived from matrix-isolation and
molecular beam deflection studies (Linevsky, 1963; Kaufman et al., 1967,
Gabelnick et al., 1974).

In the Pa—O system the monoxide and dioxide species have been identified in
the vapor above PaO,_, (Kleinschmidt and Ward, 1986) and above Pa metal in
the presence of small amounts of oxygen (Bradbury, 1981).

The situation for uranium is more complex. The binary molecules UO, UO,,
and UOj; coexist above solid and liquid UO,, and at very high temperatures
even dimeric molecules of these species and ionic species contribute to the vapor
pressure. The UO, molecule does not have a bent structure, like ThO,, but is
linear; UOj; is planar with a T-shaped geometry (Green, 1980). The relative
fractions of these species are highly dependent on the temperature and O/U
ratio of the condensed phase. Ronchi ez al. (2002) have presented a detailed
analysis of these complex equilibria, for which a large number of studies has
been made up to very high temperatures, and their recommended values for the
enthalpies of formation and entropies are listed in Table 19.10.

Ackermann et al. (1966a) measured the vapor pressure of NpO, by the
Knudsen effusion technique. Mass spectrometric measurements confirmed
that NpO, is the dominant vapor species but that NpO(g) also has a significant
contribution to the vapor. Ackermann and Rauh (1975) studied the isomolecular

Table 19.10 Thermodynamic properties of the gaseous polyatomic
actinide oxides, estimated values are in italics.

$°(298.15 K) AH?(298.15 K)

I K ! mol™) (kJ mol™) References
UO; 309.5 £2.0 —795.0 £ 10.0 a
ThO, 281.7 + 4.0 —-455.2 +10.0 b
U0, 266.4 + 4.0 -476.2 £ 10.0 a
NpO, 276.5 + 5.0 —444 + 20 ¢
PuO, 278.0 + 5.0 -410 + 20 ¢
ThO 240.1 + 2.0 -20.9 + 10.0 b
Uuo 248.8 + 2.0 24.7 +10.0 a
NpO 2579 +£ 5.0 -9+5 ¢
PuO 248.1 + 3.0 -60.0 + 10.0 N
CmO 261.9 £ 10.0 -175 £ 15 d

% Ronchi et al. (2002).

® IVTAN-THERMO Database of the Institute for High Temperatures of the
Russian Academy of Sciences.

¢ Glushko et al. (1978).

4 Konings (2002).

¢ Ackermann et al. (1966a).
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exchange reactions with La and Y by mass spectrometry. In addition, Ack-
ermann and Rauh (1975) studied the NpO vapor pressure over the univariant
system (NpOs,(cr)+Np(l)+vapor) by Knudsen effusion technique. This ap-
proach yields results that are within the limits of uncertainty of the analysis of
the isomolecular exchange reactions. The selected enthalpies of formation are
derived from these studies.

In the Pu-O system, it has been thought for a long time that only PuO, and
PuO exist as binary molecular species, but recently the existence of the PuO;
molecule has been reported (Ronchi et al., 2000). Matrix-isolation spectroscopy
(Green and Reedy, 1978a,b) has established the linear molecular structure of
PuO, and yielded values for the vibrational stretching frequencies. Archibong
and Ray (2000) calculated the molecular properties of PuO, using quantum
chemical techniques. They found that the 52; and the @, states are both
candidates for the ground state, being almost equal in energy, the former
preferred because of somewhat better agreement with the experiments for the
two stretching frequencies. However, the data for the internuclear distance and
the bending frequency for the 52; state differ considerably from the estimates
by Green (1980) on basis of the UO, data, whereas the data for the *®, state
agree reasonably. The enthalpies of formation of PuO and PuQ, are taken from
Glushko et al. (1978).

The vapor pressure of americium oxides has been deduced from measure-
ments of plutonium oxides containing small amounts of >*' Am as decay product
using Raoult’s law (Ackermann et al. 1966b; Ohse, 1968). Although no direct
measurement of the vapor species was made in either study, it was assumed that
the AmO and AmO, molecules are present. These data do not, however, allow
the derivation of formation properties.

For the Cm-O system, Knudsen cell effusion measurements have been per-
formed (Smith and Peterson, 1970) from which it was concluded that Cm,0O3
vaporizes according to the reaction:

Cm,0;(cr,1) = 2CmO(g) + O(g) (19.19)

which is analogous to the lanthanide sesquioxides. Hiernaut and Ronchi (2004)
recently measured the vapor pressure of (Cm,Pu),03 by Knudsen effusion mass
spectrometry, confirming the results and conclusions of Smith and Peterson
(1970).

The dissociation energy of the actinide monoxides are plotted in Fig. 19.18
together with those of the lanthanide monoxides (Pedley and Marshall, 1983).
The pattern that emerges for the actinide monoxides is parallel to that of the
lanthanide monoxides and the dissociation energies of AmO can be estimated.
Haire (1994) discussed this pattern in more detail, and extended the estimates
to the heaviest actinides. He described the dissociation energy by a base energy
Dy pase and a AE value (as proposed by Murad and Hildenbrand (1980)):

Dy = Dy pase + AE (1920)
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Fig. 19.18 Dissociation energy of lanthanide (o) and actinide (o) monoxides; estimated
values (see text) are indicated by (®).

A ds-state was assumed for these molecules, which means that a promotion
energy of a f-electron to a d-state is required. This is the origin of the AE value,
which can be derived from theoretical calculation (Brooks et al., 1984). The
Dy pase Value was represented by interpolation of the LaO-GdO-LuO line, i.e.
those lanthanides that already have one d-electron. In transposing this relation-
ship to the actinides, Haire assumed that the base relation is the same in the 4f
and 5f series but the value for CmO adopted here (the actinide analog of GdO)
suggests that there is a systematic difference of about 70 kJ mol ! (Fig. 19.18).
We have corrected Haire’s values for this difference and the data for the
monoxides beyond CmO thus obtained are shown in Fig. 19.18.

Recently Santos ef al. (2002a,b) suggested that the excited ‘bonding’ state is
obtained by promotion of an s-electron to a d-level to create the double bond.
The lowest-lying excited states to be considered are 4f"~35d%6s and 4f"~25d6s.
Gibson (2003) showed how the energy required to promote gaseous lanthanide
atoms to the excited ‘bonding’ state is responsible for the trends in the LnO
dissociation energies. He defined the intrinsic Ln=0O bond energy as ‘“the
bonding interaction between an oxygen atom and a lanthanide atom, Ln*, that
has an electron configuration suitable for formation of the covalent formally
double bond in the Ln=0 molecule.” He identified the 4f"35d6s configuration
as the appropriate one for bonding and the two 5d electrons as the electrons that
provide bonding with the oxygen. Thus the trend was explained as:

D(LnO) = D*(LnO) = AE [ground — bonding configuration]  (19.21)

19.5.6 Complex oxides

(a) Ternary and quaternary oxides with alkali metal ions

An extensive number of thermodynamic studies of the alkali uranates have been
reported and the existing thermochemical data have been assessed by
Cordfunke and O’Hare (1978) and Grenthe et al. (1992), the latter study
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updated by Guillaumont et al. (2003). These thermochemical data are, however,
much fewer than the large number of phases existing in the A,O-UO3;-UO,
phase diagrams (Lindemer et al., 1981). And no thermodynamic studies exist for
ternary compounds with the alkali ions containing tetravalent actinide ions.
Thermochemical measurements have also been reported for a few ternary
oxides of alkali metals and Np(vi). No thermochemical measurements have
been reported for compounds of the alkali metal with other actinide oxides,
surprisingly not even for the sodium plutonates.

(i) Enthalpy of formation

The enthalpies of formation of the alkali uranates are generally derived from
enthalpy of solution measurements in hydrochloric or nitric acid, often involv-
ing very complex reaction cycles to compensate the oxidation of uranium. The
measurements have been made for mixed compounds of the general formulas
nA,O - mUOj5 (hexavalent U) and nA,O - mUQO, 5 (pentavalent U). All existing
literature have been reviewed by Grenthe et al. (1992) and Guillaumont et al.
(2003) using currently accepted auxiliary data. Johnson (1975) as well as Lin-
demer et al. (1981) discussed correlations and methods to estimate unknown
enthalpies of formation for the complex alkali uranates up to high n/m ratios
(e.g. Cs,0-15U0QO3), but their procedures are quite arbitrary.

For the alkali metal neptunates(vi) with the general formulas A,NpQy,,
A,Np,O7, and A4NpOs, the enthalpies of formation were derived from the
enthalpies of solution of the compounds in hydrochloric acid. These results
were recently assessed by Lemire et al. (2001). The values of the enthalpies of
formation of all these compounds are given in Table 19.11.

(ify Entropy

Only a few low-temperature heat capacity measurements have been made for
the alkali uranates, and they are restricted to sodium and cesium compounds
(see Table 19.11). Lindemer ez al. (1981) estimated the entropy values for the
other alkali uranates assuming that A.S for the formation reaction from the
oxides is zero. The experimental results show that this is not the case and that
the values for A.S strongly depend on the crystallographic modification and
tend to be slightly positive. For these reasons, the values by Lindemer et al.
(1981) have not been included in the present tabulations.

(iiiy  High-temperature properties

High-temperature enthalpy increment measurements have been made for a
few alkali uranates. These are essentially the same compounds for which
low-temperature measurements have been performed. Most of the early data
have been reviewed by Cordfunke and O’Hare (1978) and Cordfunke and
Konings (1990) and they are summarized in Table 19.13. In the 1990s, the
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Indian group led by Venugopal and coworkers measured the enthalpy incre-
ments of a number uranates of potassium, rubidium, and cesium. They were
reviewed by Guillaumont et al. (2003), and some of their reccommendations have
been included in Table 19.13.

(b) Ternary and quaternary oxides with alkaline-earth ions
(/) Enthalpy of formation

The following perovskites with alkaline-earth ions containing tetravalent acti-
nide ions have been studied thermodynamically: BaUO; (Williams et al., 1984;
Cordfunke et al., 1997), BaPuO; (Morss and Eller, 1989), BaAmO; and
SrAmO; (Goudiakas et al., 1990), BaCmOs3, and BaCfO; (Fuger ef al., 1993).
Efforts to obtain the strontium analog of BaUOQO;, SrUQ;, resulted in a perov-
skite phase with the empirical formula Sr,UO,s (crystallographic formula
Sr5(Sr53U4,3)UO¢) (Cordfunke and IJdo, 1994). Also BaUO; cannot be
prepared with a Ba/U ratio of exactly 1, as was found independently by Barrett
et al. (1982), Williams et al. (1984), and Cordfunke et al. (1997). The latter two
groups determined the enthalpy of the ideal composition by extrapolating the
data for different Ba/U ratios and found excellent agreement [—(1690 + 10)
kJ mol~!' and —(1680 + 10) kJ mol~']. However, there are several reports of
studies on materials claimed to be SrUO; and BaUOj3. Huang et al. (1997a)
derived the enthalpy of formation of SrUO;; from Knudsen effusion mass
spectrometric measurements. Ali ez al. (2001) used a comparable method (but
a complex reaction) for SrThOs.

Using the Goldschmidt tolerance factor #, expressed as ¢ = (Rga + Ro)/(2"?)
(Ran + Ro), where Rp,, Ro, and R4, represent the ionic radii of Ba’*, 0’", and
the actinide 4+ ion, respectively, Morss and Eller (1989) showed that the
enthalpy of formation of the complex oxides from BaO and AnO, becomes
less favorable as ¢ decreases. This correlation was extended by Fuger et al.
(1993) to a large number of complex oxides of the general formula MM'O;
(M = Ba, and M’ = Ti, Hf, Zr, Ce, Tb, U, Pu, Am, Cm, and M = Sr, and M’ =
Ti, Mo, Zr, Ce, Tb, Am) and allowed the prediction of the enthalpy of
formation of yet unprepared actinide(iv) complex oxides with BaO and
SrO. This correlation was in accordance with the inability to obtain
stoichiometric BaUOs.

Cordfunke er al. (1997) suggested that a continuous series exists between
BaUO;-Ba;,UO;3,,—Ba3;UOs. The oxidation of U*" jons is accompanied by
the formation of metal vacancies on the Ba and U sites, and Ba substitution on
the U-vacancies, finally resulting in Ba,(Ba,U)Og. Ba,U,O- does not belong to
this series, which is explained by the fact that Ba,U,O, is a complex oxide
containing pentavalent uranium. For the system Sr—U-O it was shown by
Cordfunke et al. (1999) that the enthalpies of formation of the U(vi) compounds
linearly depend on the St/U ratio (Fig. 19.19). The data fall into two groups, the
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pseudo-hexagonal types (Sr3U;;036, SrU30q;, SrUQO4, and UO3) and the
perovskite types (SrsU3014, Sro,UQOs, Sr3UQg). Takahashi et al. (1993) studied
the enthalpies of formation of SrUO,4_, (0 < y < 0.5) also finding an almost
linear relationship.

Complex oxides of the formula nAO - mAnOj; with alkaline-earth ions con-
taining hexavalent actinides are well known. AUO,4 compounds have been
identified and thermochemically characterized for magnesium, calcium, stron-
tium, and barium. Also the enthalpies of formation of many A;AnOg (An = U,
Np, Pu) and quaternary Ba,A’AnOg (A’ = Mg, Ca, Sr and An = U, Np, Pu)
compounds have been determined (see Table 19.12). All the values listed have
been taken from the NEA assessments (Grenthe et al., 1992; Silva et al., 1995;
Lemire et al., 2001; Guillaumont et al., 2003) except for those on curium and
californium compounds (Fuger et al., 1993).

The enthalpy of formation from the binary oxides, here called the enthalpy of
complexation Acpf, is an excellent measure for the stability of these com-
pounds. It can be calculated easily for the uranates, but not for complex Np(v1)
oxides or for complex Pu(vi) oxides, because NpO;(c) and PuOs(c) are un-
known. For the construction of Fig. 19.20, we have therefore utilized the
value estimated in Section 19.5.1. The exothermic enthalpy effect of the reac-
tions indicated in Fig. 19.20 implies that the compounds are thermodynamically
stable at room temperature, assuming a negligible entropy change upon the
formation of the complex oxides from the binary oxides. Extrapolation of the
trends indicated that the beryllium compounds are not stable under these
conditions.

-1000 —— : - — 5
_ —1500} ]
: i
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E [
2 -2000 ]
< [
7o) L
L 2500} 1
8 [ ]
T i .
< _3000} ]
3500 —— o ——— ]
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Fig. 19.19  The enthalpy of formation in the strontium uranates in the Sr-UV'-O system
(after Cordfunke et al., 1999).
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Fig. 19.20 Enthalpies of complexation of complex actinide(vr) oxides where A represents
a alkali or alkaline earth and An an actinide ion.

There are, as of the time of writing, no thermochemical data on complex
oxides containing trivalent actinides (e.g. AmAIO; or STAm,0,). Indeed, such
measurements are still lacking for the lanthanides.

(ii)y Entropy

Low-temperature heat capacity measurements have been reported for a few
alkaline-earth uranates. The data for the AUO, monouranates of the series A =
Mg to Ba (Table 19.12) need some further discussion. The two measurements
for BaUOQ, are discordant, though made by well-known research groups. The
results of Westrum et al. (1980) give $°(298.15 K) = 177.84 J K~! mol™!
whereas the results of O’Hare et al. (1980) gave 153.97 J K~ mol~'. In most
assessments the latter value is selected because the sample was better character-
ized. However, the values for the other alkaline-earth monouranates are from
the same set of measurements by Westrum et al. (1980) and the reported data
indicate a regular trend with molar volume for the orthorhombic compounds
(A = Mg, Sr, Ba). The value of O’Hare et al. (1980) does not fit in the series,
which would imply that the values for the other compounds measured by
Westrum et al. (1980) are in error, which is not considered in the NEA-TDB
selections (Grenthe et al., 1992). Another way of looking at this problem is to
consider the entropy of complexation from the oxides. The values for the
orthorhombic monouranates derived from the measurements of Westrum
et al. (1980) all suggest that the quantity A.pS°(298.15 K) is positive which is
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the case for most orthorhombic complex oxides. The result for BaUO, from
O’Hare et al. (1980) in contrast, suggests a negative value. Clearly further
measurements are required to solve this problem.

(ifiy  High-temperature properties

High-temperature heat capacity data have been measured for the AUO,4 com-
pounds of the series A = Mg to Ba and have been evaluated by Cordfunke
and O’Hare (1978); the resulting recommended equations are summarized in
Table 19.13. They agree with the less exhaustive selections of the NEA assess-
ment (Grenthe et al., 1992). Melting points of these compounds are not known.
The high-temperature properties of the other alkaline-earth compounds are
poorly known. Recently, Japanese researchers have extensively studied materi-
als claimed to be stoichiometric BaUO; and SrUOs;. The heat capacity
(Matsuda et al., 2001), thermal expansion, thermal conductivity and melting
point (Yamanaka et al., 2001), and the vaporization behavior (Huang et al.,
1997a) were measured. Vaporization measurements have also been made for
SrUO; (Huang et al., 1997b) and BaPuO; (Nakajima et al., 1999b). Dash et al.
(2000) reported enthalpy increments of Sr3U;;036 and Sr3U,Oy. The relevant
thermodynamic data extracted from these studies are listed in Table 19.12.

(c) Other ternary and quaternary oxides/oxysalts

Enthalpies of formation data for uranium carbonates, nitrates, phosphates,
arsenates, and silicates have been measured and the available data were
reviewed and summarized in the NEA-TDB assessments (Grenthe et al., 1992;
Guillaumont et al., 2003). Heat capacity and entropy data have hardly been
measured for these compounds and only estimates are available. The data are
summarized in Table 19.14. Also included are the enthalpies of formation of
several actinide (Th,U) bearing mineral phases reported by Helean et al. (2002,
2003) and by Mazeina et al. (2005) using high temperature solution calorimetry.
Data for complex oxides or oxyacids of other actinides are not known with
sufficient accuracy for inclusion in this chapter.

19.6 HALIDES

Because of the fundamental and applied interest in the many actinide halides,
their thermodynamic properties have received much attention. The authorita-
tive assessment by Fuger et al. (1983), which formed the basis for the data in the
second edition of this work, is still the major source of information though parts
of it have been updated in the NEA-TDB series on Chemical Thermodynamics
(U through Am).
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Table 19.14 Thermodynamic properties of selected crystalline miscellaneous actinide

oxyacids and oxysalts.

5°(298.15 K)

AcH®(298.15 K)

(J K ' mol™) (kJ mol ™) References
Th(NO;), —1445.6 + 12.6 a
Th(NO,), - 4H,0 —2707.0 + 12.6 a
Th(NO,), - 5H,0 543.1 £ 0.4 -3007.9 + 4.2 a
ThTi,O4 -3096.5 + 4.3 °
ThSiOy, (thorite) 2117.6 £ 4.2 b
ThSiO, (huttonite) 21109 + 4.7 b
U0,CO;5 1442 £ 0.3 ~1691.3 + 1.8 c
UO,(NO3), 24149 ~1351.0 £ 5.0 c
UO,(NO3), - 2H,0 327.5+88 -1978.7 + 1.7 c
UO,(NO3), - 3H,0 367.9+ 3.3 -2280.4 + 1.7 c
UO,(NO3), - 6H,0 505.6 + 2.0 31675+ 1.5 ©
UO; - 1/2NH; - 126H,0 -1770.3 +£ 0.8
UO; - sNH; - 1v:H,0 ~1741.3 £ 0.8 a
UO;-%NH; - 14H,0 ~1705.8 £ 0.8 a
USiO, 118 + 12 ~1991.3 + 5.4 ©
Up.07Ti2.0306 29779 £ 3.5 o
Ca; 46Ug 60T 5507 -3610.6 £ 4.1 b
(UO,)3(POy)> 410 + 14 ~5491.3 £ 3.5 c
(UO,),P,0; 296 + 21 —4232.6 + 2.8 ©
UPO:s 137 £ 10 —2064 + 4 c
UP,0, 204+ 12 2852 + 4 c
UO0,S0, 163.2 + 8.4 —1845.1 & 0.84 c
U0,S0, - 2.5H,0 246.1+6.8 -2607.0 £ 0.9 c
U0,S0,-3H,0 274.1 £ 16.6 27515+ 4.6 c
UO0,S0, - 3.5H,0 286.5+ 6.6 -2901.6 + 0.8 c
U(SOy), 180 + 21 -2309.6 + 12.6 c
U(SO.), - 4H,0 359+ 32 —3483.2 £+ 6.3 c
U(SOy), - 8H,0 538 + 52 -4662.6 + 6.3 c
(UO,)3(AsOy), 387 + 30 ~4689.4 + 8.0 ©
(UO,),As5,04 307 + 30 ~3426.0 + 8.0 c
UO,(AsO5), 231+ 30 -2156.6 + 8.0 ¢
NpO,(NO3), - 6H,0 516.3+ 8.0 -3008.2 & 5.0 c
PuTi,Og -2909 + 8 o

# Cordfunke and O’Hare (1978).
® Helean et al. (2002, 2003); Mazeina et al. (2005).
¢ NEA-TDB (Grenthe et al., 1992; Silva et al., 1995; Lemire et al., 2001; Guillaumont e al., 2003).

19.6.1 Hexahalides

(a) Solid hexahalides

The enthalpy of formation of UF is a key value for the U-F thermochemistry.
This value is well established by fluorine combustion calorimetry (Johnson,
1979). The heat capacity of UF4 has been measured accurately up to the melting
point and beyond (Brickwedde et al., 1948), from which the entropy can be
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Table 19.15 Thermodynamic properties of the crystalline hexa- and pentahalides at
298.15 K, estimated vales are given in italics.

Cp(298.15 K) $°(298.15 K) A¢H?(298.15 K)

I K ! mol™) I K ! mol™) (kJ mol™) References
UF, 166.8 + 0.2 2276 £ 1.3 21977+ 1.8 &
UClg 175.7 + 4.2 285.5+ 1.7 -1066.5 + 3.0 &
NpFs 167.44 + 0.40 229.09 £+ 0.50 —1970 + 20 a
PuF 168.1 + 2.0 221.8 £ 1.1 —1861 + 20 &
PaCls - 238+8 ~1147.8 + 14.4 b
PaBrs - 289 + 17 -866.8 + 14.9 b
UFs(a) 1322+ 4.2 199.6 + 3.0 -2075.3 £ 5.9 a
UFs(B) 1322+ 12.0 179.5 + 12.6 -2083.2 +4.2 &
UCls 150.6 + 8.4 242.7 + 8.4 -1039.0 + 3.0 a
UBrs 160.7 + 8.0 2929+ 126 -810.4 + 8.4 a
NpFs 132.8 £ 8.0 200 + 3 —-1941 + 25 4

% NEA-TDB (Grenthe et al., 1992; Lemire et al., 2001; Guillaumont et al., 2003).
® Fuger ef al. (1983) taking in account the enthalpy of dissolution of the standard state of the metal
(Fuger et al., 1978) and more recent auxiliary values.

derived. The resulting values are summarized in Table 19.15. Unfortunately the
situation is different for NpF¢ and PuFs. Low-temperature heat capacity mea-
surements have been made for NpFg, also into the liquid range, but a determi-
nation of its enthalpy of formation is lacking. Lemire et al. (2001) derived this
quantity from the estimated difference {ArH°(MFg,cr) — ArH°(MO3", aq) }
obtained by interpolation in the AnFg series. For PuF¢, no thermodynamic mea-
surements of the solid phase have been made except for the vapor pressure. But
since the properties of the gas phase are well established (see below), the enthalpy
of formation and the standard entropy can be derived with reasonable accuracy.

UClg is the only known solid actinide hexachloride. Its thermochemical
properties were intensely studied in the World War II period. Thereafter
Gross et al. (1971) and Cordfunke et al. (1982) performed enthalpy-of-solution
studies on this compound and derived the enthalpy of formation. As discussed
by Grenthe et al. (1992) the values for UClg from these two studies disagree
(unlike similar work for UCls) and the results of Cordfunke ef al. (1982) were
selected. The heat capacity and entropy for UClg at low temperature were
measured by Ferguson and Rand in the early 1940s, as reported in Katz and
Rabinowitch (1951); the high-temperature heat capacity of UClg is an estimate
by Barin and Knacke (1973).

The high-temperature heat capacity equations plus the melting data of the
hexahalides are summarized in Table 19.16.

(b) Gaseous hexahalides

The gaseous hexafluorides of U, Np, and Pu were studied extensively in the
1950s and 1960s. Gas-phase electron diffraction, Raman, and infrared studies
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have established the octahedral structure (O;, symmetry) and the molecular and
vibrational parameters. From these data the entropies can be calculated accu-
rately; the major uncertainty coming from neglect of excited electronic states for
incompletely filled f-shells. The enthalpies of formation of these species can then
be obtained from analyses of the vapor pressure measurements that have been
performed and such data have been derived in the NEA-TDB series (Grenthe
et al., 1992; Lemire et al., 2001; Guillaumont et al., 2003). The molecular
properties of AmFg, and thus the entropy, can be extrapolated from those of
the other actinide hexahalides (Kim and Mulford, 1990). Its enthalpy of forma-
tion is derived from the extrapolation of the mean bond enthalpy of the other
actinide hexahalides, which linearly varies along the actinide series.

Except for UClg, no other gaseous hexachlorides are known. The molecular
properties of UClg have not been determined experimentally. Estimates
(Hildenbrand et al., 1985) have been used in the NEA assessments (Grenthe
et al., 1992; Guillaumont et al., 2003) but more recently reliable results from
quantum chemical calculations have become available (Han, 2001). An approx-
imate value for the enthalpy of formation of UClg is derived from vapor
pressure measurements performed in the 1940s (see Grenthe ez al. (1992)).

19.6.2 Pentahalides

(a) Solid pentahalides

Fuger et al. (1983) accepted the enthalpies of formation of PaCls, PaBrs, and
a-UF5 and B-UF;5 (as well as some intermediate uranium fluorides) to be well
established based upon single reliable thermochemical studies by Fuger and
Brown (1975) for the Pa compounds, and by O’Hare et al. (1982) for the UF5
modifications. For UCls, Fuger et al. (1983) discussed the results of three
different studies, but these gave an unclear picture. The discrepancy seems to
be resolved by the measurements of Cordfunke et al. (1982). Properties of UBrs
are based on high-temperature heterogeneous equilibria and have large uncer-
tainties when extrapolated to 298.15 K. The other pentahalides (PaFs, NpFs)
have not been studied thermochemically. The properties of PaF5 cannot yet be
estimated because of insufficient experimental data. Those of NpF5 have been
approximated by Lemire ez al. (2001) on the basis of the experimental observa-
tion that NpFs does not disproportionate to NpFe(g) and NpFy4(cr) below
591 K (Malm et al., 1993).

The experimental basis for the entropies of the actinide pentahalides is very
poor. Low-temperature heat capacity measurements have only been reported for
UF;5 (Brickwedde et al., 1951), but the sample contained 17% UF4 and UO,F,.
Fuger et al. (1983) adjusted the result for $°(298.15 K) by +11.3 T K~ ' mol !, to
be consistent with dissociation pressure measurements in the U-F system.
Fuger et al. also gave (rough) estimates of the entropies of PaCls, PaBrs, and
UCls, based on a systematic difference between MX, and MXs compounds.
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Their value for PaCls is, however, significantly lower than that derived by
Kovacs et al. (2003) by combining the entropy of sublimation from the work
of Weigel et al. (1969) with the entropy of the gas obtained from quantum
chemical data. A comparison to other MCls compounds showed that this value
for solid PaCls is unexpectedly high compared to UCls and the transition metal
pentahalides, which Kovacs et al. attributed to the distinctly different crystal
structure of PaCls (pentagonal bipyramidal). However, no calorimetric mea-
surements have been performed for any of the pentachloride compounds, and
all entropies have been derived from (other complex) solid—gas equilibria.
The selected solid pentahalide data are listed in Table 19.15.

(b) Gaseous pentahalides

PaCls, PaBrs, UFs, UCls, UBrs, and PuF;5 are the only gaseous pentahalides
that have been studied experimentally. Vapor pressure measurements for the
protactinium pentahalides were reported by Weigel et al. (1969, 1974) from
which the enthalpy of formation of PaCls has been derived (see Table 19.17).
The interpretation of the UF5 vapor pressure measurements is complicated due
to the existence of dimeric molecules and dissociation reactions. The enthalpy of
formation of UF5 can also be derived from molecular equilibrium measure-
ments by mass spectrometry. At least six such studies have been performed.
They were reviewed in the NEA-TDB (Grenthe et al., 1992; Guillaumont et al.,
2003) and the recommended values from that work are included in Table 19.17.
Also for UCls(g) and UBrs(g), molecular equilibrium studies have been per-
formed. The derived enthalpies of formation are included in Table 19.17.
An approximate value for the enthalpy of formation of PuFs was calculated
indirectly from ionization potential measurements by Kleinschmidt (1988), but
since this value is rather uncertain, it is not included.

Table 19.17 Thermodynamic properties of the gaseous hexa- and pentahalides; estimated
values are given in italics.

5°(298.15 K) (J K™ mol™) AH°(298.15 K) (kJ mol™) References

UF, 376.3 £ 1.0 21486 £ 1.9 a
UClq 438.0 &+ 5.0 -985.5+5 a
NpFg 376.643 =+ 0.500 ~1921.66 & 20.00
PuFg 368.90 + 1.00 ~1812.7 £ 20.1 a
AmPF; 399.0 £ 5.0 —1606 + 30 a
PaF; 385.6 2130 + 50 b
PaCls 440.8 -1042 £ 15 b
UFs 386.4 + 10.0 1913 £ 15 a
UCls 438.7 + 5.0 ~900 + 15 a
UBrs 498.7 &+ 5.0 648 £+ 15 a

# NEA-TDB (Grenthe et al., 1992; Lemire et al., 2001; Guillaumont et al., 2003).
> Kovics et al. (2003).
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Little experimental information exists on the molecular properties of the
actinide pentahalides. Spectroscopic experiments of matrix-isolated UF5 mole-
cules (Kunze et al., 1976; Paine et al., 1976; Jones and Ekberg, 1977) indicate a
tetragonal pyramidal structure (Cg4,). Quantum chemical calculations (Wadt
and Hay, 1979; Onoe et al., 1997) showed that energy barrier between the Cy,
and the trigonal bipyramidal structure (D3y) is small (<4 kJ mol ') and it was
suggested that the structure of UFs may be fluxional between Cy4, and Dy, at
high temperatures. Quantum chemical calculations of PaFs and PaCls gave
similar results (Kovacs et al., 2003). The derived entropy values are included
in Table 19.17. It is likely that the Pa compounds follow the trend in the
d-transition metal halides and have a Dgj, equilibrium structure, whereas
the U pentahalides have a C4, equilibrium structure as a result of stronger
participation of the 5f electrons in the An—F bonding.

19.6.3 Tetrahalides

(a) Solid tetrahalides
(i) Enthalpy of formation

Knowledge of actinide tetrafluoride enthalpies of formation is relatively poor.
UF,4 has been studied extensively but the review by Grenthe ez al. (1992) lists
14 experimental studies that show considerable scatter. Their selected value
is based on reliable thermochemical cycles with UFg(cr) using fluorine com-
bustion calorimetry (Johnson, 1985) and UOsj(cr) using solution calori-
metry (Cordfunke and Ouweltjes, 1981), which yielded values that differ by
10.7 kJ mol~'. For ThF, the values derived from combustion calorimetry and
high-temperature equilibria are discordant, as was discussed in detail by
Wagman et al. (1977). We adopt here the value recommended by these authors,
with increased uncertainty limits. For PuF,, there are only estimates from the
high-temperature equilibria, as discussed in detail by Lemire et al. (2001).
Estimates of the enthalpies of formation of AmF, and CmF, can be derived
from decomposition measurements by Gibson and Haire (1988a,b). We have
accepted the assessed values for UF4, NpF,4, and PuF,4 of the NEA-TDB
(Grenthe et al., 1992; Silva et al., 1995; Lemire et al., 2001) and made estimates
of tetrafluoride thermochemistry with those of other tetravalent compounds.
The situation for the other tetrahalides is globally better. The most
reliable values for UCl, of the ten studies performed cluster around —1019 kJ
mol ™! (Grenthe et al., 1992). Also the enthalpies of formation of thorium,
protactinium, uranium, and neptunium tetrahalides appear to be well estab-
lished. For the thorium and protactinium compounds, we have accepted the
recommended values by Fuger et al. (1983) for the uranium, neptunium, pluto-
nium, and americium compounds as the recommended values of NEA-TDB
(Grenthe et al., 1992; Lemire et al., 2001; Guillaumont et al., 2003). Table 19.18
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lists and Fig. 19.21 plots the enthalpies of formation of all known tetravalent
actinide compounds and the aqueous ions as a function of Z. The enthalpy scale
has been compressed to facilitate comparison. Interpolations can be made,
using the best-fit curves shown, because each set of tetravalent compounds is
isostructural, and other enthalpies of formation have thereby been estimated.
The differences between the values thus calculated and those predicted by Fuger
et al. (1983) are relatively small.

An interesting but unstable compound is PuCly. It has been detected in the
gas phase by Gruen and DeKock (1967). Abraham er al. (1949) observed an
increased volatility of PuCl; in a stream of chlorine gas. This was explained by
the formation of gaseous PuCl,, which decomposed to form solid PuCl; and Cl,
upon condensation. Nevertheless, by comparison with other tetrahalides and
complex chlorides, the enthalpy of formation of PuCly(s) is predictable within
narrow error limits and has been included in Table 19.18 and Fig. 19.21.

(if)y Heat capacity and entropy

The low-temperature heat capacities of ThF,4, UF,4, PuF,, and UCl4 have been
measured experimentally. The results for the fluorides are reliable. The mea-
surements for UF, have been made down to 1.3 K and include careful analysis
of the excess entropy contribution arising from the Schottky anomaly that
corresponds to a crystal field level of 10.7 cm™' for the U*" ions at the C,
symmetry site (one-third of the ions). The heat capacity measurements for UCly
(15-355 K) date from the World War II period and have only been reported in
summary in the Chemistry of Uranium by Katz and Rabinowitch (1951). The
recommended entropies of these actinide tetrahalides are listed in Table 19.18.
We have estimated the entropies of the other tetrafluorides and tetrachlorides
from these values using equations (19.10) and (19.11), and the procedure
described for the dioxides.

The values for the tetrabromides and tetraiodides are estimates based on
extrapolation of the trend F to I. It is known from transition metal and lantha-
nide halides that the entropies regularly increase as a function of the logarithm of
the halide mass. Fig. 19.22 shows the relationship between the entropy divided
by the number of halide ligands (») for the uranium and europium halides. We
have extrapolated the almost parallel relations as indicated, and used the
estimated values for the UBr4 and Ul, as a basis for the estimation.

(iiiy High-temperature properties

High-temperature data for the actinide tetrahalides are even more problematic.
Experimental enthalpy increment data have been measured for UF, and ThF,
crystal, but the results of ThF, are unpublished (see Fuger et al. (1983) and
references therein). No high-temperature data for the tetrabromides have been
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Fig. 19.22  The relation between the entropy divided by the number of halide ligands n and
the logarithm of the halide mass (X), for the uranium and europium halides;, O, UXj, o,
UX,y, A, UOX>, V, EuXs. Estimated values are indicated by dotted symbols.

reported, but a heat capacity study of Ul was made by Popov et al. (1959). This
study indicated a phase transition close to the melting point. From these data
the heat capacity of the other actinide tetrahalides were estimated with reason-
able accuracy by Fuger et al. (1983) and later by the NEA-TDB (Grenthe ef al.,
1992; Lemire et al., 2001; Guillaumont et al., 2003). The values thus obtained
are listed in Table 19.16.
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(b) Gaseous tetrahalides

The gaseous tetrahalides of uranium have been the subject of studies for many
years. Early electron diffraction studies were interpreted as a tetrahedral (Ty)
structure whereas later measurements on UX,; molecules seem to indicate a
distorted tetrahedron. The latter seemed to be confirmed by analyses of vapor
pressure data (Hildenbrand, 1988), which gave good second/third law agree-
ment in case a C,, molecular structure was assumed. Only in the 1990s it was
established with certainty by a combination of gas-phase electron diffraction,
high-temperature gas-phase infrared spectroscopy, and quantum chemical cal-
culations that UF, and UCl, have a tetrahedral structure (Haaland et al., 1995;
Konings et al., 1996). The entropies of UF, and UCIl, calculated from the
molecular and vibrational parameters derived from these studies are consistent
with the entropies obtained from vapor pressure measurements, which have
been reported for most of these compounds. Konings and Hildenbrand (1998)
discussed in detail that this is essentially true for all known gaseous actinide
tetrahalides, for which they estimated the molecular and vibrational parameters
in a systematic manner. Since then further electron diffraction results and also
results from quantum chemical calculations have become available, which have
led to further refinement of the recommended values.

The calculated entropies and the enthalpies of formation derived from vapor
pressure measurements for these species are listed in Table 19.19. The numbers
principally come from the NEA-TDB reviews, in which the most recent refine-
ments have not been included and a simplified approach to the estimation of the
vibrational frequencies was used. However, since this will have a moderate
effect, we have accepted these numbers.

19.6.4 Trihalides

(a) Solid trihalides
(i) Enthalpy of formation

Trigonal trifluorides are known for all the actinides Ac and U-Cf. Surprisingly,
thermodynamic measurements have been performed only for UF; and PuFj;
even more surprising is the unsatisfactory situation regarding even these two
trifluorides. Fuger et al. (1983) and later Grenthe et al. (1992) have evaluated all
of the experimental results and listed their unresolved questions. For UF;
several independent thermochemical pathways have been used, yielding
unresolvable inconsistencies with a variety of uranium species; sample impu-
rities plagued the fluorine combustion measurements and complex thermo-
chemical cycles, involving many species, obfuscate the solution calorimetry
measurements. For PuF; the one measurement (Westrum and Eyring, 1949) is
uncertain primarily because it was a reaction to an unanalyzed trifluoride
precipitate assumed to be anhydrous but probably PuF; - 0.4H,0. Nevertheless,
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Table 19.19 Thermodynamic properties of the gaseous tetra- and trihalides, estimated

values are in italics.

5°(298.15 K)

AH?(298.15 K)

Molecule J K !' mol™) (kJ mol™) References
ThF, 351.6 £ 3.0 ~1748.2 + 8.4 a
ThCl, 398.5 + 3.0 9534+ 18 a
ThBr, 443.6 + 3.0 7463 £ 2.3 a
Thl, 503.8 £ 5.0 4369 £2.3 a
UF, 360.7 £ 5.0 -1605.2 + 6.5 b
ucl, 409.3 & 5.0 8154+ 4.7 b
UBry 4519 + 5.0 —605.6 + 4.7 b
Ul, 499.1 + 8.0 -305.0 + 5.7 b
NpF, 369.8 + 10.0 -1561 £+ 22 b
NpCly 423.0 & 10.0 ~787.0 4+ 4.6 b
PuF, 359.0 & 10.0 ~1548 + 22 b
PuCl, 409.0 + 10.0 ~792.0 + 10.0 b
UF, 347.5 £ 10.0 -1065 + 20 b
UCl, 380.3 & 10.0 523 420 b
UBr; 403 + 15 371 £20 b
Ul, 431.2 +10.0 137 £ 25 b
Puls 435+ 15 ~305+ 15 b
NpF; 330.5 £ 5.0 ~1115 4 25 o
NpCl; 362.8 & 10.0 ~589.0 + 10.4 b
PuF; 336.1 & 10.0 ~1167.8 £ 6.2 b
PuCl; 368.6 & 10.0 —647.4 + 4.0 b
PuBr; 423 + 15 —488 + 15 o
AmF; 330.4 £ 8.0 ~1156.5 + 16.6 b

% Recalculated in this study.

® NEA-TDB (Grenthe et al., 1992; Lemire et al., 2001; Guillaumont et al., 2003).

these two data points must be used to compare and to predict the properties of
all f-element trifluorides.

Fortunately, there are enthalpy-of-formation data on almost all lanthanide
trifluorides, though not all of them are reliable (Konings and Kovacs, 2003).
Table 19.20 and Fig. 19.23 present these data along with structural data that
permit a correlation of the quantity {A:H°(MFs,cr) — AcH°(M**,aq)} with the
ionic radii. It can be seen that the most reliable data for the lanthanide tri-
fluorides fall into two groups of different crystal structures (trigonal/hexagonal
and orthorhombic), and that the two actinide trifluorides (trigonal) do not
clearly fit to this trend. Clearly, the correlation is less evident than for the
lanthanide chlorides, bromides, and iodides so that the correlation will have
limited value until better lanthanide and actinide trifluoride enthalpy measure-
ments are made.

Trichlorides, tribromides, and triiodides of all elements from uranium
through einsteinium are known. Solution calorimetry enthalpies of formation
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Fig. 19.23 The difference between the enthalpies of formation of f-element trihalides (at
298.15 K) and the corresponding M>" aqueous ions; the lanthanides are shown by open
symbols that indicate the different crystallographic structures, the actinides are shown by
closed symbols.

are known for these trihalides of uranium through plutonium, although that of
NpCl; requires an estimate of its heat of solution (Fuger ez al., 1983). In
addition, the enthalpies of formation of AmCl; and CfBr; are known from
solution calorimetry; that of other actinide trihalides as well as heavier trihalides
must be estimated. This can be done by a correlation of the quantity {A¢H°
(MXs,cr) — AHP(M?F,aq)} with ionic radius for isostructural compounds
(Fig. 19.23). It can be seen that the trend in the actinide chloride and bromides
series is parallel to that in the lanthanide series and thus permits extrapolation
beyond Pu. In the actinide iodides, the trend is opposite. Such data sets are
shown in Tables 19.21-19.23. The resultant enthalpies of formation are consis-
tent with the data reported in the NEA-TDB project.
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2176 Thermodynamic properties of actinides and actinide compounds
(il Heat capacity and entropy

Low-temperature heat capacities of UF; and PuF; have been measured, and
high-temperature data are only available for UF;. Recently, an inconsistency
between the low-temperature data for these compounds was pointed out by
Konings (2001a). The entropy value of PuFj3, derived from measurements by
Osborne et al. (1974), yields a lattice entropy that is significantly higher than
that of UF3 derived from data by Cordfunke and Westrum, which are only
published as a summary (Cordfunke et al., 1989). This lattice entropy is not
consistent with those of the lanthanide trifluorides and it was suggested that
the extrapolation to 0 K of the UF; value did not include the magnetic
contribution, which is equal to R In(2) and completely removes the inconsisten-
cy. From the results for PuF; and those for the lanthanide trifluorides, Konings
(2001a) estimated the lattice entropies of NpF3;, AmF3;, and CmF; which were
combined with an excess entropy calculated from crystal field levels to give the
standard entropy. These values are given in Table 19.20.

Heat capacity and thus entropy data for the other actinide trihalides have
only been reported for UCl; and UBr3. As discussed above the entropy values
for UCl; and UBr; derived from the results of Cordfunke et al. (1989) must be
R In(2) higher to account for the magnetic contribution at low temperatures
(Konings, 2001a). Estimates for the standard entropies of the transuranium
trichlorides up to CmCl; were presented by Konings (2001a) and are included
in Table 19.21. Estimates for the standard entropy for the uranium triiodide
and the bromides and iodides of neptunium, plutonium, and americium were
presented in the NEA-TDB project, but the method used is less accurate than
that proposed by Konings (2001a). In the case of the americium compounds,
where the differences between the two sets of data largely exceeds the uncer-
tainty limits, the values proposed by Konings (2001a) have been adopted by the
NEA-TDB project (Guillaumont et al., 2003). The value for PuCl;- 6H,O is
included in Table 19.21 as it is a key value for the estimation of the entropies of
the aqueous ion of this element.

(iiiy  High-temperature properties

The high-temperature heat capacity of solid UF3;, UCl;, and UBr; has been
derived from enthalpy increment measurements (Cordfunke et al., 1989). Mea-
surements for other actinide trihalides have not been made. As discussed by
Konings and Kovacs (2003) the heat capacity of the lanthanide trihalides can be
described very well as the sum of the lattice and excess components, the latter
arising from the electronic states of the lanthanide ions. A similar approach can
be used for the estimation of the heat capacity of the actinide trihalides. The
recommended functions are listed in Table 19.16.

The melting point and melting enthalpy of many trihalides have been
reported. They are summarized in Table 19.16. The data for the trichlorides
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Fig. 19.24 Melting temperature of the lanthanide (®) and actinide (o) trichlorides, esti-
mated values are indicated by (©).

are the most extensive; they are known from UCl; to CmCls. These values are of
the same order as those of the lanthanide trichlorides and the trend in the
actinide trichlorides series is parallel, as shown in Fig. 19.24.

(b) Gaseous trihalides

The situation for the gaseous actinide trihalides is complicated: the measured
condensed gas-phase equilibria are not always clearly defined, the condensed
phase data are often uncertain (see above) and the molecular geometry of these
species has not been measured except for UCl; and Ul;. For these two com-
pounds, gas-phase electron diffraction (ED) measurements have been reported
(Bazhanov et al., 1990a,b), which indicated a pyramidal structure with
a X-M-X bond angle close to 90°. Quantum chemical calculations for the
uranium(iin) halides also indicate a pyramidal structure (Joubert and Maldivi,
2001) but with a bond angle much closer to the planar 120°. Fortunately, the
molecular properties of the lanthanide trihalides are much better known and
can be used for comparison. Experimental and theoretical studies have indi-
cated a gradual increase of the X—Ln—X bond angle to the planar 120° from F to
I'and La to Lu (Molnar and Hargittai, 1995; Konings and Kovacs, 2003), which
is consistent with simple steric considerations. The lanthanide trifluorides are
most probably pyramidal, the trichlorides, tribromides, and triiodides are
quasi-planar (light lanthanides) or planar (heavy lanthanides). Quantum chem-
ical calculations for UCl; and Ul; agree with this trend but the experimental
bond angles for UCl; (95 + 3)° and Ul; (89 + 3)° disagree. The situation for the
vibrational frequencies is equally complicated. The asymmetric stretching fre-
quency of UCI; was determined experimentally by high-temperature infrared
spectroscopic measurements (Kovécs et al., 1996), but the value (275 cm™') is
considerably lower than those estimated from the electron diffraction
data (310 &+ 30 cm™') and derived from the quantum chemical calculations
(300 cm ™! to 341 cm ™!, depending on the theoretical level). Clearly further re-
search is needed to establish the molecular and thus the thermodynamic properties
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of the gaseous actinide trihalides more precisely. For the present chapter we
accept the estimated values given in the NEA-TDB reviews, but increased the
uncertainties assigned in that work. The values are given in Table 19.19.

Enthalpies of formation of gaseous UF3;, UCl;, and UBr; have been evalu-
ated from experimental studies by Grenthe et al. (1990) and the enthalpies of
formation derived in this work are listed in Table 19.19. For UF;, vapor
pressure and molecular equilibria studies were used, and are in fair agreement.
For UCI; and UBr3, only the molecular equilibria studies were used. Such data
are also available for the lower thorium fluorides, chlorides, and bromides.
Vapor pressure measurements have been reported also for the trifluorides
AmF;, PuF;, and CfF5 and the trichlorides PuCl; and AmCls;, and the tribro-
mide PuBrs.

Fig. 19.25 shows the mean bond enthalpy of the actinide trifluorides as well as
of the lanthanide trifluorides. The figure shows approximately the same trend
for the two groups, the actinide series being somewhat shifted compared to the
lanthanide series. From this trend, the enthalpies of formation of the other
gaseous trihalides can be estimated with confidence.

19.6.5 Di- and monohalides

(a) Solid dihalides

The existence of the dichlorides, dibromides, and diiodides of Am and Cf has
been reported. However, no experimental thermochemical data are available.
Because these dihalides parallel lanthanide dihalides of similar M?* ionic radii,
it is possible to estimate their enthalpies of formation by a method similar to
that used by Morss and Fahey (1976), based on the difference {AH°(MX,,cr) —
AcH°(M?*,aq)}. Konings (2002a) estimated the standard entropy of AmCl, as
5°(298.15 K) = (148.1 + 5.0) J K~ mol~". This value is the sum of a lattice
contribution estimated from the experimental data for some lanthanide

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
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Fig. 19.25 The mean bond enthalpy at 298.15 K of the gaseous lanthanide (®) and actinide
trifluorides (o).
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dichlorides and the excess contribution R In(8). Using a similar approach, we
estimate the entropies of some other actinide dichlorides.

The data for these estimations, and the resulting predicted enthalpies of
formation, are shown in Table 19.24. The Gibbs energies of these reactions
are given in the following equations:

Am(cr) + 2AmCls(cr) = 3AmCly(cr), AG=—-35kIJmol™!  (19.22)
and
Cf(cr) 4+ 2CfCl3(cr) = 3CfCly(cr), A.G = —91 kJ mol™" (19.23)

illustrate the relative difficulty and ease of preparing the dihalides of americium
compared to californium.

(b) Gaseous di- and monohalides

The di- and monohalides of thorium and uranium have been identified in mass
spectrometric measurements by different authors. Lau and coworkers (Lau and
Hildenbrand, 1982; Lau et al., 1989) studied the exchange reactions of the lower
thorium and uranium fluorides with BaF; Gorokhov er al. (1984) and
Hildenbrand and Lau (1991) studied the molecular equilibria between the
uranium fluorides among themselves. The results for the uranium compounds
have been analyzed in detail by Grenthe ez al. (1990) and updated by Guillau-
mont et al. (2003), who demonstrated that the results are in reasonable agree-
ment, considering the large number of approximations made in the analysis.
Similar studies have been made for the lower chlorides and bromides (Lau and
Hildenbrand, 1984, 1987, 1990; Hildenbrand and Lau, 1990). Almost no exper-
imental data on the molecular properties of these species are available and thus
all thermal functions are based on rather qualitative estimates (using alkaline-
earth dihalide data), introducing large uncertainties. For this reason, the recom-
mended values for the lower uranium halide species given in Table 19.25 should
be used with caution, especially when used well outside the temperature range of
the experimental studies.

As discussed by Lau and Hildenbrand (1982), the mean bond energy
decreases gradually in the uranium halide series (Fig. 19.26). This trend can
be used to approximate the enthalpies of formation of the lower halides of other
actinides, when needed.

19.7 COMPLEX HALIDES, OXYHALIDES, AND NITROHALIDES

19.7.1 Solid complex halides

Many complex halides of thorium and uranium have been prepared for crystal-
lographic, magnetic, and spectroscopic studies. Preparative conditions sug-
gested that these compounds are more stable than the parent (binary)
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Table 19.25 Thermodynamic properties of the gaseous actinide
di- and monohalides; estimated values are in italics from NEA-
TDB (Grenthe et al., 1992; Guillaumont et al., 2003).

$°(298.15 K)

AcH°(298.15 K)

(I K 'mol™ (kJ mol ™)
UF, 315.7 £ 10.0 —540 + 25
UCl, 339.1 £ 10.0 ~155+20
UBr, 359.7 + 10.0 40 £ 15
Ul, 376.5 + 10.0 103 + 25
UF 251.8 + 3.0 —47 £20
ucl 265.6 + 3.0 187 + 20
UBr 278.5 + 3.0 245 + 20
Ul 286.5 + 5.0 342 + 20

s
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Fig. 19.26  The bond dissociation energy of the F,_jAnF molecules as a function of n, the
number of fluorine atoms in the molecule; o, uranium fluorides; O, plutonium fluorides.

halides. For example, UFs5 is difficult to prepare but complex halides such
as CsUFg are relatively stable. Among the transuranium elements, fewer
high-valent binary halides are known, but complex halides (e.g. Cs,PuClg and
CsPuFg) are known whereas the binary actinide halides (PuCl, and PuFs) have
been sought without success. Some of these complex halides have been exploited
in separation schemes for the actinides. As discussed by Fuger et al. (1983),
their thermodynamic properties have been of interest since the beginning of the

20th century.
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Fuger et al. (1983) also assessed all of their thermodynamic properties. More
recently the compounds of Np, Pu, and Am were also reviewed by the NEA-
TDB teams (Silva et al., 1995; Lemire et al., 2001; Guillaumont et al., 2003).
In Table 19.26 the values selected by the NEA teams are given for compounds of
Np, Pu, and Am and the values selected by Fuger et al. (1983) for compounds of
Th, Pa, and U. All these data have been recalculated using the latest NEA-
selected values. In the framework of a general study on several Cs,NaAnClg
compounds, Schoebrechts ez al. (1989) also reported the enthalpy of formation
of Cs,NaCfClg and estimates for the corresponding compounds of Cm and Bk.
These values are also given in Table 19.26.

Fig. 19.27 displays the enthalpies of complexation, e.g.

2CsCl(cr) 4+ UCly(cr) = Cs;UClg(cr), AH = AcpiH (19.24)

of some of these compounds. Interpolation and extrapolation of A, /7 along
with enthalpies of formation of the binary compounds provide the values
necessary to predict the enthalpies of formation of several of these complex
halides. Note that Acp/d becomes more favorable (exothermic) as the alkali-
metal ion A" becomes larger and, to a lesser extent, as the actinide ion An*"
becomes smaller. As with complex oxides, these are both structural-packing
(ionic) and acid-base (covalent) effects.

19.7.2 Solid oxyhalides and nitrohalides

There are many oxyhalides of actinide oxidation states +3 through +6. In
general these are more stable than a mixture of oxide and halide, e.g.

UFg(cr) 4+ 2UO5(c,v) = 3UOsFa(cr), AG° = —318 kImol™'  (19.25)
reflecting the acid-base nature of the reactions. In some cases, however, e.g.

UCly(cr) + UOs(cr) = 2UOCLy (cr),  AG° = +12 kI mol™! (19.26)

NpCl,(cr) + NpO,(cr) = 2NpOCly(cr), A,G° =459 kImol™'  (19.27)

the Gibbs energy of the reactions is positive, reflecting the limited stability of
such oxyhalides with respect to the stoichiometric mixture of the oxide and
chloride in the same oxidation state.

We have accepted the assessed enthalpies of formation from calorimetric and
vapor-solid hydrolysis equilibria by Fuger et al. (1983) for Th, Pa, and Cm
compounds, and the more recently assessed values by the NEA teams for com-
pounds of U to Am (Table 19.27). Also included are the recent results of Burns
et al. (1998) for CfOCI and BkOCI, the former based on experiments, the latter
based on an interpolation in the AnOCI series (An = U, Pu, Am, Cm, and Cf).

Heat capacity data have been reported for uranium oxyhalides UO,F,,
UO,Cl,, UOCI,, and UOBTr,. The entropy values derived in these studies have
been accepted in the NEA-TDB review (Grenthe et al., 1992). High-temperature
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Fig. 19.27 Enthalpies of complexation of complex actinide(1v) halides.

enthalpy increments of UO»X, (for X = F, CI, and Br) have been measured by
Cordfunke et al. (1979). Their data are in reasonable to good agreement with
the low-temperature data. Cordfunke and Kubaschewski (1984) also cite unpub-
lished experimental data for UOCI, and U,0,Cl;s by Cordfunke, and estimated
the heat capacity functions of other oxyhalides. They are listed in Table 19.28.

In contrast, data for mixed nitride halides are scarce. Recently Akabori ef al.
(2002) and Huntelaar et al. (2002) have presented data for the enthalpy of
formation, the entropy, and high-temperature heat capacity of UNCI, which
are included in Tables 19.27 and 19.28.

19.7.3 Gaseous oxyhalides

Several oxyhalides are stable in the gaseous phase and experimental vapor
pressure data have been reported for UO,F,, UOF,, and UO,Cl, from which
the enthalpies of formation of the gaseous molecules can be derived. In the
NEA-TDB review, these studies were analyzed by third-law method using
estimated molecular parameters from Glushko ez al. (1978). The estimates for
structure parameters and vibrational frequencies of UO,F, differ considerably
from those obtained by Privalov et al. (2002) using quantum chemical calcula-
tions at different theoretical levels (SCF, B3LYP). Souter and Andrews (1997)
identified the molecules UO,F,, UOF,, and UO,F by infrared matrix-isolation
spectroscopy. The asymmetric O—U-O stretching frequency found is in reasonable
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Hydrides 2187

Table 19.28 High-temperature heat capacity of the crystalline uranium oxyhalides and
oxynitrides; Cp/(J K™ mol™) = a(T/K)™2 + b + «(T/K) (estimated values are in italics).

a (x107%) b ¢ (x10%) Tnax (K) References
UO,F, -1.0208 106.238 28.326 @
UO,(Cl, -1.1418 115.275 18.2232 ab
UO,Br, 104.270 37.938 ab
UNCI -0.97344 79.7373 2.3703 1000 ¢

# NEA-TDB (Grenthe et al., 1992; Silva et al., 1995; Lemire et al., 2001; Guillaumont et al., 2003).
® Cordfunke and Ouweltjes (1981).
¢ Huntelaar et al. (2002).

Table 19.29  Thermodynamic properties of some gaseous oxyhalides, estimated vales are
given in italics.

5°(298.15 K) (J K~ mol™) AH?(298.15 K) (kJ mol™) References

UO,F, 342.7 £ 6.0 -1352.5 £ 10.1 a
UOF, 363.2 £ 8.0 -1763 £ 20 &
U0O,(Cl, 3734 £ 6.0 -970.3 £ 15.0 a

# NEA-TDB (Grenthe et al., 1992; Silva et al., 1995; Lemire et al., 2001; Guillaumont et al., 2003).

agreement with the B3LYP results of Privalov et al. (2002), which also give the
best agreement with the estimates used in the NEA-TDB review. The recom-
mended values of the NEA-TDB review for the species UO,F,, UOF,, and
UO,Cl, are given in Table 19.29.

19.8 HYDRIDES

19.8.1 Enthalpy of formation

The enthalpies of formation of the actinide hydrides have been principally
derived from hydrogen pressure measurements in which the pressure-tempera-
ture—composition relation was studied. The equilibrium reaction in these metal—
hydrogen systems can be described as:

2 2
(m) AnHS + H2 - (m) AnHz,x (1928)

where s and (2—x) both generally have the values 1.3, 2, 3, and 3.75. The AnH,
compounds occur in all systems from Th to Cm, except U. In the U-H system,
only the trihydride occurs, which is also found in the systems with Np, Pu, and
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Am, though almost no data exist for the latter. The composition H/An = 1.3 is
typical for the Pa—H system, and H/An = 3.75 for the Th-H system.

Flotow et al. (1984) systematically analyzed the equilibrium data for Th, Pa,
U, Np, Pu, and Am, and their recommended enthalpies of formation for the
hydrides of Th, Pa, U, and Pu are summarized in Table 19.30. Ward et al. (1987)
measured the hydrogen dissociation pressure in the Np-H and derived thermo-
dynamic data for NpH,, NpH,s and NpH;. Gibson and Haire (1990)
measured the hydrogen dissociation pressures of milligram-sized samples of
the americium and curium hydrides, and made comparison to the lanthanide
hydrides (Dy, Ho). Their results for AmH, are in good agreement with the
recommended values by Flotow et al. (1984), who selected the average results of
two discordant studies; their results for CmH, are the first ones to be reported.
They have been included in Table 19.30. The variation of the enthalpy of
formation of the actinide dihydrides is shown in Fig. 19.28, together with the
data for the lanthanide dihydrides (Libowitz and Maeland, 1979). As observed
for the elements and many compounds, the trend in light actinides dihydrides is
significantly different from that of the lanthanides and the two curves approach
each other near Am and Cm.

19.8.2 Entropy

Low-temperature heat capacity measurements (up to 300 K) have been reported
for ThH,, ThH; 75, UH3, and PuH; ¢ and the entropy values at 298.15 K
recommended by Flotow et al. (1984) are listed in Table 19.30. The entropies
of the other compounds have been derived by Flotow et al. (1984) from the
high-temperature hydrogen equilibrium measurements, using estimated heat
capacity data. Flotow et al. (1984) also estimated the entropy of CmH, by
linear extrapolation of the data of the dihydrides of Np, Pu, and Am, but it is
doubtful whether this is correct in view of the trend shown for the enthalpies
of formation, which indicates that CmH, resembles more the lanthanide
dihydrides than the light actinide dihydrides.

19.8.3 High-temperature properties

High-temperature heat capacity data have been reported only for PuH,
(Oetting et al., 1984). The high-temperature heat capacity of ThH,,
ThH;3 75, and UHj3; were calculated by Flotow et al. (1984). They described
the total heat capacity as the sum of the electronic, optical mode, and residual
contributions:

Cp = Cele + CMH + Cresidual (1929)

where the electronic heat capacity coefficient and the residual term were
obtained from the low-temperature measurements, which extent to 350 K, and
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Fig. 19.28 Enthalpies of formation of lanthanide (o) and actinide (o) dihydrides.

Table 19. 31 ngh temperature heat capacity of selected crystalline actinide hydrides;
C/d K™ mol™) = a(T/K) 2 + b + «(T/K) + d(T/K)? (estimated values are given in
italics), from Flotow et al. (1984).

a (x107%) b ¢ (x10%) d (x10°%) Tax (K)
ThH, —0.17364 166.566 149.725 —69.113 800
ThH; 75 -192.918 272.726 ~120.387 800
UH; -0.48392 6.05878 189.349 -87.514 800
NpH, 32.4395 50.1072 ~1.1138 900
PuH, 21711 —78.1827 405.219 —264.995 600

the optical modes were obtained from spectroscopic measurements. Polynomial
fits of the heat capacity function thus obtained by Flotow et al. for temperatures
up to maximum 800 K are listed in Table 19.31.

19.9 HYDROXIDES AND OXYHYDRATES
19.9.1 Trihydroxides

(a) Enthalpy of formation

The only experimental determinations of the enthalpy of formation of a triva-
lent actinide hydroxide are two solution-calorimetry studies for Am(OH)s, but
the two results differ considerably (Morss and Williams, 1994; Merli et al., 1997)
due to a difference of enthalpies of solution of the trihydroxide of (23 4+ 8) kJ
mol~'. The value selected in Table 19.32 is that calculated by Guillaumont et al.
(2003), based primarily on the measured solubility product of Am(OH);
measured by Silva (1982) corrected for hydrolysis and ionic strength, and an
estimated entropy of Am(OH); (Guillaumont et al., 2003). The selected value
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Table 19.32 Enthalpies of formation and entropies of the crystalline lanthanide and
actinide trihydroxides; estimated values are given in italics.

S°(298.15K) AcH°(298.15 K) $°(298.15K)  AcH°(298.15 K)
An(OH);  (JK'mol™) (kJ mol™) Ln(OH); (JK'mol™?* (kJ mol™)
La(OH); 117.81 ~1415.6 + 2.0°
Ce(OH); 130.2
Pr(OH); 132.6 ~1409.7 + 4.9°
Nd(OH); 129.87 ~1415.6 +2.3°
Pm(OH); 131.2 —1419 + 10°
Pu(OH); 134 +8§° Sm(OH); 126.7 ~1406.6 4 2.2°
Am(OH); 116 + &' ~1353.2+ 6.4 Eu(OH); 119.88 -1319 + 10¢
Cm(OH); 134+ &° Gd(OH); 126.63 —1409 + 10°
Bk(OH); Tb(OH); 128.37 —1415 + 10¢
Cf(OH); Dy(OH); 130.0 ~1428 + 10°
Es(OH); Ho(OH); 130.04 —1431 + 10¢

% As compiled by Konings (2001a).

> Merli ef al. (1997).

© Morss and Hall (1994); Diakonov er al. (1998b) recommend —(1414 + 10) kJ mol ™.

4 Diakonov er al. (1998a,b).

¢ Following the procedure of Guillaumont et al. (2003), p. 350, for S°(Am(OH)s,cr) = Sjar + Sexc
using data from Konings (2001a) and estimating S, from that of sesquioxides Pu,O; and Cm,Os.
 Guillaumont er al.(2003).

is nearly consistent with the experimental value of Merli et al. (1997),
AcH°(M(OH);,cr) = —(1343.6 + 1.8) kJ mol~'. Their sample was well charac-
terized and their calorimetric results are supported by similar measurements
that they carried out for lanthanide hydroxides, which are consistent with
solubility data.

(b) Entropy

The entropies of the solid trihydroxides An(OH); have been estimated using the
approach outlined earlier (equation (19.10)) (Konings, 2001a). The lattice com-
ponent was estimated from the lanthanide trihydroxides, assuming the displace-
ment of the trend to be the same as for the sesquioxides. The excess entropy was
calculated from the degeneracy of the ground state. The values thus obtained
are listed in Table 19.32 together with data for the lanthanide trihydroxides.

(c) Solubility products
Solubility products, often denoted ‘solubility constants,’ refer to equilibria such as:

M(OH);(cr) = M**(aq) + 30H (aq), K =K, (19.30)

Because americium has important long-lived isotopes and because it exists in
solution as Am(1), its hydrolysis and solubility in aqueous solutions have been
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the most carefully studied of the An(im) ions. The NEA review (Guillaumont
et al., 2003) selected the value of (15.6 £ 0.6) for the equilibrium

Am(OH);(cr) + 3 H (aq) = Am’"(aq) + 3H,0(I), K ="K, (19.31)

from the study of Silva (1982) because the solid phase in equilibrium with the
solution was crystalline Am(OH);. The asterisk (*) in this notation refers to the
protonation that is part of the equilibrium. For this equilibrium at 298.15 K,
logy K 50 =log;o* KSO —3logy Kw = 15.6 — 3 x 14 = —26.4. Guillaumont et al.
(2003) also selected the value logy, KOO = (16.9 £+ 0.8) for the equilibrium
(equation (19.31)) with Am(OH)s(am), where ‘am’ refers to the precipitate
that was amorphous to X-rays after aging for 4 months.

Latimer (1952) estimated the solubility products of actinide(ir) hydroxides,
An(OH);, from corresponding values for freshly precipitated hydroxides of the
lanthanides. It is well known that, as these gelatinous precipitates age, their
crystallinity increases and their solubility product decreases, so that the aged
precipitates more nearly reflect equilibrium conditions. Baes and Mesmer (1976)
exhaustively surveyed the literature and evaluated heterogeneous equilibria for
lanthanide and actinide hydroxides and hydrated oxides. Additional thermo-
chemical and extensive solubility data are available for the lanthanide trihydr-
oxides. Diakonov et al. (1998a,b) carried out an extensive critical review of the
thermochemical and solubility literature on rare earth hydroxides These
authors showed that there is a systematic trend of log,, K2, data for all rare
earth hydroxides as a function of M*" ionic radii. Spec1ﬁcally, the values of
solubility product log; K, and log, K o become more positive as Z increases,
because the ionic radii decrease and the Ln>" ions become more acidic.

This trend could be extended to estimate solubility products for actinide
trihydroxides. After the review of Diakonov et al. was published, Cordfunke
and Konings (2001c) critically reviewed all the literature on enthalpy of
formation of rare earth aqueous ions and recommended a set of values
that are more comprehensive than the enthalpies of formation of rare earth
aqueous ions used by Diakonov et al. One could use the recommended values of
Diakonov et al., with corrections for Cordfunke and Konings enthalpies
of formation of rare earth aqueous ions, to extrapolate the relation between
{A¢H°(M(OH);,cr) — A¢H°(M*", aq)} and the M*" ionic radii to derive estimates
of log,y*Ks,o for An(OH);. However, the one ‘anchor,” Am(OH)s, has such a
significant uncertainty that such an extrapolation is considered too speculative
for this chapter. Because the calorimetric data of Merli et al. for Am(OH); are
not quite in agreement with solubility data, enthalpy and entropy estimates for
other actinide trihydroxides were not used to estimate solubility product mea-
surements for other actinide trihydroxides in this chapter. We do cite the value
of log;y* K50 = (15.8 £ 1.5) calculated for Pu(OH); (Felmy et al., 1989). This
value is slightly smaller than the estimate for Am(OH); cited above, consistent
with the systematic trend for rare earth hydroxides as a function of ionic radius.
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19.9.2 Okcides, hydrated oxides, and oxyhydroxides of An(1v), An(v),
and An(vi)

The thermodynamics of crystalline anhydrous oxides was discussed in Section
19.5. Therefore, for these compounds, only solubility product values of interest
are mentioned here for comparison with those of the amorphous corresponding
compounds.

Under basic conditions, all actinide ions precipitate as hydroxides or hydrat-
ed oxides. Very few of these precipitates have been thoroughly characterized;
interpolations, extrapolations, and approximations are usually necessary.
Lemire et al. (2001) and Guillaumont ez al. (2003) evaluated the literature
results on the solubilities of some amorphous and crystalline actinide oxides,
hydrated oxides, and oxyhydroxides. Their recommended values are given
in Table 19.33. In this table the solubility product refers to the equilibrium
constant for reactions such as

MO;(am or cr) +2 H,0(1) = M**(aq) + 4 OH (aq), K =K, (19.30a)

NpO,OH(am) + H' (aq) = NpO{ (aq) + H,O(1), K=K,  (19.31a)

As mentioned in equation (19.31), the asterisk (*) in this notation refers to the
protonation that is part of the equilibrium.

Selections were also made (Grenthe et al., 1992; Guillaumont et al., 2003) for
other hydrates of UO;. We cite here two properties of UO;-2H,O(cr)
(‘schoepite’): $°(298.15) = (188.54 + 0.38) J K~! mol~' and AH°(298.15) =
—(1826.1 & 1.7) kJ mol ™', as given by NEA-TDB (Grenthe e al., 1992) based
on measurements by Tasker et al. (1988). The solubility product of this com-
pound is given in Table 19.33. We note that UO;-2H,O(cr), which is often
called schoepite, should be referred to as metaschoepite (Finch ez al., 1998).

The enthalpy of formation of the uranium(vi) peroxide studtite,
(UO,)O5(H,0)(cr), has been determined to be —(2344.7 + 4.0) kJ mol™!
(Hughes-Kubatko et al., 2003). The authors calculated the solubility at 298.15 K,

U2 (aq) + H205(aq) + 4 H,0(I) = (U0,)0,(H,0)(cr) + 2H* (aq)  (19.33)

and concluded that this peroxide is stable under the conditions where aqueous
peroxide is formed from radiolysis of water by alpha particles.

The enthalpy of formation of NpO,OH(am) was selected as —(1222.9 £ 5.5)
kJ mol~! by Lemire ez al. (2001) from enthalpy of solution measurements by
two different groups (Campbell and Lemire, 1994; Merli and Fuger, 1994) who
used material containing different amounts of water.

The enthalpy of formation of UO; - H,O(P) was selected as —(1533.8 + 1.3)
kJ mol~! by Grenthe et al. (1992) from the difference in the enthalpy of solution
of this compound (Cordfunke, 1964) and that of y-UO;. The enthalpy of forma-
tion of NpO; - H,O(cr) ( = NpO,(OH),(cr)) was selected as —(1377 + 5) kJ mol !
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by Lemire et al. (2001), primarily from the enthalpy of solution measurements
by Fuger et al. (1969).

No other hydroxides of tetravalent or higher-valent actinides have been
adequately characterized for thermodynamic property determinations and
calculations of solubility at equilibrium conditions.

19.9.3 Gaseous oxyhydroxides

It has been shown by several authors that the volatility of the uranium oxides is
significantly enhanced in the presence of water vapor, as a result of the forma-
tion of the gaseous species UO,(OH), (Dharwadkar et al., 1975; Krikorian
et al., 1993a). The equilibrium data of these studies were analyzed in the
NEA-TDB review (Guillaumont et al., 2003) using second- and third-law
methods to derive the enthalpy of formation. The agreement between the
studies is very poor. Moreover, the thermal functions for the third-law analysis,
obtained from two sets of estimated molecular parameters (Ebbinghaus, 1995;
Gorokhov and Sidorova, 1998), result in appreciably different entropy values.
For that reason no selected values were presented by NEA-TDB. Recently,
Privalov et al. (2002) calculated the geometry and vibrational frequencies of
UO,(OH), using quantum chemical techniques. The thermodynamic functions
calculated from their results are close to those of Gorokhov and Sidorova
(1998). Also an increased volatility was reported in the presence of steam for
the oxides of Pu and Am (Krikorian et al., 1993b).

19.10 CARBIDES

The thermodynamic properties of the binary actinide carbides in the Th-C,
U-C, Np-C, Pu-C, and Am-C systems were reviewed by Holley et al. (1984) as
part of the IAEA series on the chemical thermodynamics of the actinide
elements and compounds. In the NEA-TDB series that covers the compounds
from U to Am (Grenthe et al., 1992; Lemire et al., 2001), most of the data by
Holley et al. (1984) were accepted unchanged. Solid dicarbides, sesquicarbides,
and monocarbides of the actinides have all been reported to exist, all generally
showing wide ranges of nonstoichiometry, which makes the comparison of the
different experimental results difficult. For the Pu—C system also, the compound
Pu;C, has been found.

19.10.1 Solid carbides

(a) Enthalpy of formation

The dicarbide exists in the Th-C and U-C systems with certainty, and in the
Pu-C system only at high temperatures. The situation for the Pa—C and Np-C
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systems is not yet fully clear, but claims for the synthesis of the dicarbides
have been made. The measurements for thorium and uranium dicarbide have
all been made on samples that are slightly substoichiometric (C/M =~ 1.90—
1.97), and contain variable amount of oxygen impurities. Holley ez al. (1984)
gave recommended values for the composition C/M = 1.94 for both Th
and U, probably the most stable composition, based on an analysis of the
high-temperature equilibria and combustion calorimetry, which are given
in Table 19.34.

The sesquicarbide is known for the U-C, Np-C, Pu-C, and Am-C systems,
and measurements of the enthalpies of formation are only known for the first
three compounds. Of these compounds, U,C; is probably not thermodynami-
cally stable at room temperature (its lower stability limit is estimated to be
1200 K) but samples have been cooled down without difficulty. High-tempera-
ture equilibria and combustion calorimetry have been reported, data which
were analyzed by Holley et al. (1984). The value for Np,C; is based on a
preliminary measurement by combustion calorimetry; for U,Cz and Pu,C; the
combustion values at 298.15 K were slightly adjusted by Holley ez al. (1984) to
get a reasonable agreement with the high-temperature Gibbs energy values.
From these values, Holley et al. (1984) estimated the enthalpy of formation of
Am,Cs as AcH°(298.15 K) = —(151 4 42) kJ mol .

The monocarbides are best described by the formula MC,_,; they are known
for all actinide—carbon systems from Th to Pu. The boundary compositions are
ThCy o5, UC, NpCy o4, and PuCy g4 and the enthalpies of formation of composi-
tions, close to those recommended by Holley et al. (1984), are included in
Table 19.34.

The enthalpy of formation of Pu;C, was calculated by Holley et al.
(1984) from phase considerations: (i) PusC, is stable with respect to Pu
and PuCjgg from 300 to 800 K and (ii) Pu3C, decomposes to Pu and PuC 5
at 848 K.

(b) Entropy

A relatively large number of low-temperature heat capacity measurements
have been made for the actinide carbides. For the Pu-C system measure-
ments for 16 compositions have been reported, with reasonable though
not complete consistency (see Holley er al., 1984). Thus most of the entropy
values listed in Table 19.34 are based on experimental studies; exceptions are
Np,C; and PusC,. Most of the experimental values have been corrected for the
randomization entropy:

Stan = x In x — (1 — x)In(1 — x) (19.32)

which arises from the random ordering of the carbon and vacancies in the
monocarbide, and of C and C, groups in the dicarbides.
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2198 Thermodynamic properties of actinides and actinide compounds
(c) High-temperature properties

Enthalpy increment measurements have been reported for the three uranium
carbides as well as PuC and Pu,Cs. All data show a steep rise in the derived heat
capacity above 1200 K, as is also observed in the oxides and nitrides and which
have been attributed to the contribution of lattice vacancies. Fig. 19.29 shows
the heat capacity of the three uranium carbides indicating rather similar behav-
ior. Holley et al. (1984) estimated the heat capacity of ThC and ThC, from these
data assuming a similar shape of the C,, curve. The heat capacity equations are
summarized in Table 19.35.

19.10.2 Gaseous carbides

Gupta and Gingerich (1979, 1980) have detected gaseous AnC,, molecules with
n =1 to 6 in the Th-C and U-C systems by mass spectrometry. In the Th-C
system, the molecules ThC, and ThC, contribute significantly to the vapor
pressure, and in the ThC,—C region the contribution of the former is about
equal to that of Th(g). In the U-C system, only UC, has significant contribution
for thermodynamic measurements. Holley ez al. (1984) give estimated molecular
properties for the thorium compounds ThC, and ThC, from which the thermal
functions have been calculated. They assume a linear Th—C-C structure for
ThC, and a linear C,-Th-C,; structure for ThC,. With these functions they
derived the enthalpies of formation of these molecules using third-law analysis.
The resulting values are given in Table 19.36. Such treatment was not followed
for UC, because of insufficient and inconsistent information.

140 )/ : -
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Fig. 19.29  The high-temperature heat capacity of the uranium carbides.
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2200 Thermodynamic properties of actinides and actinide compounds

Table 19.36  Thermodynamic properties of the gaseous actinide carbides, estimated values
are given in italics, from Holley et al. (1984).

5°(298.15 K) (J K" mol™) AcH°(298.15 K) (kJ mol ™)
ThC, 256.7 720.5 + 33.5
ThC, 294.0 855.6 + 41.8

19.11 PNICTIDES

The planned volume on the actinide pnictides in the IAEA series on the
chemical thermodynamics of the actinide elements and compounds has not
been completed and as a result a systematic review of the actinide nitride series
is not available. However, in the NEA-TDB series, the data for the nitride
compounds of uranium, neptunium, and plutonium have been reviewed, but
with emphasis on the room temperature data.

19.11.1 Solid nitrides

(a) Enthalpy of formation

The enthalpies of formation of the mononitrides for ThN, UN, and PulN
are based on calorimetric studies, as are those of the sesquinitrides UNj s .
(-U,N3) and UNj 466 (B-U,N3) and Th3;Ny4. The selected data for the com-
pounds of U and Pu, which are summarized in Table 19.34, are from the
NEA-TDB reports (Grenthe et al., 1992; Lemire, et al., 2001; Guillaumont
et al., 2003), the value of ThN and Th3N, are taken from the assessment by
Rand (1975).

The measurements for the uranium nitrides have not been made for the
stoichiometric compositions as these are often difficult to prepare or do not
exist: in a-U,N3, the N/U ratio varies from 1.54 to 1.75, in B-U,Nj3 from 1.45 to
1.49. The enthalpies of formation of the various uranium nitrides vary linearly
as a function of the N/U ratio, as shown in Fig. 19.30. Thus the enthalpy of
formation of o-U,Nj is represented by the following equation:

ArH®(UN 54, cr, 298.15 K)/kJ mol™' = —366.7 — 138.2x

which is a simple linear representation of the two compositions with N/U 1.606
and 1.674 for which experimental measurements have been made (see Grenthe
et al., 1992).

The enthalpy of formation of ThN is significantly more negative than that of
UN and PuN. This can be explained by the fact that the chemical bonding in
ThN is less ionic and more covalent than in UN and PuN. Kuznietz (1968)
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Fig. 19.30 The enthalpy of formation (o) and the standard entropy (e) of the uranium
nitrides as a function of the N/U ratio.

proposed that the ThN lattice consists of Th*" and N*~ jons with one conduction
electron for each Th atom. Recently some indirect information on the enthal-
pies of formation of the mononitrides NpN and AmN was obtained from
high-temperature Knudsen cell studies. Nakajima et al. (1997, 1999a) studied
the vaporization of NpN and (Np,Pu)N. From their results, they found that the
Gibbs energy of formation of NpN is between the values for UN and PuN. This
is a justification for the approach of Lemire ef al. (2002) who estimated the
enthalpy of NpN by interpolation of the values for UN and PuN. Ogawa et al.
(1995) studied the vaporization of PuN containing small amount of **!Am as
decay product. From these results, they estimated the enthalpy of formation of
AmN as —294 kJ mol ™~ at 1600 K.

(b) Entropy

Low-temperature heat capacity measurements of three mononitrides have been
reported: ThN, UN, and PuN. As is the case for the enthalpies of formation, the
value for ThN is distinctly different (lower) from that of UN and PuN. Lemire
et al. (2001) assumed the entropy of NpN to be between the values for UN
and PuN. Low-temperature heat capacity measurements have also been
reported for Th3;Ny and o-U,N; (two compositions with N/U 1.59 and 1.73).
The recommended values are summarized in Table 19.34. Like the enthalpy of
formation, the standard entropy varies linearly with the N/U ratio, as shown in
Fig. 19.30, and the value for UNj 466 is obtained by interpolation. Based on
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this observation, the standard entropy of a-U,Nj; is represented by the following
equation:

S°(UNs4y, cr, 298.15 K)/T K~! mol™" = 64.48 + 6.00x

(c) High-temperature properties

The high-temperature properties of UN and PuN were reviewed by Matsui and
Ohse (1987), those of UN by Hayes et al. (1990), and more recently by Chevalier
et al. (2000). These are the only two mononitrides for which calorimetric
enthalpy increment measurements are available. Below 1700 K, the UN
data recommended by Matsui and Ohse (1987) and Hayes et al. (1990) are in
good agreement, as they are based on the same set of experimental data. But
Hayes et al. (1990) indicate that UN shows a nonlinear increase in the heat
capacity at high temperatures, likely due to the contribution of lattice defects,
based on measurements by Conway and Flagella (1969), which were not
considered by Matsui and Ohse (1987). This effect has not been observed
in PuN, but the experimental data for this compound are limited to 1560 K.
This situation is similar to the dioxides. Kurosaki et al. (2000) performed
molecular dynamics calculations of the heat capacity of UN, and obtained
a good agreement with the experimental results up to 1500 K, where the effects
of lattice defects are marginal. Experimental high-temperature heat capa-
city data for the higher nitrides are scarce. The heat capacity of NpN has
been measured by Nakajima and Arai (2003) by differential scanning calori-
metry. The recommended high-temperature heat capacity functions are given in
Table 19.35.

The actinide mononitrides vaporize to give An(g) and N,(g) molecules, as has
been demonstrated experimentally for ThN, UN, PuN, and NpN. The detailed
mass spectrometric studies for UN have demonstrated also that the UN
molecule occurs in the vapor phase, though its pressure is about three orders
of magnitude lower than that of U(g). The decomposition temperatures under
1 bar nitrogen are 3053 K for UN, 2948 K for NpN, and 2843 K for PuN. Under
nitrogen pressure, the mononitrides melt congruently: 3080 K at 2-3 bar N, for
ThN (Rand, 1975), 3123 K at 2.5 bar N, for UN (Matsui and Ohse, 1987), 3103
K at 9.9 bar N, for NpN, and 3103 K at 5 bar N, for PuN (Lemire et al., 2001).
Th3N,4 decomposes to ThN before melting.

19.11.2 Gaseous nitrides

The actinide mononitrides principally vaporize to give the gaseous elements, but
molecular UN has been identified in the vapor as a minor species by mass
spectrometry (Gingerich, 1969; Venugopal et al., 1992). Molecular ThN, UN,
and PulN species were also identified by infrared absorption spectroscopy in
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low-temperature inert-gas matrices (Ar) as reported by Green and Reedy (1976,
1978b, 1979). From these measurements the harmonic frequency w. and the first
anharmonic correction coefficient were derived. Unlike the actinide monoxides,
the experimental data for mononitrides do not show a regular decrease from
ThN to PuN. The value for UN (w, = 1007.7 cm ™) is significantly higher than
the values for ThN (w. = 941.9 cm ') and PuN (w, = 861.8 cm ). The reason
for this is not clear. Overall the experimental data are insufficient to derive
reliable thermodynamic properties.

19.11.3 Phosphides, arsenides, and antimonides

The thermodynamic data on phosphides, arsenides, and antimonides are re-
stricted to the uranium compounds, some plutonium compounds and a single
neptunium compound. They are summarized in Table 19.37, and have been

Table 19.37 Thermodynamic properties of selected crystalline actinide chalcogenides;
estimated values are given in italics.

C,(298.15 K) 5°(298.15 K) AH®(298.15 K)

(T K ' mol™) (J K ' mol™) (kJ mol™) References
ThS 69.79 + 0.33 -399.6 &+ 4.2 a
Th,S; 180 + 17 -1083.7 £ 12.6
Th-S;5 641 + 59 —4130 + 146 a
ThS, 96.2 + 8.4 —628 + 42 a
Th,Ss 215+ 17 ~1272 + 84 a
Us 50.54 + 0.08 77.99 +0.21 -320.9 + 12.6 ab
U-S; 133.7 4+ 0.8 199.2 4+ 1.7 ~880 + 67 ab
UsS;s 29] 4 25 —1431 + 100 b
uUs, 74.64 & 0.13 110.42 +0.21 -520.4 + 8.0 b
U,Ss 243 + 25 ab
US; 95.60 & 0.25 138.49 + 0.21 -539.6 &+ 10.6 b
USe 54.81 £0.17 96.52 + 0.21 -275.7 + 14.6 ab
USe; (o) 79.16 £ 0.17 134.98 + 0.25 427 £ 42 b
USe, 177 £ 17 452 + 42 b
U-Se; 2614+ 1.7 711 £ 75 b
UsSe, 339 + 38 -983 + 85 ab
UTe 112+5 182 £ 11 a
UTe; 117.2 £ 1.0 2142 + 1.7 —284 + 63
UsTe, —684 + 142 ab
PuS 74+5 -364 + 38 a
PuS, 107 + 13 —529 + 54 a
Pu,S; 188 + 17 -987 + 100 a
PuSe 597 +1.2 92.1+1.8 b
PuTe 731429 107.9 & 4.3 b

% Grenvold et al. (1984).

® NEA-TDB (Grenthe et al., 1990; Guillaumont ef al., 2003).
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taken from the assessments by the NEA teams (Grenthe et al., 1992; Lemire
et al., 2001; Guillaumont et al., 2003).

19.12 CHALCOGENIDES

19.12.1 Sulfides

The experimental thermodynamic data on the actinide sulfides are restricted to
the compounds of thorium and uranium. Data for the other actinides, essential-
ly neptunium and plutonium, are based on estimates. A thorough review of the
thermodynamic properties of the actinide sulfides (and the selenides and tell-
urides) was made by Grenvold ez al. (1984), after which little new information
has become available. For these systems, compounds with a wide variety of
S/An ratios have been reported: the solids AnS, An;S,, An,S;, An;Si,, AnS,,
An,Ss, and AnS3, and the gases AnX and AnX,. The thermodynamic data for
the solid compounds are summarized in Table 19.37, which is essentially based
on the analyses by Grenvold et al. (1984). The values in the NEA-TDB report
on uranium are essentially revisions of this work and are adopted here. The
entropies of the uranium sulfides are a linear function of the S/U ratio, as shown
in Fig. 19.31, confirming the estimates for U3Ss and U,Ss.

19.12.2 Selenides and tellurides

Very few data also exist for the selenides and tellurides, again mainly for
uranium compounds. However, for this compound group some plutonium
compounds have been reported. Low-temperature heat capacities of PuSe and
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Fig. 19.31 The entropies of the uranium sulfides ( per mole of U) as a function of the S/U
ratio; estimated values are indicated by (®).
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PuTe were measured by Hall ez al. (1990, 1992) (see Table 19.37). No experi-
mental determinations of the enthalpies of formation of these compounds exist.

19.13 OTHER BINARY COMPOUNDS

19.13.1 Compounds with group ITA elements

Thermodynamic data for binary compounds with group IIA elements are
restricted to the actinide-beryllium systems. The compounds ThBe;3, UBej3,
and PuBe;; have been characterized. A relatively complete data set is only
available for UBe;; (see Tables 19.38 and 19.39) and have been assessed by
the NEA team (Grenthe et al., 1992). They include low-temperature heat
capacity, enthalpy of formation and high-temperature heat capacity, and en-
thalpy increment measurements, the latter, however, in a limited temperature
range (273-379 K). Unfortunately the high-temperature data are not consistent,
and for this reason they give no recommendation. The value for the enthalpy of
formation of PuBe3 is taken from the assessment by Chiotti e al. (1981), and is
based on an assessment of enthalpy of solution measurements.

19.13.2 Compounds with group IIIA elements

The systems of the actinides with group IIIA elements have significant techno-
logical relevance: the U-Al system for (materials testing) reactor fuel and the
Pu-Ga for nuclear weapons. Also uranium borides have been considered for
nuclear fuel materials. It is not surprising that these systems have been studied
in more detail. Thermodynamic data for UB, are well established, and the high-
temperature enthalpy increment measurement extend up to 2300 K. An anom-
alous increase of the heat capacity is observed (Fig. 19.32), as for many uranium
compounds. The data have been assessed by Chiotti et al. (1981) and their
selected values are included in Tables 19.38 and 19.39. For the U-Al com-
pounds, only enthalpy of solution and EMF measurements have been made.
However, Chiotti et al. (1981) do not give recommended values for the enthal-
pies of formation of the U-Al compounds. In Table 19.38 we have listed the
values derived by Chiotti and Kately (1969), which are in good agreement with
the other measurements. For the U-Ga system, Chiotti ez al. (1981) cite only
EMF and vapor pressure measurements and do not give thermodynamic values
at 298.15 K. However, Palenzona and Cirafici (1975) measured the enthalpy of
formation of UGaz and Prabhahara et al. (1998) measured the enthalpy
of formation of UGaz and UGa, by solution calorimetry. Their results for
UGaj are in poor agreement, but the results of Prabhahara er al. (1998) agree
nicely with the EMF and vapor pressure studies. Their values are given in Table
19.38. In contrast, enthalpy of solution measurements are known for a number
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Table 19.38 Thermodynamic properties of other selected crystalline binary actinide

compounds; estimated values are given in italics.

Thermodynamic properties of actinides and actinide compounds

C,y(298.15 K)

5°(298.15 K)

AcH(298.15 K)

I K ! mol™) J K ! mol™) (kJ mol™) References
ThSi, -174.4 &
UBe;; 2423 + 4.2 180.1 + 3.3 -163.6 + 17.5 b
UB, 55.35+£0.13 55.10 £ 0.13 -144.8 + 12.6 a
UAlL -92.5+ 84 &
UAly ~108.4 + 8.4 a
UAl, -124.7 + 8.4 a
UGa; -153.2+17.6 ¢
UGa, -121.2 + 18.0 ¢
USi; -1322+04 a
USi, -130.1 £ 1.3 a
USi -80.3 + 1.3 4
UsSi, -170.3 + 2.1 &
UGe; 170.7 -106.7 a
UGe, 130.5 -87.4 a
U;Ges 351.9 -239.7 a
UGe 90.4 -61.5 a
UsGes 374.9 -23.1 a
UPd; 102.10 £+ 0.20 176.35 + 0.30 286 + 22 d
URh; 103.01 + 0.20 152.24 +0.30 -302.0 + 0.2 de
URu; 101.42 +0.20 144.50 4+ 0.29 -153.24+0.2 d
PuBe,3 -149.4 + 234 a
PuAl, -142.3 + 10.0 &
PuAl; (hex) -180.7 + 10.0 a
PuAly (o) -180.7 + 10.0 a
PugFe 425.6 +4.4 -13.8+4.6 &
Pus;Ga (B) -158.2 +20.9 a
PuGa, -190.4 + 31.4 &
PuGag -238.1 + 37.7 &
PuSn;3 -219.7 + 11.3 @

% Chiotti et al. (1981).

® NEA-TDB (Grenthe et al., 1992; Lemire et al., 2001; Guillaumont ez al., 2003).
¢ Prabhahara et al. (1998).

4 Cordfunke and Konings (1990).

¢ See text.

of compounds in the Pu—Ga system, and the assessed values by Chiotti et al.
(1981) are included in Table 19.38.

19.13.3 Compounds with group IVA elements

The phase diagrams of the systems of the actinides with Si, Ge, Sn, and Pb have
been studied in detail but thermodynamic data are scarce. Chiotti et al. (1981)
did not give recommended values for the enthalpies of formation of any of the
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Fig. 19.32 High-temperature heat capacity of some uranium intermetallic compounds.
The UPd; curve is composed from the results of Burriel et al. (1988) and Arita et al. (1997)
by scaling of the latter.

compounds of these systems, except the U-Ge system. This is because there is
often a distinct difference between the results from calorimetric (solution)
measurements and EMF or vapor pressure measurement. However, measure-
ment of the enthalpy of formation has been made that can be considered
reliable. Robbins and Jenkins (1955) measured the enthalpy of formation of
ThSi,, Gross et al. (1962) measured the enthalpy of formation of USi;, USi,,
USi, and U;Si,. For the U-Ge system, Chiotti et al. (1981) selected the values
derived by Rand and Kubaschewski (1963) from vapor pressure measurements.
These data are included Table 19.38.

19.13.4 Compounds with the transition elements (IB-VIIIB)

Chiotti et al. (1981) and Colinet and Pasturel (1994) discussed the thermody-
namic data of the actinide intermetallic compounds with the transition metals in
detail, Ward et al. (1986) the actinide-noble metal intermetallic compounds.
The experimental basis for these compounds is limited and most of the work is
done for the compounds of Th, U, and Pu.

(a) Enthalpies of formation

Extensive data exist for the systems An—-Cd, An-Zn, and An-Bi that are of
relevance to pyrochemical reprocessing, although the thermodynamic charac-
terization of the compounds in these systems is limited. In most cases, only AG
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functions at elevated temperatures have been reported, derived from EMF or
vapor pressure measurements (see Chiotti ez al., 1981).

A large number of thermodynamic studies have been performed on the
intermetallic compounds of uranium and the noble metals Ru, Rh, and Pd.
The data were reviewed by Cordfunke and Konings (1990) and the recom-
mended values are included in Table 19.38. The experimental EMF data
on URuj; and URh; reasonably agree, but a big discrepancy exists for UPd;
for which a fluorine combustion study gave a much more negative value
(—524 kJ mol™") than the value derived from vapor pressure measurements
(—260 kJ mol™"). Jung and Kleppa (1991) performed direct reaction calorimetry
on these three compounds, and their result for UPd; —(286 + 22) kJ mol ™!
suggests that the fluorine combustion values are found to be in error. On the
other hand, Prasad et al. (2000) reported a value close to the combustion value,
derived from gas-equilibrium measurements. This example shows the difficulties
determining accurate thermochemical data for these compounds.

Two semiempirical models are generally used to explain the trends and to
estimate the unknown thermodynamic quantities of the actinide intermetallic
compounds: the Engel-Brewer model and the Miedema model, as discussed
extensively by Chiotti ef al. (1981) and Ward et al. (1986). The Engel-Brewer
model correlates thermodynamic properties with electronic structure. Brewer
postulated that the s- and p-electrons involved in the bonding determine the
crystal structure, whereas the d-electrons affect the chemical bonding and
thermodynamic properties. The Engel-Brewer model is based on the promotion
of atoms to valence states involving unpaired electrons suitable for bond
formation with covalent character. The promotional energy to unpair the
electrons was found to be 67 kJ mol~! for the d’s state in Th, 75 kJ mol~! for
the f°d?s state in U, and 180 kJ mol ! for the fd’s state in Pu (Brewer, 1970).

The Miedema model (de Boer et al., 1988) correlates the enthalpy of forma-
tion of an intermetallic compound with the electronegativity and the electron
density at the atomic cell boundary:

AH = f(c) {—P(Aqﬁ*)z + 0 (Aniv/g)z} (19.33)

where f{c) is a function of the concentration of the metals, ¢* and An,, the
electronic work function of a pure metal and the electronic potential at the cell
boundary, and P and Q, are constants. Fig. 19.33 shows the enthalpies of
formation of actinide AnM, compounds with the 3d, 4d, and 5d transition
elements predicted by this model (Ward et al., 1986), indicating the limited
stability of actinide compounds with the early d-transition elements (IVB, VB,
and VIB) and a high stability of the compound with late d-transition elements.
The Miedema model predicts AcH°(298.15 K) = —244 kJ mol~' for UPd;
(de Boer et al., 1988), which is close to the experimental values obtained by
reaction calorimetry and vapor pressure measurements (see above). As con-
cluded by Chiotti ef al. (1981) after a systematic analysis of the thermodynamic
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Fig. 19.33  The enthalpies of formation predicted for actinide intermetallic phases AnM,
from the Miedema correlation, as a function of the transition metal component, (o) Th, (O)
U and (A) Pu (after Ward et al., 1986).

data for intermetallic actinide compounds, estimates with Miedema’s model are
seldom in error by more than 20%, though it does not take into account the role
of 5f electrons.

(b) Heat capacity and entropy

Accurate low-temperature (up to 300 K) heat capacity measurements have only
been made for a limited number of uranium intermetallic compounds (URus,
URh;, and UPd3). The derived entropy values at 298.15 K are given in Table
19.38. Also heat capacity measurements for some plutonium intermetallic com-
pounds (PugFe) have been made, but of significantly less accuracy due to the
small sample masses used. It should be noted, however, that low-temperature
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heat capacity measurements below 50 K have been made for many actinide
intermetallic compounds, due to their interesting magnetic and superconducting
properties. It can be noted here that the heat capacity data for UPd; confirm
that the f-electrons in this compound are localized, leading to discrete energy
levels, in contrast to URu; and URhj;, in which the f-electrons are itinerant.

Moriyama et al. (1990) proposed a correlation to estimate the entropies of
intermetallic compounds based on the assumption that the (vibrational) entro-
py is proportional to the logarithm of the bond energy. The entropies of the
MA,, compound and the elements M and A are described by:

S(MA,) = aln[{E(M) + nE(A) — A;H*} /(1 + )] + by (19.34)
S(M) = aln E(M) + b,

S(A) = aln E(A) + bs

where E is the bond energy of the metal, which was approximated by the
sublimation enthalpy. The entropy of formation of the MA, compound was
then calculated from the equation:

AsS(MA,) —aln H' + 1 (19.35)

with H = [{E(M) + nE(A) — A;H°(MA,)}Y/(1+n)]" P EM) ' E(A)™. Indeed a
linear relation was found for the actinide intermetallics considered. The coeffi-
cient a was determined empirically to be —61.9 J K~ mol ™' and b was found to be
zero, using known entropy values for actinide intermetallics.

(c) High-temperature properties

High-temperature heat capacities of only a limited number of intermetallic
actinide compounds have been measured. Systematic studies have been made
on the intermetallic compounds of uranium with the noble metals Rh, Ru, and
Pd. Cordfunke et al. (1985) and Burriel et al. (1988) have reported enthalpy
increment measurements for URh;, URuj3, and UPd; and found excellent
agreement with the low-temperature data. Arita er al. (1997) measured the
heat capacity of UPd; but their results poorly agree with the enthalpy data of
Burriel et al. (1988). However, their results indicate a rapid increase above
900 K (Fig. 19.32) that was attributed to lattice defect formation. The recom-
mended heat capacity functions are summarized in Table 19.39. No data are
known for the liquid phase of any of these compounds.

19.14 CONCLUDING REMARKS

The present chapter shows that a steady progress has been made in the deter-
mination and understanding of the thermodynamic properties of the acti-
nide elements and compounds since the first edition of this work. Not only
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the number of compounds has been extended considerably, but also the
quality of the data and the quality of the methods for estimation has improved
considerably. In general it can be concluded that the systematics in the thermo-
dynamic properties reflect the well-known change from itinerant f-electrons at
the beginning of the actinide series to localized f-electrons from Am and
beyond.

However, the overall quality of the thermodynamic data differs considerably
between the various groups of compounds:

o The thermodynamic properties of the main actinide elements are fairly well
established. Improvement is still needed for Ac, Pa, and the elements from
Am onwards, but due to the high radioactivity of these elements and their
limited availability, many additional measurements are not to be expected
in the coming decades. But since the trends in the thermodynamic proper-
ties are reasonably well understood, the estimates presented here must be
considered reliable.

e The thermodynamic data for actinide ions in aqueous solutions are still not
satisfactory, even for the main actinides. Especially the values for the
standard entropies of the aqueous species are based on few experiments
and need improvement. The thermodynamic data of ions in molten salts
have improved considerably for the LiCI-KCl (eutectic) but are still of
poor quality for LiF-BeF,. Other molten salt solvents have hardly been
studied.

e The solid oxides (binary, ternary, quaternary) have been studied extensive-
ly and many systematics have been established. For this group there is a
considerable mismatch between the large number of enthalpy of formation
data and the limited number of entropy data. Also the high-temperature
heat capacity data are limited. This is very apparent for the complex solid
oxides. The data for the gaseous binary oxides are incomplete and require
further studies: experimental studies to identify the molecular species and
quantum chemical studies to estimate their properties.

e The actinide halides show the largest number of different oxidation states
in both solid and gaseous state. Except for some technologically important
halides (UF¢) the thermodynamic properties of this group are still surpris-
ingly poorly characterized in spite of many studies, and for the solid
dihalides, for example, no measurements exist at all. Trends and systemat-
ics in the AnX,, series and comparison to the LnX3; and LnX, series,
however, allow reasonable estimates, but there is still a need for experi-
mental studies, especially heat capacity data at low and high temperatures.

o Relatively many studies of the dissociation pressures of the An—H, systems
have been performed. However, the thermodynamic properties of only
limited number of compounds can be derived from these data.

o The properties of the actinide hydroxides have hardly been studied, and the
few experimental results (e.g. Am(OH);) are not consistent.
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e The thermodynamic data for the carbides, pnictides, and chalcogenides are
restricted to compounds of Th, U, and Pu. Because of their potential
technological interest as nuclear fuels, the data are quite complete generally
and extend up to high temperatures, though the available data on the
gaseous molecules is scanty. The carbides, pnictides, and chalcogenides
of other actinide have hardly been studied.

e Although the binary phase diagrams of actinides and other elements are
generally well established, the basic thermodynamic data for alloys and
intermetallic compounds are poorly known, even for technologically rele-
vant systems. Predictive models have been developed, but the lack of
reliable data makes it difficult to judge them. Moreover, the chemical
bonding in actinide compounds is much more complex than in lanthanide
or transition metal compounds, and possibly beyond the applicability of
these models.

The need for further thermodynamic studies is thus as relevant as in the past
decades. This is especially true because the trends in nuclear technology are
moving in the direction of advanced nuclear systems for energy production with
fuel cycles that include the proper treatment of plutonium and the minor
actinides: fast reactors with innovative fuels, molten salt reactors, and advanced
reprocessing (hydrochemical or pyrochemical). The development of these tech-
nologies demands better data for many actinide compounds, not only the pure
substances but also their multicomponent mixtures, which have not been
addressed in this chapter. To assure that such data will become available, the
expertise in the field of actinide thermodynamics (both experimental and theo-
retical) must thus be maintained at a level that is needed for engineering, safety,
and environmental applications, which is not evident now.

The data presented in this chapter are included in the f~-MPD web-based
material property information center of the Institute for Transuranium
Elements (www.f-elements.net), from which complete thermodynamic tables
can be retrieved. Corrections and updates will also be available from this site.
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